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The abbreviations used in this thesis are in agreement with the recommendations of
the editors of the Biochemical Journal ((1990) Biochem. J. 265, 1-21) with the

following additions:

D dihydrouridine

dNTP deoxynucleoside-5'-triphosphate
ddNTP dideoxynucleoside-5'-triphosphate
DMSO dimethyl sulphoxide

DTT dithiothreitol

H hypermodified purine

HEPES N-2-Hydroxyéthylpiperazinc-N‘-2-ethanesulphonic acid
ICR internal control region

IPTG isopropyl-B-D-thio-galactopyranoside
LB Luria-Bertani

MOPS 3-[N-morpholino] propanesulphonic acid
m.w. molecular weight

PBS phosphate buffer saline

pCp cytidine 3'-5'-biphosphate

PCR polymerase chain reaction

pfu plaque forming units

psi pounds per square inch

pm revolutions per minute

tDNA genes for transfer RNA

TEMED N,N,N',N',-tetramethylene diamine
TF transcription factor

VA RNA virus-associated RNA

X-gal

kd

- 5-bromo-4-chloro-3-indoyl-B-galactoside

kiloDalton
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Summary

Prior to the start of this project, several recombinants had been selected from a
library of human genomic DNA cloned in ACharon 4A using a mixed tRNA probe
(Goddard et al ., 1983). One such clone was termed AHt363. Restriction digests of
DNA from this recombinant were transferred to nitrocellulose membranes and
hybridised to the mixed tRNA probe used in the original cloning. Several fragments
from each digest hybridised to the probe, indicating the possible presence of a tRNA
gene cluster. The cluster was partially characterised (McLaren and Goddard, 1986)
and found to contain a 4.2 kb Bam HI fragment carrying three tRNA genes, coding
for tRNALYs, tRNAGIn and tRNAL€U, The partial sequence of a fourth gene,
coding for tRNAGIY, was found at one end of an 800 bp Eco RI fragment, thought
to originate from close to the right hand arm of the A recombinant.

The restriction map of AHt363 was determined, and the positions of the genes
ascertained by correlating the restriction map with the restriction fragments which
hybridised to the mixed tRNA probe. The genes and their immediate flanking
regions were sequenced, confirming the presence of a tRNAGly gene. A previously
-undetected fifth tRNA gene from the recombinant was detected by its transcription in
vitro and sequenced. This tRNA gene codes for a tRNAATE with an intron. The
presence of an intervening sequence in the tRNAATE gene possibly explains its poor
hybridisation to the mixed tRNA probe. The genes for tRNALYS, tRNAGlF1 and
tRNALeU have identical coding and almost identical flanking sequences to a cluster
previously published (Roy et al ., 1982). The gene coding for tRNAGIY has an
identical coding and flanking sequence to one published during the course of this
study (Doran ez al . , 1988). The restriction map of AHt363 differs from those ‘of the -
other published recombinants, suggesting that AHt363 contains a different fragment
of genomic DNA. The insert of AHt363 contains a large number of sites for
restriction endonucleases with G+C rich recognition sequences. The distribution of
these recognition sites, together with sequence data, suggests that the insert contains
regions significantly richer in G+C than the norm for human genomic DNA.

Restriction fragments containing tRNA genes, or individual tRNA gene probes,
(generated by amplification using the polymerase chain reaction) were employed in
Sovthern hybridisations to human genomic DNA. Such experiments were used to
give an estimate of the copy number of the tRNA gene cluster, calculated as 2.7
copies per haploid genome. Probes from the insert of AHt363 hybridised to

xiv



genomic restriction fragments which corresponded in size to fragments predicted on
the basis of the restriction map of AHt363, suggesting that the insert of the
recombinant had not undergone any rearrangements relative to genomic DNA.
Polymerase chain reaction experiments were also used to investigate whether the
cloned tRNA gene cluster had undergone any rearrangements, by comparing the
sizes of the fragments amplified when using genomic or AHt363 DNA as the target
for primers which recognised different sequences within the cluster. A fragment of
unexpected size (623 bp) was amplified when using primers specific for the
tRNAGIn gene from the tRNA gene cluster on a human genomic DNA target. This
fragment was cloned and sequenced and found to contain two human tRNAGIn
genes, arranged as a direct repeat. Finally, polymerase chain reaction amplification
and direct sequencing of genomic copies of the tRNAATE gene facilitated the
determination of the nature of the intervening sequence in this tRNA gene family.

In vitro transcription assays were used to establish the maximum transcription
rate for each of the five tRNA genes from AHt363. The ranking of transcriptional
efficiency in this system, from most active to least active gene, was tRNAGly,
tRNAATE, (RNALeu (RNAGIN and tRNALYS, The last four of these tRNA genes
were found to have the same relative transcriptional activities when transcribed as a
cluster. An investigation into the processing of tRNA precursors in the in vitro
transcription system, particularly using the tRNAATE gene, suggested that this
system does not efficiently produce mature tRNA species. For the final group of in
vitro transcn'ptioh assays, a series of recombinants were constructed with differing
amounts of the 5' flank of the tRNAGLY gene deleted. Transcription and competition
assays using these recombinants indicated that the 5' flank of this gene may contain
an element or elements that affect transcription. Preliminary gel shift and footprinting
assays were undertaken to investigate the possibility of any protein or proteins
associating with this region of DNA.

. XV



CHAPTER 1

INTRODUCTION.

1.1. General introduction.

" The major role of transfer RNAs (tRNAs) is to act as adaptor molecules in protein
synthesis, although some specific tRNAs have additional functions. They can act as
donors of their charged amino acids in the formation of some cell walls and as
primers for reverse transcriptase in the synthesis of some retrovirus DNAs. Some
tRNAs also have a role in amino acid biosynthesis. The existence of adaptor
molecules, needed for the translation of information carried by nucleic acids, was
predicted by Crick in 1955. Transfer RNAs were shown to be these adaptors by
Hoagland et al.., (1958). Recent advances in the techniques of molecular biology
have led to a very rapid accumulation of data on the sequences, organisation and
expression of tRNA genes. Up to the end of 1988 almost 1000 tRNA genes had
been cloned and sequenced (Sprinzl ez al ., 1989). Results from recent experimental
work indicate a high degree of complexity in the fine control of expression and the
genomic organisation of these genes. Since tRNAs play a central role in protein
synthesis, a better picture of the way in which tRNA gene expression is controlled
might be useful in increasing understanding of how organisms meet the demand for
the production of proteins, particularly where there are highly tissue- or
developmental stage-specific patterns of protein synthesis. The organisation of

eukaryotic genomes is another area attracting considerable interest in current research

in the field of molecular biology. Studies of the way in which tRNA genes are
organised in eukaryotes might help insight into the mechanisms of evolution of
complex genomes, and cloned tRNA genes could also be useful as markers for
genetic mapping.



1.2. tRNA structure

The nucleotide sequences of some 400 tRNAs and some 1000 tRNA genes have
been determined. This primary sequence data provides strong evidence for a
secondary structure common to almost all tRNAs, the familiar "cloverleaf”
secondary structure shown in figure 1.1. This structure, proposed by Holley et al..,
(1965) is maintained by base pairing between short complementary regions. Each
cloverleaf is made up of a number of domains, consisting of a double helical stem, a
single-stranded loop or both a stem and a loop, collectively termed an arm. The
amino acid acceptor stem contains the 5' and 3' ends of the tRNA molecule. Usually
the stem is made up of seven Watson-Crick base pairs, but a "wobble" G-U pair is
present in a yeast tRNAPhe (Clark and Klug, 1975). The 3' terminus consists of
four unpaired nucleotides, the last three of which, CCA, are added
post-transcriptionally in eukaryotes (see section 1.5.5.). The cognate amino acid is
attached to the 3' terminal A. The D arm (see figure 1.1.) is so called because it
almost always contains the modified nucleoside dihydrouridine (D). This arm
consists of a three or four base pair stem and a variable sized loop. The anticodon
_ arm has a stem of five base pairs and a loop of seven nucleotides. The middle three
nucleotides of the loop form the anticodon of the tRNA which pairs with the triplet
codon on mRNA during protein synthesis. The variable arm has between four and
twenty-one nucleotides, arranged either as a loop of four or five residues or as a
stem and loop. Finally, the T¥C arm consists of a five base pair stem and a seven
nucleotide loop. The loop always contains the sequence TWC (¥ represents
pseudouridine). Modified residues are a characteristic feature of tRNAs (Sprinzl et
al., 1989).

All tRNAs have invariant nucleotides in the positions indicated in figure 1.1. as
well as semi-invariant nucleotide positions (constant purine, (R), or constant
pyrimidine, (Y)) (Rich and RajBhandry, 1976). The numbering scheme of the tRNA
nucleotides shown in figure 1.1. is based on that of a yeast tRNAPO€ which has 76
residues. The total length of tRNAs varies between 74 and 95 nucleotides.
However, because the variability in size of tRNAs is confined to three regions of the
sequence (two regions in the D loop and t%e variable arm) a common numbering
scheme for all tRNAs is possible.

The three dimensional structure of a yeast tRNAPh€ was determined in 1974



using X-ray diffraction analysis of the crystallised tRNA (Suddath et al., 1974;
Robertus et al., 1974). The tertiary structure deduced using this data appears to be
common to all tRNAs. Figure 1.1 shows the L-shaped configuration of this
structure, formed by tertiary hydrogen bonding interactions, many of which involve
invariant or semi-invariant nucleotides. The entire structure is about 2.5 nm thick
and 9 nm long (Kim, 1979). The cloverleaf secondary structure is folded into the L
shape by the formation of two double helices, one formed by the acceptor stem with
the T‘PC csotgxrg&&%ktgle ‘other by the D stem with the anticodon stem. The region
between the ~ )  helices contains the T¥C loop and the D loop. A consequence of
this conformation is that the amino acid acceptor CCA is located at the far end of the
L from the anticodon. This may facilitate alignment of charged tRNAs on the

ribosome, although this has not been proved.

1.3. tRNA identity.

In order for protein synthesis to occur corréctly, each tRNA must be aminoacylated
with the appropriate amino acid through the action of an aminoacyl-tRNA
synthetase. Because of degeneracy in the genetic code, most amino acids are
represented by a group of tRNAs, termed isoacceptors. In general there is a single
aminoacyl-tRNA synthetase for each amino acid. Each group of isoaccepting tRNAs
must share a set of features enabling recognition only by the cognate
aminoacyl-tRNA synthetase. These distinguishing elements comprise the identity of
the tRNA. Recently, two complementary approaches have been used in determining
the mechanisms of tRNA identity, one involving the alteration of tRNA suppressor
identity and the other the production of altered tRNAs in vitro using transcription of
synthetic tRNA genes (reviewed in Normanly and Abelson, 1989). Such studies
have produced two main conclusions. Firstly, it appears that tRNA identity is
determined by a relatively small number of elements, and these can act either
positively in determining the identity of a tRNA or negatively in preventing '
recognition by an aminoacyl-tRNA synthetase. Secondly, the anticodon appears to
be an important identity element for a majority of tRNAs. The anticodon would seem
to be the most logical identity element since it is directly zesponsible for association
with the appropriate codon. However, it has long been established that the anticodon
cannot control the identity for all tRNAs because of the existence of amber



Figure 1.1. Secondary and tertiary structure of tRNA.

Figure 1.1.A shows the general cloverleaf secondary structure for tRNAs with the
standard numbering system based on that for yeast tRNAPh€, The positions of
invariant and semi-invariant bases are shown. Y denotes pyrimidine, R purine, ¥
pseudouridine and H hypermodified purine. The dotted regions in the D loop and in

the variable loop contain different numbers of residues in different tRNAs.
(Adapted from Watson et al ., 1987).

Figure 1.1.B illustrates the tertiary structure of yeast tRNAPhe The
ribose-phosphate backbone is drawn as a continuous ribbon and internal hydrogen
bonding is indicated by crossbars. The positions of unpaired bases are indicated by
unjoined bars. The anticodon arm and the acceptor stem are shaded.

(Adapted from Watson ez al ., (1987), after Kim et al ., (1974)).




suppressor tRNAs where the anticodon has been altered with no effect on amino
acid specificity. Schulman and Pelka (1990) used synthetic tRNA genes to show that
the anticodon is a major recognition element in E. coli tRNAMet, The anticodon is
also an important element for E. coli tRNAVal identity (Schulman and Pelka,
1988).

The number of residues responsible for the identity of a tRNA (the "identity set")
appears to differ for different tRNA species. Hou and Schimmel (1988) showed that
in E. coli tRNAAI2 mutations in the G-U pair at position 3-70 (found in almost all
tRNAAIa species sequenced) abolished recognition by the alanine aminoacyl-tRNA
synthetase. Insertion of G3-U, was sufficient to cause a tRNACYS amber
suppressor to insert alanine. In contrast, the identity set for E. coli tRNASer
appears to involve at least 8 residues (Normanly et al ., 1986, Normanly and
Abelson, 1989, Himeno et al ., 1990) and that for yeast tRNAPhe at least 5, of
which three comprise the anticodon (Sampson et al ., 1989). As yet, no general
rules have been established for identity determination.

1.4. Eukaryotic tRNA gene organisation.

Eukaryotic transfer RNA genes are members of complex multigene families. The
tRNA genes are found dispersed throughout the eukaryote genome, either as solitary
genes or in small clusters. There may be several different isoaccepting tRNAs for
each amino acid, which implies that there is a similar redundancy in tRNA gene
species. The gene for any particular tRNA isoacceptor may be present in multiple
copies in the genome, and these génc copies may be located at more than one
chromosomal locus. It is uncertain how different gene copies within gene families
originated or how they are maintained, but it is probable that some new gene copies
will have been produced by gene duplication. There is some evidence that tRNA
genes can be inserted at new sites in the genome as a result of retroposition events
(Reilly et al ., 1982; McBride et al ., 1989). Gene copies may be maintained by gene
conversion since it is difficult to see how selective pressures could act on individual
members of a gene family containing ten or more genes. Several hundred eukaryotic
tRNA genes have been cloned, either as dispersed individual genes or in small



clusters of two or more genes within a few kilobases of each other. The tRNA genes
within these clusters may code for different tRNAs and can occur on either DNA
strand. Unlike E. coli tRNA genes, these clustered genes are generally not
cotranscribed as large multimeric precursors although there are examples of pairs of
eukaryotic tRNA genes being transcribed as dimeric precursors (Schmidt ez al .,
1980; Mao er al ., 1980; Willis et al ., 1984; Amsutz et al ., 1985).

So far, tRNA genes from 17 different eukaryote species have been sequenced.
Most data is available for the organisms described in the follo‘wing sections: yeast,
Drosophila melanogaster, Xenopus Iaevis, rat, mouse and finally humans.

1.4.1. Organisation of yeast tRNA genes.

Saturation hybridisation analysis of S. cerevisiae genomic DNA gives an estimate
of 360 tRNA genes per haploid genome, which corresponds to an average copy
number of 8 per tRNA species (Schwiezer et al ., 1969). Members of at least ten
yeast tRNA gene families contain introns (Ogden et al ., 1984; Stuka and Feldmann,
1988). Yeast tRNA genes are frequently associated with transposable elements such
as sigma, delta, Tyl and tau (Eigel and Feldmann, 1982; Hauber ez al ., 1988).The
most common of these is the sigma element, which has been found to occur 16 to
18 bp upstream of several yeast tRNA genes (Sandmeyer and Olsen, 1982; Del Ray
et al ., 1982; Brodeur et al ., 1983; Sandmeyer et al ., 1988). Sigma is about 340
bp long, with 8 bp inverted terminal repeats and 5 bp flanking direct repeats. Sigma
elements have so far only been found in association with tRNA genes, which has led
rise to speculation that they may play a role in the evolution or the transcriptional
initiation of ycést tRNA genes.

Most yeast tRNA genes appear to be dispersed randomly through the genome
although some clusters have been cloned. For example, a tRNASET-(RNAMet gene
_pair has been found at three different loci in S. pombe . The genes are separated by 7
bp and are transcribed as a dimeric precursor, which is unusual for eukaryotic tRNA
genes (Mao er al ., 1980; Amsutz er al ., 1985). Similarly, four separate clones have
been characterised in which genes for tRNAATE and tRNAASP are separated by 9 bp
and are again transcribed as a dimeric precursor (Schmidt et al ., 1980).
Probably the best characterised dispersed yeast tRNA gene family is that fora S.



cerevisiae tRNAGIu gene (Hauber ez al .,1988). Eight different gene copies have
been cloned. These copies all have the same coding sequence, contain no introns and
are flanked by transposable elements. The genes have been assigned to different
chromosomal loci and show little or no homology in their flanking sequences. The
eight tRNATYT genes from S. cerevisiae again have identical coding sequences
(although there is a C/T polymorphism within the intron) but differ in their flanking
regions (Johnson and Abelson, 1983).

1.4.2 Organisation of Drosophila melanogaster tRNA genes.

The D. melanogaster genome contains some 750 tRNA genes, (Weber and
Berger, 1976) with an average copy number of 12 for each of the apprdximately 60
isoacceptor species. In situ hybridisation studies using polytene chromosomes (Gall
and Pardue, 1969; Steffensen and Wimber, 1971) have shown the