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INTRODUCTION.



T. Genersl Introduction

The smallest uwnit of living matter, which is capable of an
independent existence, is the cell. Frotein and nucleic acids
contribute as much as 90% of the dry weight of most cells. The
proteins form a very complex group of giant polyﬁers built from
only twenty basic units, the amino acids,but despite the
relatively small number of basic units, thousends of different
proteins are present in a living cell. These molecules arve
capable of forming the complexity of the cell from relatively
simple materials, Therefore in examining living systems, it secms
reasonablie that some attention should be paid to the synthesis of
such important molecules. It was by.considering this problem that
the function of the other major constituent of cells became apparent.
The nuecleic acid fraction can be divided into two parts, DNA and RNA.
Contained within the structure of DNA is the information reguired
to direct the synthesis of the complex protein molecules. The most
concluglve divect evidence in support of this belief is derived fram
studies of bacterial transformation which was first observed by
Griffith (1928). For example, several differvent types of pneumococei

exist cach possessing a different capsular polysaccharide snd in 194k,



Avery, lLacleod and FcCarty showed that cells of one strain of
pneumococcus could synthesise the characteristic polysaccharide
of a second strain if it were grown in the presence of DWA
purified from that second strain. However, it is now known

that DNA is not directly involved in the formation of proteins;
in vitro work has shown that it is RWA not DVA which plays a vital
role in the protein synthesising system (Spiegelman, 1957) « This

requirement for RNA during protein synthesis was first explained

by Crick (1958) who suggested that the information contained in

the DNA molecule was transcribed or copied to give an informationzl
RNA molecule which then directed the synthesis of proteins.

However, over the last ten years it has become apparent that most

of the RNA does not act as a template in protein synthesis. There
are in fact several types of RNA to be found in living cells and
they range in molecular weight from 25,000 to 4x106and larger.
Considerable effort has been invested in elucidating not only the
mechanisms whercby these RNA species are manufactured in prokarystic
and eukaryotic cells but also how they participate in the sequencs

of evenits leading to the synthesis of new proteins. Some of this



work will now be discussed.

II.

~The RHNA of prokaryotes

The RNA of prokaryotic cells cen be divided inte three types,
ribosomal, messenger and transfer. These will be described in the
following sections:

2) Ribosomal RNA

Bacteria contain numerous small particles known as ribosomes
(Schachman, Pardee end Stanier, 1952). When cells are exposed to

35

amino acids containing the isotope “S, the radiocactivity is first
found associated with thesge ribosomes and later migrates to the cell
8ap where it is found incorporafed in proteins (McQuillen, Roberts
and Britten, 1959), This indicates that the ribosomes are involved
in protein synthesis.

The ribosomal particles have a diameter of O.Ol?ﬂLand
ultracentrifugal analysis gives a sedimentation coefficient of 70s
(Schachman et al, 1952). These particles consist of about 60% RNA
and 40% protein (Spirin and Gavrilova, 1969); they account Tor more

than 80% of the total RNA in the cell, Under conditions of low

magnesium concentration, the ribosomes dissociate into two sub-unita



(Tissisres, Watson, Schlessinger and Hollingworth, 1959). These
sub~units have sedimentation coefficients of 50s and 30s and, like
the complete ribosomes, they are composed of about 60% RUA, the
remaining 40% being protein (Kurland, 1960; Spirin and Gavrilova,
1969). It has been estimated that as many as 60 different proteins

are present in the ribosomal particle of Xsch. ¢olil and that at least

20 of these occur on the 30s sub~unit (Spirin and Gavrilova, 1969).
This small sub-unit also contains one large RNA molecule with a
molecular weight of about 0,55x106 while the 50s sub-unit possesses
an RNA of molecular weight 1.1xi o6 (Kurland, 1960; Stanley and Bock,
1965). These RNA molecules have a sedimentation ;oefficient of lbs
and 23%s respectively (Kurland, 1960). TIn addition to the large RNA
molecules, there occurs a low molecular weight ribosomal RNA which is
tightly bound to the 503 sub-unit (Aubert, Monier, Reynier and Scott,
1967; Comb and ﬁehaviAWillner, 1967) and has a sedimentation
coefficient of 5s (Ross&t and Moniey, 1965)0 The two large ribosomal
HNAs (rIiNAs) have similaer base compositions and show very lithle
veriation when isolated from different species of bacterian (Midgley,

1962).  Although they are of so similar gompogition, it has been




shown that the sequences of nucleotides in these RNA molecules are
not identical (Sanger, Brownlee and Barrell, 1965; Oishi and Sueoka,
1965). In addition to the four major nucleosides, rRNA contains
several others in minor amoﬁnts. The principle group of' these minor
nucleosides is made up of the methylated derivatives of the major
nucleosides., Pseudouridine (5-ribosyl-uridine) is also present.

The content of these minor nucleosides varies between the 1l6s and

23s rRNAs (Dubin and Gunalp, 1967).

The 5s RNA, on the other hand, contains neither pseuvdouridine
nor methylated nucleosides (Rosset andfMonier, 1963; Brownlee, Sanger
and Barrell, 1967). It has a different base composition from 1és and
23s rRNA and a much higher content of G + C:--64% compared with 54% in
the large rRNAs (Spirin and Gavrilova, 1969). In 1967, Brownlee,
Sanger and Barreli described the complete sequence of 5s RNA from

Esch. coli. Their work demonstrated that this RNA is composed of 120

nucleotides with no modified bases,

Since ribosomes carry oulb an important role in the process of
protein synthesis, their own formation hes attracted much attention.
The next section deals with the production of the RNA components of the

ribosome,



Recently polyacrylamide gel electrophoresis has been introduced
as a method for fractionating BNA (Loening, 1967). This technique
gives a much higher degree of resolution than ultracentrifugation and
using it, Hecht and Woese _(1968) and. A&esnilc and Levinthal (1969) bave
observed RNA species of slightly slower electrophoretic mobility than
16s and 23s rRNA, Studies of the kinetics of labelling carried out
by these workers indicate that these may be precursors to the rRi

molecules. When Esch. coli avre grown in the presence of

chloramphenicol, small ribonucleoprotein particles (CM particles)
accumulate (Nomura and Watson, 1959). The RNA molecules contained

in them have slightly higher sedimentation coefficients than 23s and
165 rRNAs (Dubin and Elkort, 1961..){ After the removal of the
chloramphenicol, the RNA species originally present in the CM particles
can be detected in mature ribosomes (Osawa, 1965) suggesting that they
are rRNA precursors. Adesnik and Ievinthal (1969) confirmed this when
they showed that RNA from CM particles has the same electrophoretic
mobi.lity on polyacrylamide gels as the xrRNA precursors which they
studied. Thus the precursor RNAs have lower electrophoretic
mobilities and higher sedimentation coefficients than mature rRNA.

Weinberg, Loening, Willems and Penman (1967) sugpested that if lower



electrophoretic mobility is éue to a more open configuration and not
a higher molecular weight, tpen the molecule should alsoc have a lower
sedimentation coefficient. Since this is not the case, it follows
that the precursors must have slightly higher molecular weights than
mature rRNA., Therefore the precursors must contain noneribosomal
sequences which are removed during the maturation process, yielding
23s and 1lb6s rRNA.. The RNA contained in the CM particles has been
shown to be undermethylated compared to the mature rRNAs, (Hayashi,
Osawa. and Miura, 1966; Dubin and Gﬂnalp, 1967). This means that the
methylated nucleotides are formed after the completion of the
polynucleotide chain and not by insertion of methylated nucleotides
during the transcription process. Indeed Srinivasan, Nofal and
Sussman (1964 ) have isolated several enzymes capable of transferring
methyl groups from methionine to undermethylated rRNA molecules,

bs RNA synthesis in bacteria has been studied by several groups
(Hecht, Bleyman and Woese, 1968; Smith, Dubnau, Morell and Marmur,
1968; Morell, Smith, Dabnau end Marmur, 1967; Forget and Jordsn,
1970). Hecht et al (1968) carried out studies of the kinetics of
incorporaticn of RNA precursors into 5s RVA of Bacillus subtilis,
Their work indicates the presence of a precursor which accumulates

during growth of the cells with chloramphenicol.  Since this treatinent



also prevents the maturation of the 16z and 23s precursors, these
authors postulated that 5s RNA is derived from the fragments released
during the processing of the precursors of the large rRNAs. However s

Smith et al (1968) reported that Bacillus subtilis contains 410 cistrons

for 23s and 1l6s RNA and only 3 or &4 for 5s. Also the gene mapping
studies of Morell gt al (1967) showed that the 5s genes appear to be
separated from those of the other rRNAs by the genes for transfer RENA

(tRNA).  Recently Forget and Jordan (1970), using Esch. coli, have

reported sequencing studies of 5s RNA formed in the presence of
chloramphenicol., They found evidence for three 5s RVA molecules which
differed from nlormal fisch. coll 5s RNA by having one, two or three
extra nucleotides at the 5' end of the molecule. These extra sequernces
could also be found in a small proportion of 5s RNA from logarithmically
growing cells. The authors therefore suggest that these three
different 5s RNA molecules represent stages in the processing of the 5s
RNA precursor.

Thus current work suggests that, although 23s, 16s and 5s RNA
are found in equimolar amounts in riboscomes, they are synthesised
separately. IBach is produced by the modification of a precursor molecule.
Extra sequences are removed and, in the case of the large rRNAs, methyl

groups must be added before the mature RNA molecules are formed.
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b) Messenger RNA

The concept of messenger RNA (mRNA) as a distinct species was
first put forward by Jacob and Monod (1961). It is now generally
accepted that mRNA is a copy of the DNA seqguence and contains the
information for protein synthesis in the fowm of a series of codoas oxr
nucleotide triplets. 64 of these can be formed using the 4 major
bases, however, as only 20 amino acids are found in proteins, the code
is degenerate and several codons represent each amino acid.

In rapidly growing cells many different proteins and therefore
maxny mRNA must be produced. This fact together with the short hself life
of bacterial mRNAs (Jacob and Monod, 1961; PBritten and Roberts, 1960;
Astrachan and Fisher, 19641; Willson and Gros, 1964) hinders studies of
their strﬁcture and synthesis. In spite of this, Moore (1966) has

succeaded in proving that mRNA of Egch. coli conteing no methylated

nucleosides. However, whether or not mRNA molecules are synthesised
with extra sequences, as is accepted for rRNA synthesis, is not yet
known.

¢) Transfer RNA

A third species of RNA is involved in the synthesis of proteins -

trensfer RNA. Hoagland, Zamecnik and Stephenson (1957) first



discovered this RNA when they observed that, prior to their incorporation
into proteins, amino acids became attached to a low molecular weight RVA
when incubated with ATP and < cell-free extract of rat liver. Although
this new class of RNMA was first discovered in mammalian oélls, much work
has also been done with bacteria and yeast to determine its structure

and functions.

Transfer RNA (tRNA) has a eedimentation coefficient of 4s and a
molecular weight of about 25,CC0. It consists of a single poly-
nucleotide chain of 75-85 units. Despite its small size, tREA takes
part in several interactions vital to the synthesis of proteins. For
example the activation of amino acids followed by their transfer to
ribosomes engaged in protein synthesis requires the presence of 1tRWA
molecules.

The discovery of tRNA occurred because of its ability to bind znirno
acids. This reaction takes place in two stages both of which zre under
the direction of one of a group of enzymes called aminoacyl-tRWNA synthetases
(amino acid-tRNA ligases, E.C+s6.1.1.). At least one of these enzymes is
apecific for each of the 20 amino acids found in proteins. The first
step in the reaction involves the activation of the carboxyl group of the

arino acid. This interucts with ATP to form aminoacyl adenylate which
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then reacts with a tENA molecule to form aminoacyl-tRNA.  The
synthetase shows specificity for both the amino acid and the tRNA

and therefore combines the amino acid with a particular tENA. The
importance of this dual specificity was demonstrated by Chapeville

et 2l (1962) who showed that cysteine could be reduced to alanine with
Raney Nickel. These workers found that, as this reaction did not
destroy the link between the amino acid and the tRNA, they could prepare
alanine attached to the tRNA specific for cysteine. When this altered
aminoacyl-tRNA complex is used in a cell-free protein synthesising
system, alanine is incorporated in place of cysteine thus proving that
the fidelity of translation rests mainly in the specificity of the
aminoacyl-tRNA synthetases.

The incorporation of amino acids into protein involves several
specific inferactions between tRNA and other macromolecules. The tRNA
loaded with its amino acid must bind to a ribosome but only after
recognition of a specific codon in the mRNA. Before the tRNA can be
released from the ribosome; its emino acid must be incorporated into
the growing peptide chsin by the formation of two peptide bonds.

Considerable effort has been devoted to the determination of the

structure of tRNA. It is hoped to decide which features are important

in each of the wide variety of reactions carried out by these mcliscules.



The tRNAs specific for differen# amino acids can be separated
by several methods (see Weiss and Kelmers, 1967, and references therein);
they have different base campositions end sequences but all possess the
same pCpCpA group at the 3' end of the molecule. It can be shown that
amino scid acceptance is dependent on the presence of these three
terminal nucleotides since they can be removed and replaced by the sction
of the engyme adenylate pyrophosphorylase. Indeed, Zachau, Acs and
Lipman (1958) discovered that leucine is attached to the 3' hydroxyl
of the terminal A in the asminocacyl-tRNA complex. When they repeated
this work, Marcker and Sanger (1964) discovered that two compounds are

attached to the ribose of the terminal A in Esch. coli methionyl-tRNA.

One is methionine,as expected,but some of the tENA molecules appear to
carry formylmethionine residues instead. In fact 2 species of tRENA
are specific for methionine. Both accept methionine but only one of
the methionyl-tRNAs can be formylated (Kellogg, Doctor, Loebel and
Nirenberg, 4966). Several workers have shown that this formylmethionyl
~tRNA is involved in the initiation of the polypeptide chain during
protein synthesis (Clark and Marcker, 1966; Capecchi, 1966; Adams and.

Capecchi, 1966; Vebster, Engelhardtand Zinder, 1966). The formyl



group is removed before completion of the protein (Adams, 1968).

In 1965, Holley et al published the sequence of yeast alanine
tRNA. This was the first determination of the primary structure of
an RNA molecule. Since then many more sequences have been determined
for various tRNAs from bacterial, yeast and animal sources. Each tRNA
molecule has a unigue sequence. Philipps(1969) has campared the
sequences of 14 tRNA molecules and finds that about 50% of the
nucleotides are similar for all 14. He suggests that these similar
seqguences are involved in interactions which are cammon to all tRNA
molecules, for example the maintainance of a common tertiary structure
or interactions with the ribosomes. The remsining variable nucleotides
may be involved in recognition of the appropriate synthetase; they may
however play a more neutral role in the structure, being quite compatible
with it but not required for the function of the molecule.

A1l the tRNAs of known primary structure can be arranged in the
cloverleaf formation (Fig.I.3) proposed by Holley et al (1965).  This
conformation allows the formaticn of the maximum number of hydrogen
bonds between the bases in the pairs A and U, G and C. As the name

suggests, three loops of non-paired nuclectides are Jjoined by short
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base-palred arms to a stem formed by pairing seven bases near each end
of the tRNA molecule. The pCpCvA end group is of course attached to
the stem of the cloverleaf but is not involved in the base pairing.
Adjacent to the stem are the pentanucleotide and dihydrouridine loops
and between these lies the loop containing the anficodon. The
pentanucleotide loop, which in fact contains seven nuclectides; is so
called because in it occurs the five nucleotide sequence GplplpCpGp
common to almost all tRNA molecules (Sanger, Brownlee and Barrell ;1965 ).
The anticodon loop alsc contains seveu nucleotideé, three of which form
the anticodon and interact with mENA. A wvariable structure, termed
the extra arm, occurs between these loops. In small thNA molecules; it
is almost non-existent consisting of only two nucleotides, bul it ranges
in size up to 13 nucleotides in & base--paived formation in the largest
tENAs . The dibydrouridine loop varies in sise from 8 to 12 nucleotidesn;
the arm of this loop is also variable, 3 or 4 base pairs occurring in
this portion. As its name implles, the dihydrowridine loop generally
contains the modified nucleoside dihydrouridine. Since only the extra
sxm and the dibhydrouridine loop show variation in size from one tRNA ‘o
another, it sceemws likely that these features may be invelved in the

tRNA~specific intersction with the synthetases.



The cloverleaf structure is of course only a two~-dimensional
model. A three~dimensional model would be much more useful in
determining the features on ﬁhich the interactions of tRNA with the
other components of the ﬁrotein syntheéising systen are dependent.
Various suggestions have been made regarding folding the cloverleaf

to form a cdompact structure for tRNA (Lake and Beeman, 1968; Doctor,

Maller & Webb, 1969; Ninio, l'lavre and Yaniv, 19693 Cramer, Doepner, v.d.
Haar, Schlimme and Seidel, 1968) but i+ is likely that the final answer
will have to await the results of X-ray daiffraction studies of tRY:2

aaaaaa

crystals which ave currently in progress in several laboratories.
So far Blake, Fresco & Langridge (1970) have veported initial studies
with cocrystals containing at least T diffcerent IRNA species. The
existence of these mixed crystals indicates lhe existence of o sinilsr
tertiary structure for these tRNA nolecules.

tRNA contains wany miner nucleosides but thege are prssent in
much higner amounts than in rRIA. The ninor nucleosides can be
considered as modifications of the 4 major ribonucleosides; to date

about 35 of these have been identified in R¥A (H=ll, 197C). Because of

their great variety, it is nost convenicent to consgider then as seversl



related groups. Most modifications consist of relatively simple
alterations of the basic nucleoside, for example methylation of the
base or ribose or replacement of a hydroxyl group with sulphur.
Pseudouridine (w) is an example of alteréd bonding between the base
and sugar residues. More complex modifications are also possible
resulting in "hypermodified" nucleosides. These are defined as having
a relatively large side chain for example an isopentenyl group, a
functional group such as hydroxyl and a location next to the 3' end of
the anticodon (Hall, 1970). Since these "hypermodified" nucleosides
occur next to the anticodon sequence in most tRNA molecules, they might
be expected to play some part in recognition of the codon. Fuller and
Hodgson (1967) suggest that, since there are 7 nucleosides in the
anticodon loop, the modified nucleoside provides a 'punctuation mark' to
ensure that the correct 3 interact with the mRNA. Expermimental
evidence in support of this suggestion comes from the work of Gefter
and Russell (1969) who isolated 3 species of suppressor tyrosine tRNA

from Xsch. coli infected with a defective transducing phage. These

tENA molecules differed only in the extent of modificstion of the
nucleoside adjacent to the 3! end of the anticodon. All 3 forms could

be charged with tyrosine and 2 of these, which contained A modified to



different extents, could support protein synthesis in wvitro. The
third form contained an unmodified A; it was unable to bind the ribosomes
and therefore could not support protein synthesis.

As least 4 different thionucleosides have been identified in

Esch. coli tRNA (ILipsett, 1965; Carbon, Hung and Jones, 1965; Schleich

and Goldstein, 1965; Peterkofsky and Lipsett, 1965; ILipsett and Doctor,
1967; Goehler and Doi, 1968). The major one is h~thiouridine but
2-thiocytidine and 5-methyl-aminomethyl-2-thiouridine have slso been
isolated (Carbon,David and Studier, 1968). So far the importance of
these modifications to the functioning of tRNA has not been determined
although they may be involved in maintaining the active configuration
of the molecules (Goehler and Doi, 1968).

Psevdouridine was the first minor nucleoside to be discovered
(Cohn, 1957; Davis and Allen, 1957); 4in tRNA it amounts to about 20%
of the total uridine content (Dunn, 4959). Formylmethionine tRNA
contains only one ¥ (Dube, Marcker, Clark and Cory, 1968) and this occurs
in the pGpTpYpCpG sequence. Siddiqui, Krauskopf and Ofengand, (1970)
modified this § without affecting any other nucleoside. They found

that the modified tBNA had undergone an alteration of its tertiary
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structure which presumably caused the loss of biological activity
ovserved by these workers. This result suggests that |, at least
when present in the pentanucleotide loop, is involved in the
maintenance of iIRWA siructure.

¥ethylation provides the largest single group of modifications.
Studies of the funotion‘of methylated nucleotides have been greatly
facilitated by the isolation of the relaxed control nutent Esch.coli
K12 W~6 which, unlike normal bacteria,continues to synthesise REA when
the required amino acid methionine is withdrawn (Borek, Ryan and
Rockenbach, 1955). Howeyer the RNA extracted after methionine
starvation is undermethylated (Mandel and Borek, 196la); it is thoughs
to consist of some REA devoid of methyl groups, plus norral RNA which
had bheen synthesised prior to the removal of methionine. Initial
work showed no distinct difference in the gbility of t¥¥A to bind suinc
acids when it lacked methyl groups (Starr, 19633 Littauer, Muench,

Berg, Cilbert & Spahr, 1963). However it is difficult to draw

definite conclusions from thig work as undermethylated tRNA preparation

(e}

contain normally methylated tRI¥A. Also ecach tRNA species nay be
affectecd to a different degree by lack of methylated nucleozides.

Thus differences in zctivity between normal and nethyl-deficient tx% i



may be missed unless experiments are carried out with all 20 amino
acids., Indeed the work of Peterkofsky (1964) and of Shugart,

Chastain, Novelli and Stulberé (1968) indicate that the amino acid
acceptance activity of tRNA is affected fy the ebsence of methyl groups.

Peterkofsky (196L) reported that although Hsch. coli synthetases load

amino acids equally well on to normal and methyl-deficient Esch. coli
leucine tENA, the synthetase isolated from yeast functions only with

fully methylated Esch. coli tRNA. The later work of Shugart et al

Ay

(1968) shows that when undermethylated tRNA is used, the loading of i
aminc acids onto the appropriate tRNA molecules is reduced. \hen the

tRNA is methylated in vitro using tRNA methylase from Esch. colia. the

activity of 2 of the tRNA species returns to normal.

Investigations have also been carried out to deterinine any effect
that methylation may have on the transfer of amino acids from tRNA to
the riboscmes. Revel and Littauer (1965) separated nommal and
methyl-deficient phenylalanyl-tENA by chromatography on methylated
albumin kieselguhr (MAK). They used these purified tRNAs to fomm
polyphenylalenine under the direction of poly U, poly UG and poly UA
~ templates known to code for polyphenylalsnine. It was found that

methyl-deficient tRNA gave a greater response to poly UC and poly Ui



then did normal tRNA (Revel and Littauer, 1966; Iittauer, Revel and
Stern, 1966). Since these templates contain codons for other emino
acids as well as for phenylalanine, this.result indicates that there

is greater miscoding with methyl-deficient tRNA. Capra and Peterkofsky
(1968) also noted differences in the coding properties of normal and |
undermethylated tRNA. These workers resolved leucine tRNA into four
components using reverse phase chromatography. Two of the peaks were

greatly increased by methionine starvation of the Esch. coli. mutant.

In vitre methylation caused almost complete reversion to the normal
pattern. Also one of the peaks of tRNA, which originally responded to
poly UC only, responded to poly UC and poly UG after in witro methylation.
In contrast to these results, Fleiss#er (1967) found no evidence of
miscoding either when he used the complete complement of methyl-
deficient tRNAs to form f2 coat protein in vitro, or when he used purified
phenylalanyl-tRNA to form polyphenylalanine. He did find, however,

that the methyl-deficient phenylalanyl-tRNA was less efficient at binding
to the ribosomes then was the normal tRNA. HObviously a final answer to

the problem of the function of methylated nucleosides has not yet been

obtained and further work will be required.



In summary, it sppears that, although the detailed mechanism is
not known, loss or alteration of the minor nucleosides can affect the
amino acid acceptance, ribosome binding and ccding properties of the

tRNA molecule.

IIT. The RH¥A of TWukaryotes

By defiinition, eukaryotes have a nucleus bounded by a definite
nucleor membrane. This nucleus contains al least one distinctive
nucleolus. Another feature of eukaryotic cells is the presence in the
cytoplasm of mitochondria and, in the case of plant cells, chloroplasts.
Prom the 1920's new techniques in cytochemistry and cell fractionation
have shown that the cellular DNA is confined to the nucleus while the
RNA is found also in the cytoplasm. Recent studies indicate that less
than 1% of the total DNA is present in the mitochondria (Iamek end Reich,
196L.); chloroplasts contain 2-4% of the cellular DNA (Brawermsn and
Eisenstadt, 1964).

It is possible to separate nuclei from the cytoplasm of cells and
this allows a separate study to be made of the RNA present in these two
fractions of the cell.

Ae Nuclear RNA

When cells are exposed briefly to radiocactive uridine, labelled



RNA molecules appear first in the nucleus, then in the cytoplasm.
This is expected since, although over 80% of the total cell RNA is
contained in the cytoplasm, virtually all the DNA, which is used as
template in the transcription process, is present in the nucleus.
Thus RNA must be synthesised in the nucleus and transported to the
cytoplasm.

A;ttempts to analyse ‘the nuclear RNA initially led to confusion
until it was realised that two separate classes of RNA rapidly
appeared after the introduction of labelled precursors (Toshikawa,
Fukada and Kawade, 19614_; Yoshikawa .~Fukada, Fukada and Kawade, 1965).

a) Ribosomal Precursor RNA

When eukaryotes are trealted with radiocactive RKNA precursors for
a shorf time, the immediately labelled RNA sediments much faster than
ribosomal RNAs. Scherrer, Latham and Darnell (1963) obtained a
distinel peak at 45s for Hela cells and a similar SNA was observed by

Brown and Gurdon (1964 ) working with Xenopus laevis embrycs . The

work of both groups indicated that this high molecular weight RNA was
a precursor of rRNA for when RNA synthesis was inhibited by the
addition of actinomycin D, the 45Es RNA appeared to be converted to

rRNA (Scherver gt al, 1963). Also Brown and Gurdon (1964.) noted that



the production of this high molecular weight RNA was greatly reduced

in a certain mutant of Xenoous laevis which could not synthesise new
ribogomes., These authors further noted that while cells of the

normal wild-type Xenopus laevig contsined two nucleoli per nucleus,

the mutant was completely enucleolate. That this high molecular
weight RNA was confined to the nucleolus was confirmed by fenman,
Smith and Holtzman (1966) when they devised a technique for isolating
nucleoli from Hela cells,

The canbination of thése facts suggests that the 45s RNA of
the nucleolus is one of the first precursor; of cytoplasmic ribosomal
RNA.  Penman and Attardi with their coworkers have used Hela cells to
study the conversion of 458 RNA to the rBNAs, which in mammalisn cells
have sedimentation coefficients of 18z and 28s,

When the time of exposure to the RNA precursor is increased,
label appears simultaneously as 32s RNA in the nucleolus and 18s rRUA

RNA

in the cytopiasm. The 285Aappears in the cytoplasm at a later time
(Penman, 1966; Penmen et al 1966), “This sequential appesrance of

radioactivity in the RNA molecules led to the suggestion that the 45s

precursor is split to forn 32¢ and 186z BNA which is immediately
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transported to the cytoplasm. The 32s RNA is subsegquently converted
to 28s RNA in the nucleolus and migrates into the cytoplasm more slowly
than 18s. RNA.

Since sedimentatioﬁ coefficients depend partly on molecular
weight and partly on the conformation of the molecule, some speculation
arose as to whether or not nuclectide seguences were removed during the
conversion of 45s to 18s and 28s RNA. Three different approaches have
been made to this problem and each indicates that some materiesl is
indeed removed from the precursor RNA during the formation of rRNAs.

Jeanteur, Amaldi and Attardi (1968) studied the oligonuclectides
released by pancreatic ribonuclease digestion of the various RNA species.
The oligonucleotides obtained by this treatment are determined by the
primary sequence of the RNA molecule. Small differences in sequence,
even only one or two nucleotides, may be observed by the appssrance of
a new oligonucleotide (Sanger, Brownlee and Barrell, 1965). Such a
"finger printing" method had previcusly proved useful in comparing
proteins. Using this technique, Jeanteur et al (1968) found that up
to 50% of the 45s RNA and 30% of the 32s RNA consisted of non-ribosomal

segquences., These figures were later confirmed by Jeanteur and Attardi



(1969) using the technique of DNA-RNA hybridisation.

Turther evidence fof the non~consexrvative processing of 45s to
28s and 18s RNA is derived from studies of the methylation of rRNA
and its precursors. In 1965 Brown and Attardi discovered that 18s
and 28s rRNA of Hela cells contained methylated nucleosides. The
following year this was confivmed by Burdon (1966) using Krebs II
ascites cells, Since then it has become generally accepted that
mammalian rRNA, like that from bacterial sources, contains methyl
groups; however in the former case almost 80% of the methyl groups
in 28s and 18s rRNA are present as 2-0 -methylribose (Brown and
Attardi, 1965). Methylation in this position renders the adjacent
phosphodiester bond resistant to alkaline hydrolysis (Morisawa end
Chargaff, 1963). Recent work has indicated that with one exception
(zimmexman, 1968), all the methyl groups found in 28s and 18s rRUA,

amounting altogether to about 80 (Wagner, Penman and Ingram, 1967),
are added very soon after the synthesis of the 45s RNA (Greenberg snd
Penman, 1966). Vagner gt al (1967) have shown that none of thess
are removed during the subsequent processing. These authors found
that the pattern of alkall resistant oligonucleotides derived from 453

RNA is qualitatively identical to an equimolar mixture of 28s and 18s



rRNA; 3%2s RVA contains all the methyl groups of 28s RNA. These
facts allowed Weinberg, Loening, Willems and Penman (1967), to
conclude that the processing of 4bs RNA involved the loas of RNA.
They grew cells in the presence of[14C uridine to label the RNA and
[3H=methyl]ﬂmethionine as a precursor to the methyl groups. They
isolated RNA and measured the methyl group to nucleotide ratio. It
was found that 45s and 32s RNA had much lower ratios than 28s and 18s
ENA.  Therefore, since only one methyl group is added after the
formation of 45s RNA (Zimmerman, 1968), this indicates a loss of
unmethylated nucleotides.

The third piece of evidence supporting the belief that
material is lost during the processing of 45s RNA is provided by
Willems, Wagner, Laing and Perman (1968); Amaldi and Attardi, (1968)
and Jeanteur et al (1968). These groups determined the base ratios
of highly purified rRNA and its precursors and found that 45s and 32s
RNA have a much higher G+C content than do 2Cs and 18s rENA. Therefore
the non-ribosomal material present in the precursor molecules must have
a very high G+C content,

Summarizing all the above facts, it appears that 45s KNA

contains 18s and 28s sequences but about 50% of its length is non-riboscmal.
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323 RNA contains 28s sequences but not those of 18s; 30% of its
sequence is lost in the con?ersion to 28g RWA, The ENA lost in
the formation of rRNAs from their precursors has a very high G+C
content and no methyl groups.

The high resolution obtained with polyacrylamide gel
electrophoresis has allowed the discovery of two further intermedistes
in rRNA synthesis (Weinberg et al 1967). These authors found that
the proportion of these minor species could be increased by poliovirus
infection of the Hela cells (Weinberg end Penman, 1970). TFrom their
mobility on polyacrylamide, Weinberg and Yemman called them Lis and
203 RNA; studies of the kinetics of labelling indicated that these
components are very short lived intermediates in the conversion of 45s
to 28s and 18s rENA. On comparing the methylation of the wvarious RNA
species, the 41s RNA was found to contain as many methyl groups as 45s
and 20s as many as 18s rRNA. It therefore appears that 45z RNA iz
converted to 41g INA with the losg of some non-riboscomal material; 4is
RNA is then split to form 328 and 20s which 1s rapidly converted to 18s
rRNA, 28s 1ENA is derived from the 32s precursor, again with some

loss of material. At the moment this sequence of events, swunarized
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in Pig I.4, seems to describe the synthesis of 28s and 18s rRNA.

b) High Molecular Weight Heterodisperse RNA

This is_the second rapidly labelled species of RNA in the
nucleus, Unlike 458 RNA, it is very heterodisperse ranging in
sedimentation coefficient from less than ZOs’to 80s (Attardi, Parnas,
Hwang and Attardi, 1966; Warner, Soeiro, Birmboim and Darnell, 1966),
It has a base composition very similer to the DNA (Soeiro, Birmboim
and Darnell, 1966) and is often referred to as DNA~like RNA.  Another
distinction between the two ENA species is the site of synthesis, the
heterodisperse DNA-like RKNA being produced in the nucleus but not in
the nucleclus (Soeiro et al, 1966),

The function of this RNA species, which may constitute 30 to
50% of the rapidly labelled nuclear RNA (Yoshikawa-Fuksde et al, 1965),
is not at all clear. Since the DNA, assumed to contain all the
information for the synthesis of proteins, is situated in the nucleus
of the eukaryotic cell, while more than 95% of the cellular ribosomes
are in the cytoplasm (Penman et al, 1966), the need for a Jacob and
Monod type messenger RNA is obvious. The properties of such a

messenger are that it should be produced in the nucleus and rapidly



labelled, assuming continual synthesis of proteins. It might also

be expected to be heterodisﬁerse owing to the many different proteins
produced by the living cell and it must be transported to the cytoplesm
and asgsociate with ribosomés. While the first 3 points do apply to
this DNA-like nuclear RNA, as regerds tra:nspc;rt to the cytoplasm, there
is no evidence of the occurrence of such high molecular weight RNA
outside the nucleus. However the cytoplasm does contain a rapidly
labelled \i?l\IA fraction. It is heterodisperse with  sedimentation
coefficients ranging from 7s to 208 -~ the size expected for monocistronic
nessengers of the proteins found in living cells. Unlike the mRNA
suggested by Jacob and Monod (1964) for bacterial cells , this species
of RNA is reasonebly stable (Stachelin, Wettstein and Noll, 1963;

Revel and Hiatt, 1964). Thus the cytoplasmic messenger BNA appesrs to
be much smaller than the nuclear rapidly labelled species. Also the
latter type of RNA is vexry unstable with a half-l1life of about 30 min
(Attardi et al, 1966) and one-third to two-thirds of the label
incorporated into it never leaves the nucleus (Gvozdev and Tikhonov,
1964; Scherrer et al, 1963). A similar relationship exists between

YRNA end 4iBhs RNA. It is therefore possible that the rapidly labelled



nuclear RNA is a precursor to the cytoplasmic mENA and is processed in
a similer manner to the 45s RNA. However due 1o the heterogenesous
nature of both the nuclear RNVA end the cytoplasmic mBNA, such &
hypothesis is very difficult to test; the final snswer may have to
awalt the introduction of new techniques forlstudying such high
molecular weight RNA molecules.

c) Low Molecular Weight Monodisperse RNA

Recently a third class of RNA hss been discovered in the nucleus,
It consists of several species of low molecular weight ENA (Walkanura,
Prestayko and Busch, 1968; Prestayko and Busch, 1968; Weinberg and
Penman, 1968). They are highly methylated, mainly on the ribose
(Weinberg and Penman, 1968; Zapisek, Saporana and Enger, 1969) and are
present in cells from birds, mammals and emphibiang (Rein and Penmen,
1969; Weinberg and Penman, 1969). Unlike the other types of nuclesy
ENA which have lifetimes of 410 to 30 min, these RNA species are very
stable; +they all have lifetimes of a day and most survive for
considerably longer (Weinberg and Penman, 1969). Prestayko and Busch
(1968) and Clason and Burdon, (1969) have suggested that they may be
involved in the regulation of gene expression. However further work

will have to be done to confirm ihis.
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These three tlypes of RUA, 458 ribosoral precursor RiuL, high
rolecular weight helerodisperse and low wolecular weight ronrodisperse,

are Tound exclu

@

ively in the nuclcus and eccuivalent (ypes of RIA have

not so far been obzerved in prokaryotic cells. 3Fpecics of RLA wnich

do appear to be similar to thozse of bucterial cells wre found

predoninantly in the cytoplasm of eukaryotic cellse.

Il¥«Be Cylowmlasnic RUA

a)  Ribosomal 714

Tukaryotic cells, like prokaryotes, contain rany ribosores.
These ribosomes, howoever, have higher sedimentaticn coefficients of

about 8Cs (Spirin & Gavrilova, 1949). A few TCs ribosomes are

e
]
Q)
Q

rresent but these are confined to the mitochondria and chloroplaszts
(Spirin & Gavrilova, 1969).
As din bacteria, the particles consiast of 2 sub-units. The
smaller one, witn sedimentation coefficient of 4U0s, containe one
and
Lolecule of 1l0-T.s REAAseveral nroteins. The large 60z sub-unit

conlzine one 28s RVA and » stall 5 wolecule together with =bout L

proteins. Thus apsrt fron the relative olizes of the noleculec, thore



appeared to be little difference between eukaryotes and prokaryotes

as regards RNA content of the riboscmes. However recently Pene,
Knight and Darnell, (1968) lGiscovered that a small RNA molecule is
released from the 28s RNA by heatving to 60°c.  Further study revealed
that this RNA is tightly hydrogen -~ bonded to the 28s HNA and that it
has a chain length of 150 nucleotides. Jike 58 RNA it contains no
methylated nucleosides., By calculation from its mobility on
polyacrylamide gel electrophoresis, Pene et al (1968) suggested that it
should be called 7s RNA; more precise measurement of its sedimentstion
coefficient showed that it is in fact 5.7s CWeinberg and Penman, 1968)
and these subthors therefore suggested that this new ribosomal ENA he
referred to as 28s-associated HVA (28sA RNA). The occurrence of 28si
RNA has been studied in various cell types (Pene et al, 1968; Sy and
McCarty, 1970); it is found in several eukaryotic cells but not in

Esch. coli., Of course many more investigations will have to be made

before it can be said that this is a definite difference between

prokaryotic and eukaryotic riboscmes. It would be of intcrest to test

for the presence of this new RNA in the 70s riboscmes of the mitochondria.
Eukaryotic ribosomes therefore contain 28s, 18s, 28sA and 5s RIA

molecules in a one-to-one basis. The synthesis of the two large rRitAs



has already been discussed in the <ection on nuclesr rivosonzl precursor
RiAs the forrmetion of ihe low nolecular welghtl vRIA rolecules repcins 10
be considered.

Tt has been discoveracd thel up to 500 of the 4%2 RU5 i+ 5ot

corverted to 8¢ snd 18s rRY¥A. The portion losi has a high G+C contont

and containg no rethylated rucleosides. HNeither 2UsA nor s BNA contsin

rethyl groups (Pene et al, 19683 Forget and lciseman, 1667). Also
unlike 1RNA, they are found in close asmociation with the larger

ribosonal sub-unit; they cavrcl b remeved without disruplion of Hle

particle (Pene et al, 1968; Inight mid Derr-17, 19670 TL thercefore

ol
n

ens reasonable to suppose that they ray be syntboesiscd Treom Th same

Srooursor velecule as the other {wo rTilonorel BRlis. Pene ot ERY
reported a very detailed study of 28s) RiWA. "This new speciesz of Wil
sheweaed kinetics of Jebelling with rediozctive ribonncliensides identical
to that of 28s 1A sugeesting thot it is derived frow the sw=oo
precuvsor wolasile.  Jince 28s RAL has besn shown 0 have seversl
nrecursors, Pence and his collezpues dlsolated each 2a9 azing 2o 707 ay

Zaoya not by celeass 20934 WA fron Z¢s oW, They found thet the w11

ML molecule could notb bHe releuwsed sabse-neably Treon ony o W orlie L

7



precursor molecules or from 18s RNA. It is only found associated with
288 rRNA either in the cytoplasm or in the nucleus. The 28s RNA found
in the nucleus is believed to be newly synthesised from the 32s precursor
RNA. Pene et al therefore decided that 28sA RNA is formed from the 32s
molecule at the same time as 28s rRNA (see Fig I.A4).

Regarding the synthesis of 5s RNA, Knight and Darnell (1967)
found that it is present in cytoplasmic and nuclear ribosomél particles
in a one-to-one basis with 28s rRNA, However comparison of the kinetics
of labelling of the two species of RNA indicated the existence of a pool
of 5s M4, Extraction of the nuclear RNA confirmed that 20% of the
total cellular 5 RNA exists in the nucleus while only 1-2% of the 28s
RNA occurs there. This means that either 53 RNA is not synthesised from
the 45s precursor or else more than one of the small RNA molecules is
derived from at least some of the 45s molecules. Brown and Weber
(1968) also examined the problem of 5s RNA synthesis when they studied

the enucleolate mutant of Xencpus laevis. Using the technique of

DNA~RNA hybridisation, they found that although the genes for ribosomal
RNA are campletely absent, DNA camplementary to 5s RNA is still present
in the same amount as in wild type cells. IHowever no 5s RNA is

synthesised in the mutant cells. These authors also estimated the



relative numbers of 283,*185 and 58 genes and found a vast excess of 5s
genes, (Brown and Weber, 1968). Xt therefore seems that 5s RNA is

synthesised independently of 28s, 18s and 28sA RNA.

b) l.ossenger RWA

The existence of a cytoplasmic RNA with the properties expected
of a messenger molecule has already been mentioned in the section on high
molecular weight nuclear RNA, In contrast to the bacterial system,
mBRNA appears to be relatively stable in eukaryotes,with lifetimes
varying from a few hours to several weeks (london, Shemin and Rittenberg,
1950; Revel and Hiatt, 1964; Pitot, Persino, Lemar and Kennan,1965).
Once again the heterogeneity of mRNA makes detailed studies difficult.
However, in certain systems this problem is gr;atly reduced, for
example, vsing rabbit reticulocytes, several groups ha#e isolated an
RNA with sedimentation coefficient of 8-9s; this is exactly the size
expected of an RNA coding for the polypeptide chains of globin (Bumy,
Huez, Marbaix and Chantremne, 1969; Isycock and Hunt, 1969). In
fact the latter group used this 8-9s RNA to stimulate protein

synthesis in a cell~free system from Esch. goli. The preduct

produced. gave a pattexn of polypeptides, after tryptic digestion,



identical to that obtained with normal rabbit globine. IFurther worx

3]

with this natural mRYA may hel» to answer some of the problems of
protein synthesis.

c) Mransfer WA

Like eukaryotic vRIA, TANA shows some slight variations from
the picture obtained with prokaryotic cells. For sxamples there
is only one report, for yeast t3aNA, of sulphur-containing nucleosides
(Baczynskyj, Biemann and Hall, 1968), a modification well documented
for bacterial tRHAS.

An interesting point has arisen regarding forwylmethionine
tRNA. This tRNA has a sequence different from methionine tRVA
(Cory, Marcker, Dube & Clerk, 1968) and is required in bacteria for
chain initiation during protein synthesis. Until recently this
specific tRNA had not becen observed in eukaryotes and appeared not 1o
be required. However 1t has been reported that mitochondria and
¢hloroplasts, in addition 1o possegsing a small quantity of DIA and
ribosones, also contain tRYA (Barnett and Brown, 1566 and 1967).
Formyluaethionine tRWA has been found among these non-cytoplasnic tRlAs
(Smith & larcker, 1968; 3chwartz, hLeyer, Xisenstadt and 3rawveriian,

1967) where it presunably functions in the initistion of mitochanadr

2
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protein synthesis. Work is still in progress to determine the
initiator of protein synthesis on 80s rivosomes, although it appears
that a methionyl-tRNA may be involved here also (Smith and Marcker,
1970).

Since the discovery of precursors for rRNA, a tRNA precursor
has been looked for. In 1967, Lal and Burdon reported the discovery
of an unstable rapidly labelled RNA in Krebs IT ascites cells, This
RNA elutes from Sephadex G~100 in a position intermediate between 5s
and tTRNA and it can be detected in the cytoplasm in as short a time as
three minutes after the addition of the ENA precursor to the cell
suspension. At this time it contributes the major fraction of the
low moleculer weight RNA., As the exposure time is increased, the
proportion of radiocactivity present as tRNA and 5s RNA increases greatly
until, after about 2h, the rapidly labelled RNA can not be discerned.
Such a pattern of labelling would be expected with a precursor of tRNA;
thig suggestion is strengfhened when, after the initial short
labelling period, RNA synthesis is completely inhibited using
actinomycin D and the incubation is continued for 45min. Under
these conditions the radiocactiviiy, present in control cultures as the

repidly labelled RNA, disappears and a similar smount appears in the 4s




RRA position. Incorporation of labelled methionine, the source of
methyl groups in RWA (Nandél & Borek, 1961band 63), iﬁdicates that the
precursor RNA is less methylated than mature t3NA (Lal & Burdon,
1967),

In further reporis, Burdon and his colleagues (Burddn; artin
& Lal, 1967; Burdon, 1967a; Burdon & Clason, 1969) give additicnal
properties of the presumed tRNA precursor and studies on its
intracellular location. ¥o evidence could be found for its
existenca in the nucleus of Krebs II ascites cellsy it appeared to
be present free in the cell sap unassociated with wmitochondria cor
wicrosomes. Since the tRNA.precursor is undermethylated coupared
to tRNA, it is obviously important to determine the location of the
tRVA methylases; Burdon et al (1967) showed that these ongynes exist
mainly in the cytoplasin where they would be expected to occur if
the tRIA precursor functioned as their substrates

Lindahl, Adams % Fresco (1966) reportad that tRYA molecules
can exist in two forms, native and denatured. Ths latter cannod
accept amrino acids and elutes fron Sephadex G-100 before the zctive
forine Heating to GOOC in the presence of magnesiun ions allows ihe

conversion of the denatured tRIA to the native Torw. Burdon (1?67a)

-
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used this treatment to determine whether the difference in elution
characteristics of the tRNA precursor and the mature tENA could be
explained solely by altereé conformation. Although some change in
the elution pattern does occur, the precursor RNA still elutes from
Sephadex before the mature tRNA. This suggests that the precursor
may be slightly longer than tRNA as well as having a more open
configuration. To confirm this, isolated radiocactive tRNA precursor,
together with non-radiocactive Krebs II ascites cell cytoplasmic RNA,
was treated with formaldehyde; the treated RNAs were fractionated on
Sephadex G=100. This formaldehyde treatment has been reported to
eliminate the contribution made by double-stranded, hydrogen-bonded
segments to the conformation of the tRNA molecules (Boedtker, 1967
and 1968). The remaining secondary structure of the molecules is
therefore due to single-stranded base-stacking. Even so, the
precursor RNA still elutes from Sephadex G-100 before the mature tRNA,
From these results, Burdon and Clason (1969) suggest that the tRNA
precursor is probably about 15 nucleotides longer than completed tEITA.
In 1969, Bernhardt and Darnell published evidence for the
existence of a tRNA precursor in Hela cells. Using polyacrylamide
gel electrophoresis, a rapidly-labelled RNA fraction esppeared between
the 53 and 4s RNA bands when the cells were pulse-labelled with RNA
precursors. From kinetics of labelling studies; this RNA seems to be
a precursor of tRNA and the authors referved to it as pre-tRNA.
Its properties are the same as those of Burdon's precurscr RNA.

Since pre-tRENA is undermethylated compared to the finished LRNA,




Berndardt and Darnell deprived the Hela cells of methionine; +this
treatient reduces the rate of conversion to tRNA, however, as it also
reduces the rate of synthesis of the pre-tRNA, no accumulation ocecurs.
It appears that this affect is not due to a requirement for protein
synthesis as valine starvation did not affect the processing of the
tRNA precursor nor did cycloheximide treztuent.

Kay end Cooper (1969) have been studying rapidly-labelled
cytoplasmic RNA in human lymphocytes. In vitro these cells are
relatively inert metabolically unless stimulated by certain agents.
One of the most effective of these is the bean extract phytohacrag-
glutinin (PHA) which stimulates the cells to synthesise RNA, vprotein
and DNAy and then to divide. Kay and Cooper report that one of the
first RNA types to be synthesised has properties very similar to the
tREA precursor discussed above. It is found free in the cell sap and
is undermethylated compared to tRNA. It appears to be nuch more
susceptible to degradation by snake venom phosphodiegterase than is
mature tRWA. These authors attempted to confirm its precursor
relationship to tRNA by DNA-RNA hybridisation. However they could
only conclude that under conditions where nuclear heterodisperse RNL
showed hybridisation to the DNA, the precurscr resenbled tRNA in that
no hybridisation could be demonstrated. This was due to technical
difficulties which prevented the preparation of sufficient guantities
of highly labelled precursor RNA and tRYA.

This apparent tRNA precursor also occurs in insect cellsg; in




1969, Egyhazi, Daneholt, Bdstrom, Lambert and Ringborg observed it in

cells of the salivaxy giands of Chironomus tentans. They isolated

this rapidly-labelled ENA frém chromosomal. and nuclear sap fractions
as well as the cytoplasm of these cells. This difference in
distribution found in the insect cells compared to the mammalian cells
meay be due to different isolatioﬁ techniques or to differences in the
biological material and further investigations will be reguired to
resolve this problem.

It therefore appears that,; like rRNA, eukaryotic tHNA is first
transcribed from the DNA as a precursor molecule requiring certain

modifications hefore it acquires the properties of the functional tRNA.

Iv. R¥WA Methylation '

Three types of RNA are known to contain methylated nucleosides;
these are tRNA, rRNA and its precursors and the low molecular weight
nuclear RvA of eukaryotes., The existence of these minor constituents
was gulite unsuspected as the functioning of BNA in the protein
synthesising system sppeared to be explained completely in terms of the
4 major nucleosides. In fact more than 10 years after their discovery,
the function of the minor nucleosides is still a mratter for discussion,

Another problem is their origin, for there seems to be no method
for producing such a variety of methylated compounds from a sequence of
DNA which contains only 5-methyl cytidine and perhaps two other minor
nucleosides (Culp, Dore and Brown, 1970) in addition to the 4 major
nucleosides. Mandel and Borek (1961 a and b, 1963) demonstrated that

the methyl groups in Esch. coli RNA arose directly from l~methionine,




In 1962 Fleissner and Borek reported that cell-free extracils of
Esch. coli could catalyse the transfer of methyl groups from

———————— T B b

S-adenosylmethionine to metayl-deficient Esch. coli tRNA and tho

existence of engzgymes capable of methylating tRNA at the polynucleotide
level was rapidly confirmed (Starr, 1963; Gold, Hurwitz and Anders,
1963). The latter group reported the identification of 6 enzymes
distinguishkadble by the bases used as substrate and by the products
formed {Hurwitz, Gold and Andevs 1964 akb).

Since each methylaoted nuclsoside is present in such small amounts,
there must be some reason why the enzymes do not modify a2ll of the
nucleosides for which they are specific. Either most nucleosides are
protected from the action of the enzymes by their position in the
tertiary structure of the tRNA nolecules, or the rethylases recognise the
sequence surrounding the particulsr nucleoside to be methylated.
Whether or not the first mechanism is important, there is evidence to
supporl the second. Baguley and Staehelin (1968) have isolated a
methylase from rat liver which is specific for the 2-N position of
guanine and another for the 1 position of adenine. %When they used

these enzymes to methylate methyl-deficient Fsch. coli tRNA in vitro.

B s moe T

they found methyl groups contained in only 3 of the oligonucleotides
releaged by digestion with pancreatic ribonuclezse. 2-N-methyl
guegnine was present in one sequence while le-methyl adenine océurred
in the other two. This sugges's that the sequences surrounding the
nucleoside to be methylated are importont for its identification.

Another indicztion thwt somne factor other than the tertiary structure



ig involved in the methylation of RNA comes from the discovery that
although the enzymes can not methylate normal RNA extracted from the
same source, heterologous enzymes can add extra methyl groups.
(Srinivasan and Borek, 1963; Gold et al 1963 a and b). This also
shows that the complement of RNA methylases varies from species to
species,

This species specificity is interesting as it shows that tRNA
may be hypermethylated, The effect of the absence of methyl groups
on the functioning of tENA has already been considered; extra methyl
groups may also affect the structure of tRNA. However this would be
of limited interest if hypermethylation were only an in vitro
phenomenon; in fact it has been reported also in in vivo situwations.,

nfection of Esch. coli with T2 phage causes an increase in tRNA
methylation and also differences in the pattern of bases methylated
(Wainfan, Srinivasan and Borek, 1965). Not all virus infections
cause an increase of tRNA methylation, for example T3 and T4 phage
infections reduce the number of methyl groups in tRNA (Gold, Hausmann,
. Maitra end Hurwitz, 1964; Boezi, Armstrong and De Backer, 1967).
In mammalian cells too there is a variation in the degree of
methylation of tRNA. Bergguist and Matthews (1962) found the highest
levels of methylated nucleosides in tRNA extracted from tumours.
Borek's group has been studying the methylating enzymes present in
extracts of various tissues; they report elevated levels, 2 to 10

times norinal, in tuwour extracts (Borek, 1963; Borek and Srinivasan,




1966; Ttsutsui, Srinivasan and Borek, 1966) and suggest that
hypermethylation may play some role in carcinogenesis. This could
be brought about by the invasion of the cell by a foreign methylating
system. Virus particles are known to enter cells and direct them
to synthesise virus«specifié proteins. Somelof these proteins may
even be detected under conditions which do not permit the synthesis
of new virus particles (Habel,1965; Benjamin, 1966; TFleissner, 1970).
If one of these proteins were a tRNA methylase, it could be capable
of hypermethylating the {tRNA of the host., The altered tRNAs could
then affect the normal control of protein synthesis with the
production of a tumour cell.

Unfortunately the evidence for thi; ihteresting hypothesis may
have to be re-examined in the light of the results of Kaye and Leboy
(1968). They observed that both the degree of methylation and the

pattern of nucleogides methylated in vitro depended critically on the

concentration of ions present in the assay system. Using optimal
conditions, they could not distinguish between the methylases of normal
and malignant tissue. In vivo studies may give a more realistic

comparison of the methylation of tRNA in various cell types.

Ve Control of RN¥A Synthesis

Messenger RNA molecules appear to be very short-lived in
bacterial cells. This means that continued KNA synthesis is required
for the production of protein. Surprisingly it appears that the

reverse is also true. o 1952, Sands and Roberts reported the results



of growth experiments carried out with mutants of Esch. coli which
reguire a supply of tryptophan and bhistidine for growth. VWhen the
two amino acids are removed from the medium, protein synthesis

ceases as expected but the rate of RNA formation is also grestly
reduced. Since these amino acids are not required for the
production of RNA, some control mechanism must operate when protein
synthesis cannot proceed due to lack of amino scids. Stent and
Brenner (1961) suggested that uncharged tRNA molecules, present during
amino acid starvation, might inhibit RMA polymerase. \When the amino
acid is returned to the medium, the tRNA molecules are all loaded and
the inhibition is removed allowing RNA synthesis to continue,

Kurland and Maalde (1962) put forwerd s similer model to explain the
effect of chloramphenicol on protein and RNA synthesis. This drug
‘prevents the production of protein but unlike with amino acid
deprivation, RNA synthesis may even be stimulated (Osawa, 1965).

This can be explained by Stent and Brenner's model; +the TRUA
molecules are kept charged by amino acids derived from turnover of
cellular proteins, the chloramphenicol preventing their reutilisation
in protein synthesis. However some evidence stands against the
theory that RNA synthesis is controlled directly by an inhibition of
RNA polymerase by uncharged tRNA molecules. Bremer, Yegian and
Konrad (1966), while confirming that tRNA molecules do inhibit the
polymerase in vitro, repert that the difference bhetween tRNA and

aminoacyl~tRNA is insufficient to account for the rapid shut off of



RNA synthesis observed on the removal of only one amino acid. The
drug trimethoprim is believed to inhibit protein synthesis by
preventing the formylation of methionyl~tRNA (Eisenstadt and Lengyel,
1966); it also prevents RNA synthesis (Shih, Eisenstadt and lengyel,
1966). This means that although protein synthesis itself is not
necessary, as shown by the chloramphenicol results, some step after
the formation of aminoacyl-tRNA is required for the ma intenance of
RNA synthesis.

Other models for the control of RNA formation have also been
suggested, for example that RNA polymerase is inhibited by the
presence of free ribosomes caused by the hbreakdown of polysomes in the
absence of an essential amino acid (Morris and De Moss, 1966).
However, like the loaded tRNA theory, they do not fully explain the
many features of the control of RNA synthesis in bacteria and much more
information is obviously required. |

Recent work with Esch. coli has shown that RNA polymerase can be
separated into two parts, the core enzyme and the sigma factor (o)
(Burgess, Iravers, Dunn and Bautz, 1969). The purified core enzyme
is capable of transeribing DNA templates e.g. from calf thymus or T
bacteriophage (Burgess et al, 1969; Sugiura, Okemoto and Takanami,
1970) but the products formed are very heterogeneous., Viith added o
factor, the core engyme transcribes T4 DNA forming a uniform product

very similar to that isolated from infected Esch. coli (Sugiura et al,

1970).  The o¢-factor therefore seems to ensure initistion of RNA



synthesis at specific sites (Sugiura et al, 1970; Travers & Burgess,
1969). Sugiura et al (1970)‘also report that ¢ factor isg unstable to
storing. It is therefores possible that normal RNA synthesis nay be
controlled by the availability of active o factor.

Fammalian cells in tissue culture grow in a very rapid maunner,
gsimilar to bacteria, and amino acid deprivation of Hels cells causes g
reduction in the rate of RKA syntﬁesis (Eaden, Vaughan, Warner &
Darnell, 1969) but the exact regponse is different from that in bacteri:.
Except with wmethionine, which is known to be directly involved in RNA
synthesis, the RNA production is only reduced and not coupletely shut
off on amino acid starvation. Iﬁ fact even in the absence of
methionine, 45s and 32s RNA is still produced although 28s and 18s rRN:
are not formed. (Vaughan, Soeiro, Warner & Darnsll, 1967). In
further contrast to the bacterial system, cycloheximide inhibits not
only protein but also RNA synthesis (Willems, Penman & Penman, 1969).
It appears that complete protein synthesis may be required to allow
RNA production to continue in Hela cells. However, in L3329 cells,

RNA production is not affected by amino acid starvation unless the
gerum 18 also omitted from the growth‘medium (skold & Zetterberg,
1969). This sugsests that stringent amino acid regulation of R
synthesis does not exist in these tissue culture cells.

In the intact animal,; many different cell types are controlled
in a co~ordinated manner. This might be expected to make the

situation even wmore complex. Unlixe in the in vitro tissue culture




situation, many examples are known of the stimulation of RNA
production. This difference is probebly due to the fact that in the
whole animal, the metabolism of the cell is continuously regulated
while in tissue culture only control systems which relste to the life
of the individual cell are maintained.

The rate of ribosame production veries greatly in vivo.

During early embryogenesis of Xenopus laevis, no rRNA is synthesised

but at later stages of development rapid synthesis does occur (Brown
and Gurdon, 1964). Normal liver cells produce large quantities of
proteins and there is a covsidersble turnover of ribosames (Ioeb,
Howell and Tomkins, 1965). Even so this production is small compared
to the RNA synthesis which occurs during regeneration after partial
hepatectomy (Chavdhuri snd Iieberman, 1968).

Injection of 17p - oestradiol causes growth of the uterus in
immature rats. The first chemical change so far observed is an
increased rate of RNA synthesis (Gorski, 1964), In a more normal
situation, great variations occur in the rate of RNA production during
the ocestrus cycle of the hamster (Warren and Barker, 1967). A final
example of the variation of RNA formetion comes from FHA stimalated
lymphocytes, Non~dividing lymphocytes produce very little RNA.

After stinumlation with FHA, the first observable change is once again
an increased rate of RNA synthesis. In this case the new RNA has been
analysed by ultracentrifugation and it is found that 4s RNA appears

first followed by rRNA (Rubin and Cocper, 1965). Obviously a complex .



system of control inveolving many factors functions in eukaryotic cclls
in yivo.

The existence of RNA precursors is very interesting and
particularly well documented for eukaryotic cells. In these the
modification of a precursor molecule appears to be involved in the
synthesis of all cytoplasmic RNA molecules, with the possible
exception of 5s RNA formation for which a model has not yet been
determined. It has been suggested that even mRNA is produced via
much longer precursor molecules as mentioned in the secticn on high
molecular weight nuclear RNA. DNA~-RNA hybridisation studies indicate
that much of this nuclear RNA consists of non-messenger sequences
(Georgiev, 1969; Soeiro and Darnell, 1970). Georgiev (1969) suggests
that these extra sequences could be involved in controlling gene
transcription. Using a Jacob and Monod type model, he suggests that
a molecule of RNA polymerase'attaches to the DNA at a special
acceptor region of the gene. It travels along the DNA synthesising
RNA at first from further acceptor genes then from structural or
functional genes. These structural genes contain the information
for the synthesis of proteins i.e. when transcribed they produce mKNA.
Trenscription of these genes depends on the transcription of the
acceptor genes as they lie between the functicnal genes and the
polymerase scceptor site. It is proposed that the acceptor genes are
capable of combining with regulstory molecules thus preveating the

passage of the RNA polymerase and controlling the transcription of the
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structural genes. (See Fig 1.5). Since the rapidly-labelled nuclear
RNA ig of such high molecular weight, many scceptor genes could be
placed between the polymerasé attacbhment site and the structural genes.
This would allow for a complex control system presumably required by the
. highly ordered eukaryotic cells. Britten and Davidson (1969) gave a
more detailed description of an essentially idéntical model for gene
regulation in the higher cells,

Since the 45s ribosomal RNA precursor contains a large
proportion of non-ribosomal sequences a similar mechanism may control
the synthesis of rRNA.  Although there also appesrs to be a precursor
for tRNA in higher cells, insufficient ig known sbout it to suggest how

its synthesis may be controlled.

VI. Present Work

From the foregoing discussions it can be seen that many functions
have been suggested for the small tRNA molecules. Some of these
suggestions are backed by considerable evidence while others still have
to be confirmed. In spite of this, compared to ribosomal RNA, very
little is known of the synthesis of tRNA let alone how it may be
controlled or exert an influence on the synthesis of other molecules.

It wes therefore decided to further charscterise the tRNA precursor

- molecule and if possible to examine the steps involved in its
conversion to mature tRNA. The system chosen fo;w%his study consisted
of a single cell line grown in tissuve culture. With this system it was
hoped to rule out difficulties due to different cell types responding

to the treatments in different weys., The external enviromment could



easily be altered and drugs such as actinomycin D could be added in a
defined and reproducible manner. |

This tissue culture system appeared 1o have certain advantages
over work with whole animals when an eiamination of Borek's theory of
carcinogenesis wes attempted. Due to the invasive properties of
malignant cells, they may travel through the blood stream to form
tumours some distance from their site of origin (Willis, 1952; Engell,
1955).  Therefore the comparison of the properties of tumcur tissue
with the surrounding normal organ may not give a true picture.
Malignant tissue culture cells may be derived from a normal cell line
by virus transformetion. Normally when a wvirus particle enters s
cell many progeny virus are produced but another response to infection
by certain viruses has been observed; this is transformation. The
virus is absorbed into the cell but without the appearance of new virus
perticles; instead the growth characteristics of the cell are altered
and, unlike the parent cell line, the transformed cells will cause
tumours on injection into animals. Thus using this tissuve culture
system det'inite control cells may be used as the origin of the cells

is lmown.
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A Biological

The BHK21/C13, 3R3/VL, SR8/vH, SRE/RL, =nl B5 cell lines wera
gift from Dr. T. A. lacpherson, Imperial Cancer Ressarch Fuand,
. gj(\/’\ i
i
Lincolats Inn FPield, London. The PyY cellz were gftw? b, we. J. D
7 2 t
Pitte, Bilochemiagtry Department, Glaggow University. Wagle ‘s wmedin:
(Gloueow lodification) and filtered calf serum wore phocinnscd fron <oz
Ingtitute of Virology, Glasgow Univarsity. Brain hearl infusion bvoin
and Sabouraud nedium were obtainezd from Cxoid Litd., Londoen. Difco
Laboratories, Detroit, kKichigan supplied trypsin and the Agar end g
broth required for the TPLO agor plates. 1@M“Clt11ﬂ/5ur(plO'JCln WL

purcnased from Flow Laboratories Inc.; Irvine.

Gomposition of I edia

Bagle's medium (CGlasgow Nodificatiqn):m This wag preprved D7 ha
method of Busby, House and lacDonald (1964). It contained the
antibiotics streptomycin (10Cpg/ml), penicillin (100 units/ml) znd
antimycotic agent n-~butyl, p- hydroxy benzoute. Buffered 321t 3olustic:.
(B55)¢= This consisted of 0,116 F-NaCl, 5.4 rl-KGi, 1 nk=lg30, s 30 e
Wall,,FO 1.3 il -Gall, and 00002 (w/v) phenol ved and wos =djuste.

to pH 7.0 with 8ads (w/v) NaH3S0, e Versene s Gol mlemndirs
4

phosphate buffered saline {PB3) to which C.002; (w/v) n=d =wen

a

-

added.  PBI consisted of 0.17 Nally 3.4 mi~k01l, 10 wb-Uo, HP0 0 oy
e £
2 ni~KH, PO, at pd T.4. Trypain/fiirate ¢ DTreynsin was wad un o0 o
“ I .
Ce2Hp (w/V> solation in citrzie bufTew vhich woe coasbitute” o5 7.1 0 -«




10.5mk~NaCl, lnk-godium citrate and 0.0C2% ("/v) phenol red. The

pll was adjustel to 7.8 using a0,

Trypgin/versenezw 1 part trypsin/citrate to 4 paris versens.

Liquid scintillation naterialse-

Hyamine hydroxide, 17 in methanol, Naphthalens and Dioxan were purchased
from Huclear tinterprises (G.B.) Ltd., Bdinburgh. Koch-Light
Laboratories Litd. supplied 2,5 diphenyl uxazoieo Cellulose acetutbe
filters, O»dS/upove size (HAWP 0250C) were obtained from killipore
(UoKo) Ltd., Wembley, Middlesex.

Radicchemicals i~

Guanosine ~8-7 (4.9¢/mm); adenosine -7(¢) (1ll.2¢/mm)s uridine-7(3)
(4.25¢/mu)s  cytidine -5-7 (26.8¢/um) and Lewmethionine (methyl ~C14)
(5608 me/1m) were purchased from The Raliochemical Jeatre, Anmersham,
ingland.

Faterials oy Chromatography:—

Whatwan No.l and 3MM paper and also DB 81 (DEAE-paper) were oblainal
from H. Reeve Angel & Co. Litd., London. Sephadex G-1l00 w-.g supplied
by Phariacia (G.B.) Ltd., London. Bovine serum albumin (fraciim V)
was purchased from Armour Pharmacentical Cos Litd.; Basgtbourns, Dussex
and kieselguhr (Hyflo Super Zel) from Koch-Light Laboratories Ltd.
Faterials for Autorzdlographys-

Industrex X-ray £film type D was purchased {rom Kodak Lid.,London.

Cevaert GY%c developer was obiained from Apla~-Geveert Lbd.,Srentford,




Middlesex and Amfix from May and Baker ILitd., Cumbernauld, Dumbsrtonshire.
Miscellaneous t~

Bentonite powder and sodium dodecyl sulphate were obtained from British
Drug Houses Litd., Poole, Dorset. Actinomycin D was purchased from
Mercl, Sharpe and Dohme Inc,, Rshway, New Jersey. Toyoccamycin was a
gift fromin‘ Ge Acs, Institute for Muscle Disecase, New York.

Beckman 3rpinco, Palo Alto, California supplied cellulose nitrate tubes

(#4n x 2in).,  Snake venom phosphodiesterase was purchased from

Worthington Biochemical Corporation, New Jersey. Bsch. coli (strain B)
soluble RNA was obtained from Calbiochem Litd. while Sigma Chemical

Company supplied the 5' monophosphates of the 4 major nucleosides and also

s~adenosylmethionine.,
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A Biolozical

1. Growth and Passsge of Cells

BHK231/C43 cells and several cell lines derived fiom them by
viral trensformstion (seé following section), were maintained as
follows -

The cells were grown as monolayers in 80 ounce Winchester
bottles which rotated about their long sxes in a 5700 Waxm I'CON.
(House and Wildy, 1965). The medium used was Eagle's (Glasgow
modification) (Busby, House and MacDonald, 1964), to which 105 (v/v)
filtered calf serum had been added (referred to as EG10). This
medium contains 100 units/ml penicillin and 100/ug/hl streptomycin.
180ml of medium were used per Winchester, the buffering capécity
being meintained by replacing the air with an atmosphere<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>