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V1l
SUMMARY

e e a P

HeLa cell rRNA and its nucleolar precurscrs were

examined by techniques for RNA fingerprinting and sequence

analysis, using RNA which had been labelled in vivo with

14

n

C methyl methionine or 32P phosphate. The fcllowing

observations were made: -

]..b

Fingerprints obtained by digesting methyl labelled
185 RNA with T, ribonuclease or with a combination
of T,y ribonuclease plus alkaline phosphatase showed
about 40 spots.

Fingerprints obtained by digesting 28S methyl
labelled RNA in the same way showed about 54 spots.
The fingerprints of 285 RNA were widely different
from those of 185 RNA, there being only 9 spots
which are common to both RNA species.

325 fingerprints were almost identical to 28S
fingerprints in all respects.

The fingerprints of 455 RNA contain most of the

18S spots as well as all the 28S characteristic
spots.

A close examination of 455 RNA showed that there
are two 185 spots which are not present in 45S RNA
and one 185 spot which is only weakly labelled in

455 RNA. These 18S products were found to contain

methylated bases. They represent secondary



In
methylation of the RNA. All of the other

methylated products characterized in this study
contain 2'-O'methyl ribose groups. This suggested
that most if not all of the early methylation of
the precursor molecﬁle is 2'~0O-methylation while
the secondary methylation which occurs late in

the maturation process is base methylation.

A wide variety of sequences have been found to be
methylated. Most of these sequences are presént
only once in the RNA molecule.

The methylation patterns of rRNA from three
different mammalian species (man, Hela; C13, hamster
and L929 cells, mouse) were compared and found to

show remarkable similarities.



SECTION 1
INTRODUCTION



Ribosomes are universal constituents of both
prokaryotic and eukaryotic cells. They consist of two
subunits, each containing RNA and proteins. Ribosomal
RNA in mammalian cells (and probably in all eukaryotic
cells) is believed to be synthesized in the nucleolus
in the form of a high molecular weight RNA molecule, which
then undergoes a series of specific cleavage to generate
mature rRNA. This study was concerned with the structural
analysis of mammalian cell rRNA and proof of its relationship
to its presumed nucleolar precursors. In view of the
availability of recent review articles (Maden 1968, 1971;
Darnell, 1968; Perry, 1969; Spirin and Gavrilova, 1969;
Nomura, 1970; Attardi and Amaldi, 1970; Burdon, 1971)
covering various aspects of ribosome structure and
formation, this introductory account will deal only with
those aspects of rRNA and ribosome structure‘which are
-felevent to the present study.

1. 1. Ribosomes

50 - 63% of the mass of ribosomes consists of TRNA,
the difference being made up of protein. A large amount
of experimental evidence suggests the existence of two
classes of ribosomes in living cells. One class, with a
sedimentation coefficient of about 70S, is found in
bacteria and in organelles (mitbchondria & chloroplasts)
of eukaryotic cells. Another class, with a sedimentation

coefficient of approximately 80S, is found on the



endoplasmic reticulum or as f;ee ribosomes in the
cytoplasm of eukaryotic cells. All ribosomes consist of
two dissimilar subunits, one small and another large,
which dissociate reversibly during protein synthesis. The
705 ribosome contains 305 and 505 subunits. The 808
ribosome contains 40S and 60S subunits. The small subunit
contains a 16 - 185 RNA molecule and a varity of proteins.
The large subunit contains one lavge 23 - 285 (Kurland,
196G) and one small 58S RNA molecule and a large number of
proteins. The ribosomes of many eukaryotic cells have a
75 RNA species attached by hydrogen bounds to the RNA of
larger subunits (Pene, Knight and Darnell, 1968).

.The high RNA content of ribosomes and other theoretical
considerations led Crick (1968) to suggest that primitive
ribosomes consisted entirely of RNA. They would then have
reached their present level of complexity due to
evolutionary development. Even in the ribosomes of higher
animals RNA is believed to play an important structural role.,

Spectroscopic evidence from E. coli and reticulocyte rRNA

suggests the presence of multiple short double helical
regions (Cox, 1966}. Hypochromicity and O.R.D. spectra4
of isolated rRNA and of intact ribosomes are similar
(Schliessinger, 1960; Cotter, McPhie and Gratzer, 1967)
suggesting that conformational properties inherent in TRNA
are important determinants of ribosome structure. Dye

binding experiments indicate that a large proportion of the
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RNA is present on the surface of the ribosomes (Cotter,
McPhie and Gratzer, 1967). This RNA might be involved in
interaction with transfer RNAs, messenger RNA and other |
components of protein synthesis«

1. 2. High Molecular Weight rRNA

rRNA of different organisms differs not only in size

but also in base composition. Moreover high molecular
weight rRNA of various organisms are methylated to varying
extents. In E. coli 165 RNA contains 22 methyl groups and
235 RNA has 27.5 methyl groups. (Fellner and Sanger, 1968).
Animal and plant cell RNA shows a higher level of
methylation (Brown & Attardi, 1965; Hudson, Gray and Lane,
1965; Vaughan et al., 1967; Lane and Tamaoki, 1969). The
small rRNA component (16 - 18S) in E. coli as well as in |
animal cells is methylated to a greater extent than the
larger rRNA (23 - 28S5) (Brown and Attardi, 1965; Vaughan

et al., 1967; Zimmerman and Holler, 1967; Burdon, 1966).
Methylation can occur either on the base or on the ribose
moiety (2'-OH group). The latter results in the resistance
to alkaline hydrolysis of the phosphodiester bond between
the 3'~hydroxyl group of that nucleotide and the 5'-hydroxyl
group of neighbouring nucleotide (Brown and Todd, 1955).

In E. coli rRNA more than 80% of the methyl groups are
present on the bases (Fellner and Sanger, 1968). But in

I.. cells and HelLa cells 80 - 90% of the methyl groups have

been reported as being on the ribose moieties (Brown and



Attardi, 1965; Vaughan et al., 1967; Lane and Tamaoki,
1969). However, Iwanami and Brown (1968) suggested that

a higher value for 2'-0O-methyl ribose may have been obtained
due to losses of some unstable methylated bases during
manipulations.

1. 3. Biosynthesis of High Moleculay Weight rRNA

Nucleoli were first suspected to be the site of rRNA
synthesis in animal cells (sea urchin, Drosophila cells and
others) on the basis of cytochemical observations (Capersson
and Schultz, 1940; Schultz, Capersson and Aquilonius, 1940;
Brachet, 1942). Experiments usihg autoradiography then
showed that most of the RNA of the cytoplasm was synthesized
in the nucleus (Amano and Leblond, 1960; Sisken and Kinosita,
1961; Goldstein and Eastwood, 1966). Some ribonuclease
sensitive granules similar to large ribosomal subunits were
also found in the nucleolus by electron microscopy (Jacob
and Sirlin, 1963; Karasaki, 1965; Holtzman, Smith and Penman,
1966). Parallel autoradiographic and sedimentation experiments
were performed by Perry (1962) on tissue culture of L strain
fibroblasts. He has shown that rRNA is synthesized in the
nucleolus, using actinomycin D which blocks selectively the
synthesis of nucleolar RNA. Combined use of electr?ﬁicroscopy
and autoradiography then lccalized the fibrillar region of
the nucleolus as the site of RNA synthesis (Firket and
Granboulan, 1963). More recently kinetic studies on the

labelling of the nucleoli have indicated that initially



1ébelling takes place in the fibrillar element of the
nucleolus and apparently there is a transfer in & relatively
short time of the isotope to the granular element (Unuma,
Arendell and Busch, 1968). Finally genetic evidence for
the association of rRNA production with nucleolar function
came from the demonstration that anucleolate mutants of
Xenopus laevis lack the ability to synthesize rRNA (Brown
and Gurdon, 1964). These mutants also lack the ribosomal
DNA. (Brown and Weber, 1968).

The discovery of a large RNA molecule sedimenting at
455 initiated the biochemical analysis of rRNA prodﬁcticn
in the mammalian nucleolus. Improvement of cell fractionation
to yield uncontaminated ﬁucleoli, nucleoplasm and cytoplasm
provided new evidence for the synthesis of vRNA in the
nucleolus (Penman, Smith and Holtzman, 1966). Several
experiments which demonstrated the synthesis of different
types of RNA in the nucleus or nucleolus may be summarized
as follows. When Hela cells are exposed for a short time
to labelled RNA precursors such as uridine, radiocactivity
first appears in the nucleus in two types of rapidly
sedimenting RNA., One class 1is characterized by its
heterogeneous sedimentation (20 - 80S) in sucrose gradients
(Warner et al., 1966) and a rapid turnover rate. This
class is termed heterogeneous nuclear RNA. The other
class of rapidly labelled nuclear RNA constitutes a

homogeneous fraction. In Hela cells it appears on sucrose



g}adients as a peak emerging over a background of
heterogeneous RNA. This peak has a scdimentation
coefficient of approximately 45S (Sherrer and Darnell,
1962; Sherrer, Latham and Darnell, 1963) and is fdund
only in the nucleolus (Penman, Smith and Holtzman, 1966).
After about 20 minutes of labelling radioactivity begins
to appear in two more species of RNA, 32S RNA which is
also confined to the nucleclus, and 18S rRNA which passes
rapidly to the cytoplasm. Finally after about 50 minutes
of labelling in Hela cells 285 RNA became labelled first
in the nucleoplasm and shortly afterwards in cytoplasm
(Penman, 1966; Penman, Smith and Holtzman, 1966). If
after a short pulse with an RNA precursor actinomycin D
is added to block further RNA synthesis, label disappears
from 455 RNA and appears in the 3285 and 18S components
and (to a small extent) in 28S RNA (Girard, Penman and
Darnell, 1964). It was also established that 458 and 325
remain structurally intact after heating and other types
of denaturation, thus strongly suggesting that the
polynucleotide chains are covalently continuous (Jeanteur,
Amaldi and Attardi, 1968). These observations suggested
that 458 RNA yields by cleavage 18S and 32S RNA, the latter
is then converted to 285 rRNA.

Additional evidence that 455 RNA is the precursor
to both rRNAs was obtained from the fact that rRNA and

presumed precursors are methylated. Methylation of 455 RNA
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takes place either during or immediately after synthesis
(Greenberg and Penman, 1966; Zimmerman and Holler, 1967).

If methyl labelled methionine is added to a culture of
Hela cells, label appears almost immediately in nucleolar
455 RNA. Exactly the same flow of radioactivity into 3ZS,
18S and 285 is observed with methyl label as with uridine
either on continuous labelling or during an actinomycin
chase {Creenberg and Penman, 1966; Zimmerman and Holler,
1967).

The relative extent of methylation was found to differ
in 185 and 285 rRNA (Brown and Attardi, 1965; Iwanami and
Brown, 1968). The distribution of methyl groups between the
various alkali resistant dinucleotides of rRNA and nucleolar
RNA was examined by Wégner, Penman and Ingram (1967). The
2'-0-methylation pattern of 325 rpre RNA was found to be
identical to that of 285 rRNA, and that of 45S rpre RNA
identical to that of an equimolar mixture of 285 and 185
TRNA, These findings provide further chemical evidence that
455 RNA contains both rRNA sequences and that 325 RNA contains
the 285 sequences.

It was found by polyacrylamide gel electrophoresis
that conversion of 45S RNA to rRNA involves some short lived
intermediates which are present in very small amounts
(Weinberg et al., 1967). These were termed 41S and 20S.

In addition a small amount of 28S RNA can normally be

detected in the nucleolus, proving that the 325 ~» 28S



Nucleolus E Nucleoplasm E Cytoplasm
455 ——> 41S —> 325 —> 285+7 —> 285478
\ 20S—> I8 — 18S

Fig.§1.1 Proposed maturation pathway for riNA in
Hela cell nucleolus ( modified from Weinberg

and Penmen, L1970 )



transition takes place in this organelle, Kinetics of
labelling of 415 and 20S indicated that they are true
intermediates in rRNA production. After infection of
HelLa cells with poliovirus, which interferes with normal
nucleolar processing (Weinberg et al., 19067), some of the
RNA species (41, 28, 20 & 18S) were found to accuwmulate
in nucleolus. An analysis of their estimated molecular
weights based on electrophcretic mobilities together with
the levels of methylation of various intermediates indicated
that 418 RNA contains approximately the same nuwmber of
iethyl groups as 45S and thcrefofe contains both 18S and
285 material (Weinberg and Penman, 1970). 208 RNA was
found to contain same number of methyi groups as 188 RNA
and 325 to contain same number as 285 RNA {(Weinberg and
Penman, 1970). Figure 1.1. shows the scheme for rRNA
ﬁaturation in Hela cell which was inferred from these
experiments.

1.4, Non-ribosomal Material

Determination of radioactive methyl to polynuclectide
ratios (Weinberg et al., 1967; Weinberg and Penman, 1970)
showed that the level of methylation increases approximately
twofold during the conversion of 455 to 28S and 185 RNAs
even though there is little or no addition of methyl groups
during the maturation process. Determination of alkali
resistant dinucleotide contents of these RNAs gave

corresponding results (Vaughan et al., 1967). Taken together



Table 1.1 Molecular Weights of rpre RNA and rRNA

458 325 285 18S Reference
Bolecular weight X 10“6
calcuiated from
{a) Sedimentation velocity 4.6 2.2 - - (1)
{b) Sedimentation equilibrium 4-4.5 2.4 1.9 0.71 (2)
{c) Acrylamide gel 4.1 2.1 (1.65)* 0.65 (3)

electrophoresis

References:

{1) Amaldi and Attardi (1968); Jeanteur, Amaldi and Attardi (1968)
{2) McConkey and Hopkins (1969)

{3) Veinberg and Penman (1970)

* Value of Petermann and Pavlovec (1966)

used for calibration.



these observations suggested that a considerable amount

of non-methylated material is eliminated during processing

of 455 to rRNA. In agreement with this conclusion
hybridization experiments suggested that about 50% of the
length of 455 RNA and 30% of 325 are represented by
non-ribosomal sequences (Jeanteur, Amaldi and Attardi,
1968; Jeanteur and Attardi, 1969).

The base compositions of rRNA and its precursors
have been determined with highly purified RNA (Amaldi and
Attardi , 1968; Jeanteur, Amaldi and Attardi, 1968; Willems
et al., 1968). The results showed that precursor RNA -
(45S and 32S8) have significantly higher G + C content than
285 or 18S RNA. This implies that the non-ribosomal material
in 455 and 325 in very high in G + C content.

Molecular weight of Hela rRNA and rpre RNA have now
been estimated by three methods, including sedimentation
equilibrium and sedimentation velocity as well as
electrophoretic mobility in polyacrylamide gels. The results
from these methods are in reasonably good agreement (Table
1.1) with each other and also with the amounts of non-
ribosomal material in rpre RNA estimated by hybridization and
methylation data.
| Summarizing all the above findings, Hela cells 45S
RNA contains approximately 50% of its length as non-ribosomal

material and. 328 RNA contains 30% of non~ribosomal material.

This non-ribosomal material in HeLa cell rpre RNA is believed
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to be of high G + C content and lacks methyl groups. It
is eliminated during the maturation process.

1. 5 Low Molecular Weight rRNA

1. 5a 5S TrRNA

The larger ribosomal subunit from bacterial (Elson, 1961;
Rosset & Monir, 1963%; Comb et al., 1965; Galibert et al., 1966)
animal (Galibert et al., 1965; Brown and Littna, 1966;
Bachvaroff and Tongur, 1966; Knight and Darnell, 1967) and
plant cells (Chakravorty, 1969; Li and Fox, 1969) contain a
low molecular weight rRNA component. This RNA is found to
sediment at 5S5. Its base composition is quite different from
that of high molecular weight rRNA. In all cells examined
so far, except yeast it has a high G + C content (Rosset,
Monier & Julien, 1964; Comb & Zehavi-Willner, 1967; Hatlen,
Amaldi and Attardi, 1969; Forget & Weissman, 1969; Marcot~
Queiroz et al., 1965) and lacks pseudouridine (Hatlen,

Amaldi and Attardi, 1969). Another feature which distinguishes
it from high molecular weight rRNA is the absencé?%ethylated
nucleotides (Schleich and Goldstein, 1966; Galibert et al.,
1965; Hatlen, Amaldi and Attardi, 1969). - Since in eukaryotic
cells 45S rpre RNA loses about 50% of its polynucleotide
sequences during 45S - 18S + 28S RNA transition, which are

G + C rich, and non-methylated, it was suggested that 55 RNA
might be derived from 455 rpre RNA,

It was found however that in HelLa cells newly labelled

5S RNA appears in cytoplasmic ribosomes more slowly than
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newly formed 28S RNA. This suggests a nuclear pool of 58
RNA (Knight and Darnell, 1967). Moreover actinomycin D
which completely blocks the formation of rpre RNA at low
concentration was found to cause relatively little
inhibition of most nuclear RNA synthesis (Perry, 1962;
Penman, Vesco and Penman, 1968). Under these conditions the
synthesis of 55 RNA is apparently not inhibited (Perry
and Kelley, 1968). Furthermore major part of the 5S molecule
in HeLa.cell% has ppGp~- and pppGp~ at the 5'~end (Hatlen,
Amaldi and Attardi, 1969). This would restrict any
possibility of derivation of 55 RNA from the 45S rypre RNA
to one copy per molecule. But a large excess of 5S was
found in the cells. These observations in Hela cells
indicated separate synthesis of 55 RNA. In agreement with
this conclusion anucleote mutants of Xenopus leavis which
lack the genes for high molecular weight rRNA were found
to possess DNA complementary to 5S RNA (Brown and Weber, 196%).
It has also been found that during oogenesis in amphibian
the genes for 18S and 28S RNA are amplified but not those of
55 pNA (Brown and Dawid, 1968). Furthermore DNA complementary
to 55 RNA in Xenopus leavis displays a buoyant density lower
than the DNA which contains the genes for 185 and 28S RNA
(Brown and Weber, 1968). These observations indicate that
in eukaryotes 55 RNA is synthesized independently of 45S rpre
RNA and from extranucleolar sites,

The sequence of 55 RNA from KB (human) tumoT cells
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(Forget and Weissman, 1967, 1969) E. coli (Brownlee,
Sanger and Barrell, 1967, 1968) and a mouse cell line
(Williamson and Brownlee, 1969) have been determined.
Two sequences of 55 RNA are present in E. coli, differing
in position 13 where either A or G may occur. An interesting
finding is that the sequence of mouse and human (KB tumour
cells) 55 RNA are identical. However a partial seguence
analysis of HeLa 5S RNA yielded a trinucleotide (ApGpCp)
which was absent from KB tumour cell 55 RNA (Hatlen, Amaldi
and Attardi, 1969). The presence of this trinucleotide,
together with the reproducibly much lower than expected molar
-yield of larger oligonucleotides (Hatlen, Amaldi and Attardi,
1969} suggested the occurrence of alternate sequences at
various sites in the 55 molecule of human cells.

1. 5b 7S RNA

The larger ribosomal subunit of eukaryotic cells contains
a small 7S RNA moleculg which separates from 2Z8S TRNA by
treatments which disrupt hydrogen bonds. (Pene, Knight and
Darnell, 1968). Weinberg and Penman (1969) who further
characterized it as 5.7S RNA have referred it to as 285A
RNA (28S associated). It is found in a wide Variety of
eukaryotes (Sy & McCarty, 1969; Burdon & Clason, 1969; King
& Gould, 1970; Uden & Warner, 1972). It does not contain
methylated nucleoside and is about 130 nucleotide long. It
was found associated in molar amounts not only with

cytoplasmic 28S RNA but alsco with nucleoplasmic 285 RNA



Nucleolus r

L'

Nucleus .305 .505

Cytoplasm

Fig. 1.2 Schematic representation of ribosomal formation
in HeLa cells. The numbers outside the
particles represent sedimentation constants of
the particles. The numbers inside the particles
represent the sedimeﬁtation constants of the
RNA species which they contain. ©Note that the
308 particle is found in the nucleoplasm only

in very small amounts (adapted from Maden, 1971).



dérivea from nucleolar 505 ribosomal precursor particles.
(Pene, Knight and Darnell, 1968). 75 RNA i1s not released
from 325 RNA after heating or other types of denaturation
implying that it is covalently linked within the 325 molecule,
Kinetics of labelling of this RNA are identical to those of
28S rRNA, suggesting that it 1s generated in 32S - 285
conversion.

1.6 Assembly of Ribosomes

Ribonucleoprotein particles containing rpre RNA have
been extracted from the nucleoli of various cultured
mammalian cells (Tamaoki and Mueller, 1565; Tamaoki, 1560;
Yoskikawa-Fukada, 1967). . Two types of particles were iscolated
from nucleoli of HeLa cells, sedimenting in EDTA at 805 and
558 {(Warner and Soeiro, 1967). The 55S particles contain
32S and most of the proteins associated with 285 RNA in the
50S cytoplasmic ribosome, but lack one protein which
associate with 508 particle in the cytoplasm. On the other
hand 80S particles. which are present in much smaller amounts
than 555 are found to contain 455 RNA and some 32S RNA
(Warner and Soeiro, 1967). More recently (Shepard and Maden,
1972) these 80S nucleolar particles from Hela cells have
been shown to contain small amounts of peptides characteristic
to the small ribosomal subunit (30S) as well as to the large
subunit (50S). These observations indicate that 80S nucleolar
particles are the common precursor to both ribosomal subunits.

Large ribosomal subunits (50S) are then produced via the 558



intermediate particles (figure 1.2).

It 1s evident that coordinaticn between rpre RNA and
ribosomal structural protein synthesis is necessary for
efficient production of ribosomes. In fact such coordination
was revealed by the following observations. Complete and
instantanious cessatioﬁ‘of protein synthesis by cyclohexamide
(Willems, Penman and Penman, 1969; Craig and Perry, 1970) or
70 to 80% inhibition during valine starvation (Maden et al.,
1969) resulted in a balanced slowdown of the synthesis of
455 RNA and its conversion to 32S RNA, Similarly a gradual
inhibition of protein synthesis over a 1.5 hours induced by
short term incubation of Hela cells in hypertonic medium
(Robbins, Pederson and Klein, 1970) resulted in a reduced
rate of 455 RNA processing. The protein content of 805 and
555 particles containing 455 and 325 RNA respectively, were
also decreased (Pederson and Kumar, 1971). It was shown that
after inhibition of RNA synthesis by the drug camptothecin,
the amount of ribosomal structural protein is also decreased
in the nucleolus whereas other nucleoclar proteins remain
present in near normal amounts (Wu, Kumar and Warner, 1971).

These results from cultured cells point to an apparent
feedback control between ongoing rate of protein synthesis
in the cytoplasm and the intranucleolar steps in rRNA
processing and ribosome assembly.

1.7 ©Outline of Present Study

The present study was undertaken to further examine the
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process of rRNA formation in mammalian cells and to carry out
a partial sequence analysis of rRNA. Hela cells were selected
in view of the amount of previous information available
concerning ribosome formation in tﬁese cells and also because
of ease of radioactive labelling of these cells. A comparative
study of rRNA was also done using other cell lines.

The introduction of oligonucleotide fingerprinting
techniques (Sanger, Brownlee and Barrell, 1965) greatly helped
the analysis of these RNA species. The high mclecular weight
rRNAs are large molecules and therefore yield a large number
of oligonucleotides on digestion with endonucleases. It was
desirable to label selectively some of-these oligonucleotides
in the RNA so0 that simpler fingerprints could be obtained.

As already mentioned these RNAs comtain a number of methyl
groups. These can be selectively labelled by growing cells in
the presence of methyl labelled methionine, and the resulting
methyl labelled RNA may be fingerprinted. TFingerprints
prepared in this way were much simpler than fingerprints of
3ZP labelled RNA and showed the following.

(a) The methylation pattern of 18S and 28S RNAs are
quite different from each other. There were a
few common spots and a large number of unique
spots (Their absolute frequencies have been
determined and a number of them have been
sequenced in this study).

(b) 45S RNA contains the great majority of methylated



(c)
(d)

(e)

sequences characteristic of both 185 and 285

RNA but lacks three spots which are unique to

18S RNA.

32S RNA contains only 285 material.

A1l the methylated oligonucleotides analyzed

in this study contain only 2'-O-methyl ribose
except the three oligonucleotides found in 18S
RNA but not in 45S RNA. These three products
contain methylated bases and represent secondary
methylation.

A comparative study of the vRNA showed remarkable
similarities and few dissimilarities in the
methylation patterns of three different mammalian

TRNA species.



SECTION 2
MATERIALS & METHODS
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MATERIALS

-

1. Tissue Culture Material

Hela cells (monolayer and suspension) BHK-21/C13 and
L cells were used. Lagle's medium and filtered calf serum
were purchased from Flow Laboratories, Irvine, Scotland.
Sabouraud medium and brain heart infusion broth used to check
the contamination by yeast and bacteria were purchased from
Oxoid Ltd., London. Difco Laboratories, Detroit, Michigan
provided trypsin, agar and PPLO broth for production of PPLOC
agar plates and tryptose phosphate broth. Streptomycin/
Penicillin were purchased from Vestric Ltd., Glasgow.

2., Composition of Media & Standard Solutions

{a) Eagle's medium

This was prepared by.the method of Busby, House and
McDonald (1964). It contains Penicillin (100 units/ml),
Streptomycin (100 ug/ml), 0.2 ug/ml of an antimycotic agent,
n-butyl, p-hydroxy benzoate and 0.002% (w/v) phenol red.

(b) Buffered saline solution (BSS)

This consisted of 1ImM MgSO4; 1mM NaH,PO 1.8mM CaCl

27V
5.4mM KC1, 0.116M NaCl and 0.002% (w/v) phenol red and was

ZJ

adjusted to pH 7.0 by the addition of 8.4% (w/v) NaHCOS.

(c) Trypsin/citrate

Trypsin was made up as a 0.25% (w/v) solution in cit-
rate buffer which consisted of 10.5mM NaCl, 1ImM sodium cit-
rate and 0.002% (w/v) phenol red adjusted to pH 7.8 using
NaOH.



(d) Reticulocyte standard buffer (RSB)

This consisted of 0.01M NeCl, 0.0IM tris and
0.0015M MgClz. It was adjusted to pH 7.4 with HCl (Penman,
1966) .

(e) High ionic strength buffer (HSR)

This buffer contained 0.5M NaCl, 0.05M MgCl, and

IE—

0.01M tris., It was adjusted to pH 7.4 with HCL.

(£) Lithium, EDTA, tris, SDS buffer (LETS)

This consists of O0.1M lithium chloride, 1mM EDTA,
0.0IM tris, 0.5% SDS. It is adjusted to pH 7.4 with HCI.

3. Chemicals

Dinucleotides monophosphates were purchased from
Calbiochem Litd., London. Actinomycin D was also supplied
by Calbiochem Ltd. in vials containing 200 ug.Adenosine and
guanosine were obtained from Koch-Light Lab., Colnbrock,
England. Methylated purines were purchased from Sigma
Chemical Co. Ltd., London.

4, Radio~-chemicals

L -[Me - 14C] methionine (58Ci/Mek), L - [ Me - SH]
methionine (100 ~ 500 Ci/Md@and 3ZP orthophosphate
(90 -~ 120 C%/mg P) were purchased from Radiochemical Centre,
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Amersham, Bucks., England. C methionine was obtained as

solid, sealed in vacuo in ampoules, to prevent oxidation.
3H Methionine was supplied in solution and 52p orthophos-
phate in dilute HCl solution.

5. Enzymes
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T1 Ribonuclease (crystalline) made by Sankyo Co. Ltd.,
Tokyo, Japan was purchased from Calbiochem. Bacterial
alkaline phosphatase (electrophoretically purified), venom
phosphodiesterase and spleen phosphodiesterase were purchased
from Worthington Biochemical Corporation. Pancreatic
ribonuclease (chromatographically homogeneous) was purchased

from Worthington Biochemical Corporation.

6. Material for Electrophoresis & Chromatography

Cellulose acetate strips measuring 2.5 cm by 85 cm.
were cut from sheets of this material supplied by Oxoid Ltd.,
Southwark Bridge Rd., London. Whatman chromatography paper
DE81 (DEAE-cellulose paper) was obtained from McCulloch
Brothers, Glasgow in rolls (46 cm x 50 m) and was cut to
the required size. Whatman 52, 3MM and No. 1 papers were
purchased from . :Reeve-Angel Scientific Ltd., London.
Xylene cyanol FF, orange G and acid fuchsin were purchased
from G.T. Gurr Ltd., London.

7. Material for Autoradiography

Kodirex X ray film 35 x 43 cm., D-19 Developer powder
and Kodafix solution were purchased from Kodak Ltd.

8. Scintillation Fluids

Toluene scintillation fluid was prepared by dissolving
5 g of 2,5 diphenyl oxazole in one litre of analar toluene.
Dioxan based scintillation fluid was constituted by 7 g of
2,5 diphenyl oxazole dissolved with 100 g naphthalene in

one litre of scintillation grade dioxan.



METHODS

et e g et

1. Cell Culture Systems

Cells growing in monolayvers were used in most of the
experiments. However a few of the earliest experiments were
conducted with S3 suspension Hela cells.

(a) Suspension cells

Hela 53 cells were grown in suspension. They were
routinely cultured in 250 ml bottles containing a small
magnet mounted on a glass rod or hanging free. This magnet
spins and kceps the cells in suspension. Usually 150 ml
of medium was placed in the bottle with 20 x 104 cells/ml.
The cells were allowed to grow for one or two days when they
were again diluted to the previous concentration. Air inside
the bottle was replaced by an atmosphere of 5% co, in air.

A cotton stopper was used for the bottle to permit aeration,

(b) Monolayer cells

HeLa BHK/C13 and L cells were cultured as mqnglayers
in rotating 80 oz. winchester bottles according té the method
of House and Wildy (1965). 180 ml of Eagle's medium (Busby
et al, 1964) containing 7% calf scrum were used per winchester.
The buffer capacity of the medium was maintained by replacing
the air with an atmosphere of 5% €O, in air. The winchesters
were seeded with 2 x 107 cells and were incubated at 37°C for
2 ~ 3 days. The cells were removed from the glass with

trypsin citrate solution. They were suspended in Eagle's

medium and were disperscd in appropriate concentration into



Roux or further winchester bottles. Although the mediun
contains antibiotics, cell lines were tested for contamin-
ation by micro organisms as {ollows. The cultures were
examined for fungl andyeasts using Sabourauds medium.
Bacterial contamination was checked with blood agar plates.
Contamination by pieuropneumonia like organisms (PPLO) was
monitored by using PPLO agar plates.

All glassware used for tissue culture methods was
soaked overnight in chloros, washed, rinsed in distilled
water and sterilized by autoclaving.

2. Incorporation of Radio-isotopes

Most of the RNA of the cells is present in the cyto-~
plasm and the nucleoli contain 3 to 5% of the total cellular
RNA. Therefore in order to obtain high specific activity
ribosomal RNA it is necessary to label a small number of
cells for a fairly long time. But for nucleolar RNA
labelling, a large number of cells must be labelled to
obtain sufficient RNA. High specific activity nucleolar
RNA could be obtained by labeliling for a relatively short
time as the transit time for nucleolar RNA is much shorter
than the life time of ribosomal RNA. Incorporation of
radio~methionine was carried out in medium which was free
of unlabelled methionine to obtain high specific activity
ribosomal RNA. About 4,5 million cells were labelled for
36 - 40 hours (1; generations) with 100 uCi of 14C methyl

methionine (about 1.7 uMels=! normal conc.) in 40 ml of
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medium. Purine nucieosides (3 x IOMSM) were added to the
medium to suppress the uptake of label into the purine rving
system. It was found that this does not completely block
purine labelling. In later expeviments 10mM sodium formate
was also added. This completely stopped ring labelling.
This concentration of formate does not seem to cause any
harm to the cells as they grow and divide in 20mM or even
in 25 mM formate. For nucleolar RNA labelling about 40 - 50
million cells were labelled with 100uCi of Lig methyl methio-
nine. They were allowed to grew for 2 hours in 30 ml of
methionine-free medium containing purine nucleosides and
formate.

To prepare high specific activity 32P labelled RNA
the cells were first labelled with 5S5mCi of 32p orthophosphate
in normal medium. However RNA obtained in this way was of
low specific activity. It was necessary to prepare a high
specific activity RNA for rapid manipulations. Therefore
the concentration of phosphate in the labelling medium was
decreased so as to increase the specific activity of radio-
phosphate in the medium, which in turn will lead to the
production of high specific actirity RNA.. Different phosphate
concentrations were tried and 1/6 normal phosphate concen-
tration (14 mg phosphate/L) was found to be most suitable for
24 hours labelling.

3. Preparation of Ribosomal RNA

The cells were harvested using trypsin citrate solution
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to detach them from the glass surface. They were then
washed twice in cold BSS and resuspended in 2 ml of the
hypotonic buffer RSB. The cells were allowed to swell for
about 10 minutes and then broken with a stainless steel
ball homogenizer. The homogenate was then centrifuged and
cytoplasm was separated from nuclei. (Penman, 1966). In
14C methyl labelling experiments the cytoplasm was made

1% to SDS and was layered on 15 to 30% sucrose gradient in
LETS. It was centrifuged for 17 hours at 26,000 rev./min.
in SW27. After centrifugation the gradient was pumped
through a Gilford spectrophotometer to record the optical
density. 185 and 285 RNA peak fractions were pooled. RNA
was precipitated by the addition of ethanol. It was found
by labelling the cells with 355 methionine (as shown in
figure 2.2) that some of the protein containing methionine
moved into the gradient in 18S and 285 peaks. It was nec-
essary to remove this small aﬁount of protein. The ethanol~
precipitated RNA was therefore extracted with cold phenol
and then twice feprecipitated with ethanol. In case of >%p
labelling experiments the cytoplasm was first extracted with
cold phenol, precipitated once with ethanol and then layered

on 15 - 30% sucrose gradient in LETS.

4. Preparation of Preribosomal RNA

Hel.a cells {(about 5 x 107 cells) were harvested using
trypsin citrate solution. They were washed twice with cold
BSS and resuspended in 2 ml of hypotonic buffer RSB. The

cells were allowed to swell for 10 minutes. They were
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27
homogenized in a stainless steel ball homogenizer. The
nuclei were removed by centrifugation and again resuspended
in 2 ml of RSB by vigorous pipetting. They were once more
centrifuged and resuspended in 2 ml of RSB and 0.3 wl of &
mixture of two detergents (one part of a 10% w/w solution of
sodium deoxycholate and two parts of a 10% w/w solution of
tween 40) was added. The nuclear suspension was shaken in
a vortex mixer for 3 seconds. The mixture was centfifuged
and pure nucleil were obtained. At this stage the nuclei
can not be readily dispersed, since they show a strong
tendenéy to aggregate. Two ml of HSB containing about
100 ng of DNase (RNase free)} were added. The nucleil were
resuspended with the aid of a pasteur pipette. The mixture
wWas very visfus at this stage. It was then kept in & water
bath at 37°C with continuous agitation till it was no longer
viscus and 411 the DNA had been digested (Penman, 1966).

The mixture was then layered on 15 to 30% sucrose gradient
in HSB and centrifuged for 15 minutes at 22,000 rev./min.
A pellet of pure nucleoli was obtained. It was dissolved in
LETS and was layered on 15 to 30% sucrose gradients in LETS.
The gradient was centrifuged in SW25 at 21,000 rev./min. for
16 hoﬁrs. After centrifugation the gradient was pumped
through a Gilford spectrophotémeter and an optical density
tracing was obtained. The peak fractions were pooled. They
were extracted with cold phenol and precipitated twice with

ethanol. It has been found by fingerprinting that 32S peak
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always contains very small amount of 18S material pre-
sumably due to the breakdown of some of the 455 RNA during
manipulation. A preparation of 3Z5 RNA containing no 45S
breakdown products was obtained as follows. The cells were
labelled for two hours with 14& methyl methionine. Acti-~
nowycin was then added to 4 ug/ml and the cells were harvest-
ed after 45 minutes. The 455 RNA was therefore eliminated.
The nucleoli were prepared as described above and layered
on SDS gradient. Figure 2.4 shows the optical density
tracing of such a gradient.

The purified RNAs were of the following specific
activities.

e Methyl labelled RNA.

(a) 185 2.5 - 3,3 x 103 dpm/ g
(b) 285 1.6 - 2.3 x 103 dpm/pg
32p labelled rRNA about 10° dpm/pg

5. Enzymic Digestion of RNA

50 to 60 ug quantities of RNA were lypholyzed in a
siliconized tube. They were digested with T1 ribonuclease
to obtain oligonucleotides with a G residue at the
3-terminus. An enzyme to substrate ratio of 1:20 was used.
RNA was incubated for 30 minutes at 37°C with T, ribonuclease
in about 0.05 ml of 0.01M tris buffer (pH 7.4) containing

0.002M EDTA (neutralized).

6., Two-dimensional Fractionation Procedure

The procedure described by Sanger et al (1965) was



A
used. Cellulose acetate strip was moistened with pll 3.5

buffer containing 7M urea. The point of application which
was about 10 cm. from the cathode end of the strip was
blotted and the digest was applied as a spot. Marker dye
mixture was applied on both sides of the spot. The whole
strip was blotted and quickly immersed in white spirit. It
was then placed on the perspex supporting rack in the
electrophoresis tank and was subjected to electrophoresis
at 4.5 kilovolts. Most of the oligonucleotides ran between
slowest pink and blue dye with the exception of some con-
taining no uridylic acid residues which ran slower than blue.
Electrophoresis was continued until the distance between
slowest pink and blue was about 31 cm. The material from
slowest pink to about 8 cm. behind the blue was then trans-
ferred to DEAE-paper in the following way. The cellulose
acetate strip was held in air to drip off the extra spirit
and was then placed on DEAL-paper sheet about 10 cm. from
the cathode end. A pad of five strips of Whatman ZMM paper
that had been soaked in water was then put on the cellulose
acetate strips and a glass plate was placed on the top to
press the strips. The water from the Whatman paper moved
to DEAE-paper through cellulose acetate and carried the
oligonucleotides which were then held by DEAE-paper due to
its charge. The paper was dried and the urea was remnoved
by ethancl. About half of the DEAEMpaper was wetted with

7% formic acid. Marker dye mixture was applied and the
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