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ABSTRACT

The chromosomal locations of four human tRNA gene-containing DNA frag-
ments have been determined. Two fragments, containing at least four tRNATY genes,
have been mapped to chromosome 14. Another fragment, containing a single tRNAGlY
gene, has been mapped to chromosome 1, while a fourth fragment, containing two
tRNAPhe genes and two tRNALYs genes, has been located on chromosome 11. This is
the first example of human tRNA genes having been located on chromosome 11.
Additionally, no other chromosomal locations for human tRNAPhe genes had been
previously known.

In order to accelerate the recovery of human tRNA genes for further studies,
four different PCR strategies were used to amplify tRNA genes directly from the
human genome. Five DNA fragments containing ten tRNA genes or pseudo-genes for
the phenylalanine and tyrosine tRNA gene families were isolated by using “tRNA
PCR”, where PCR is performed using tRNA gene-specific primers which are directed
at the 5'- and/or 3"-conserved gene sequence(s), and are oriented through the gene.
Flanking sequence comparisons of three tRNAPhe gene-containing fragments revealed
no similarities to other previously characterized tRNAPhe gene flanking sequences.
Two fragments, each containing two tandemly repeated human tRNATY" genes, show
greater than 95% homology to a DNA fragment isolated from a human-A recombinant
library. At least two fragments containing tRNAPhe genes and flanking sequences were
amplified from the human genome using “Inverted PCR”. In this technique genomic
DNA was first cleaved with a restriciion endonuclease and the fragments ligated under
conditions that favor circularization. PCR was performed using primers that are
arranged in an opposite orientation to that used for tRNA PCR. Amplification of
fragments was also observed from inverted PCR for the tRNAT™ and tRNAHis gene
families. Specific amplification of tRNA gene-containing fragments was observed for

“Alu-tRNA PCR” and “Linker PCR”, when performed as a two step PCR using



v
biotinylated tRNA gene-specific primers in conjunction with streptavidin-agarose
selection of tRNA gene sequences. The second primer used in Alu-tRNA PCR was
complementary to a region of the human Alu repeat sequence, whereas in Linker PCR,
the second primer binding site was provided by the ligation of linkers to the termini of
DNA fragments generated by restriction endonuclease digestion of human genomic
DNA. By utilizing these two methods, not only is it possible to isolate tRNA gene
sequences, but it is also possible to “walk” from the tRNA gene to the flanking regions
by using Linker PCR. These results suggest that tRNA PCR will be very useful for
isolating a moderate proportion of human genes for some tRNA gene families where
the tRNA genes are clustered, as well as revealing the presence of intron sequences in
some tRNA genes. Inverted PCR is likely to be the most useful for the isolation of
tRNA genes and their flanking sequences. This method should allow the isolation of

most, if not all, members of a tRNA gene family, regardless of genomic organization.
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1. INTRODUCTION
1.1 The function and structure of tRNA

In the translation of genetic information from nucleic acid sequence to protein
sequence, transfer RNAs (tRNA) play a crucial intermediate role. Transfer RNAs are
essential for the initiation of protein synthesis and for the elongation of the growing
polypeptide chains. During protein synthesis, the amino acid sequence of the
polypeptide is determined by the interaction of the tRNA and the mRNA on the
ribosome. The tRNA component of this interaction has two crucial properties: (1) each
tRNA can be aminoacylated with only one amino acid and, (2) each tRNA contains a
trinucleotide sequence, the anticodon, which is complementary to the codon
representing the esterified amino acid. The anticodon enables the (RNA to recognize
the codon via complementary base pairing. All tRNAs capable of being aminoacylated
with the same amino acid are referred to as isoaccepting tRNAs. Because they must
function interchangeably on the ribosome during protein synthesis, all tRNAs have
similar primary (Sprinzl et al., 1987), secondary (Holley et al., 1965) and tertiary (Kim
et al., 1974, Klug et al., 1974) structures. In addition, the structure of tRNAs reflects
the influence of interactions between the tRNA or the tRNA gene and various proteins
including transcription factors, modifying enzymes, and the aminoacyl tRNA
synthetases.

The familiar cloverleaf representation of the tRNA secondary structure (see
Figure 1) highlights the five major arms of this molecule. The "D arm" is composed of
a double stranded stem region (the D stem) composed of at least 3 (sometimes 4) bp
and the D loop comprising an unpaired region containing at least 9 nucleotides. This
arm is named for the presence of a highly conserved modified nucleotide,
dihydrouridine, at position 18 and frequently other positions in this loop. The
"anticodon arm" contains the anticodon stem and the anticodon loop. The stem is a

double stranded helix containing 5 bp. The anticodon loop contains 7 unpaired



Figure 1 - The secondary “cloverleaf”’ structure of tRNA indicating the
standard tRNA numbering notation.

For invariant bases, the actual base is indicated. Semi-invariant bases are shown as Py
(pyrimidine) or Pu (purine). An * indicates those bases that are usually modified in the
tRNA. Circles containing small numbers represent nucleotides which are not present in
all IRNAs. The terminal CCA is usually added post-transcriptionally in eukaryotes but
is gene encoded in prokaryotes. (Adapted from Kim et al., 1974)
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nucleotides and is the region of the tRNA molecule that contains the anticodon. The
"extra arm" or "variable arm” found between the anticodon stem and the TyC arm is
composed of between 3 and 21 nucleotides. The number of bases present in this loop
varies for different isoaccepting tRNAs. The "TyC arm" is named for the presence of
this triplet sequence, containing a highly conserved nucleotide, pseudouridine, at
position 55. The double stranded helical stem region contains 5 bp. The loop usually
usually contains 7 bases. The "amino acid accepting stem" is a double stranded helix
usually composed of at least seven base pairs plus an extra unpaired 3'-terminal
nucleotide. One exception is the bovine histidine tRNA which has a 5’ terminal G
added post-transcriptionally (Sprinz! et al., 1987). Transfer RNAs typically have a
CCA trinucleotide sequence attached to the 3'-terminus. In eukaryotes, this
trinucleotide sequence is attached to the amino acid accepting arm post-transcriptionally,
whereas in prokaryotes this sequence is gene encoded. The final functional molecule is
achieved via the covalent attachment of the appropriate amino acid to the 3' end of the
tRNA (reviewed in Sharp et al., 1985).

The process of charging the tRNA to form aminoacyl tRNA is catalyzed by a
group of highly specific enzymes, the aminoacyl tRNA synthetases (AAS). There are
at least 20 aminoacyl tRNA synthetases. Although there are some rare exceptions,
there is normally a single AAS for each amino acid. An AAS must correctly recognize
and activate an amino acid and then esterify it to each member of the cognate set of
tRNAs. Thus, within this homogeneous tRNA framework variation must exist so that
each tRNA is recognizable to its cognate AAS. The term "tRNA identity" has been
coined to describe those features of a tRNA molecule which make that tRNA
recognizable to one AAS and prevent its recognition by all other AASs. The approach
that has proven the most useful in the establishment of tRNA identity is one in which an
attempt is made to alter with the fewest possible changes, the specificity of

aminoacylation of the tRNA. The accuracy of tRNA recognition by an AAS is a critical



element in achieving the specificity of aminoacylation and ultimately this is crucial for
fidelity in protein biosynthesis (reviewed in Normanly and Abelson 1989). The
presence of an AAS and its cognate tRNA in proper balance is critical to maintaining
this fidelity (Swanson et al., 1988).

Intrinsic to the analysis of the tRNA-AAS interaction is a consideration of the
tertiary structure of this tRNA-protein complex. After assuming the functional,
complex, L-shaped tertiary structure (see Figure 2) the amino acid accepting arm of the
tRNA is situated at one end of the molecule while the anticodon is effectively located at
the other. The L structure is formed by folding the cloverleaf structure between the D
and T stems. This tertiary structure is created and maintained largely by hydrogen
bonds in the stem regions of the tRNA and an additional 9 tertiary bonds between bases
which are unpaired in the secondary structure of the tRNA (Kim, 1978). Most of the
invariant and semi-invariant bases of a tRNA are important in the formation of this
tertiary structure (Clark, 1978). Three general areas of the tRNA molecule have been
implicated in contacting the synthetase: (1) the acceptor stem is involved because it
must be charged at the 3' terminus with the amino acid, (2) the D stem is implicated by
reactions in which the AAS is cross-linked photochemically to the tRNAs and, (3) often
the anticodon is also linked to the enzyme. A model has been proposed in which the
tRNA synthetase binding occurs along the inside of the L-shaped tRNA molecule. This
has been supported by X-ray studies of the cocrystals of Escherichia coli glutamine-
tRNA synthetase with tRNACIn (Rould et al., 1989; Rould et al., 1991) and also of
yeast aspartyl-tRNA synthetase complexed with tRNAASP (Ruff et al., 1991). Once a
tRNA has been charged, the amino acid plays no further role in its specificity, which is
determined exclusively by the anticodon of the tRNA (Chapeville et al., 1962).

All AASs function by a two step mechanism. First, the amino acid reacts with
ATP to form an aminoacyl adenylate, releasing pyrophosphate. The activated amino

acid is then transferred to the tRNA forming an aminoacyl ester with the 2'- or 3'-OH



Figure 2 - The folding pattern involved in tertiary interactions for
tRNAs.

Those bases that are unpaired when represented in the cloverleaf structure (A) are
usually involved in base pairing with other regions of the tRNA (B) to aid in achieving
the final L-shaped tertiary structure (C). The final tRNA tertiary structure, achieved by
folding between the D arm and the T arm, is stabilized by hydrogen bonds and base
stacking interactions. In this conformation, the anticodon is located at one end of the

molecule while the amino acid acceptor stem is located at the other. (Adapted from Kim

et al., 1974)
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of the tRNA, in the process releasing AMP. Despite the common mechanism of AAS
action, the structures of the synthetases for different tRNA families vary widely
(reviewed in Schimmel, 1987; Schimmel and Soll, 1979). Many early attempts to
detect similarities in sequence between isoaccepting tRNAs or to induce chemical
alterations that alter their charging had shown that the basis for tRNA recognition does
not lie in some simple feature of the primary or secondary structure alone. The
variability in behavior amongst tRNAs, however, suggests that the locations of the
determinants for tRNA identity are idiosyncratic (Schuiman and Abelson, 1988).
Additionally, tRNA molecules are among the most highly modified biologically
active macromolecules known. Modification of these molecules may aid in achieving
the correct configuration of the tRNA for recognition by its aminoacyl tRNA
synthetase, or these modifications may be important for correct processing of the tRNA
to assume its final functional structure. Deletion of the intron sequence from a human
tRNATY gene prevented the post-transcriptional modification of a uridine to
pseudouridine found in all tRNATY" species at position 35 (van Tol and Beier, 1988).
Some modifications are also important for specific binding to the codon of the mRNA

(e.g. tRNAlle.,. — ATA). Sequences that are necessary for proper modification or

function are likely to be highly conserved.

1.2 The structure and transcription of tRNA genes

The coding regions of tRNA genes vary in length from ~70 to 100 bp and
contain certain common structural features. Each gene must code for the stem-loop
elements and several other invariant and semi-invariant bases which contribute to the
mature tRNA structure or function. Human tRNA genes usually do not contain intron
sequences although some exceptions are known. The first example of intron sequences
in human tRNA genes was reported by MacPherson and Roy (1986) when it was

shown that tRNATY" genes encoded introns of either 20 or 21 bp in length. More
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recently, Green et al. (1990) utilized the polymerase chain reaction to confirm the
presence of introns in all genes coding for tRNATYT, A novel 16 bp intron for tRNATY
and introns of 22-24 bp in length for some human tRNA!=" genes were also described.

In addition to the conservation of invariant bases for structural reasons, the
coding regions of tRNA genes are also under constraints due to the presence of
intragenic control regions (ICRs) which serve as promoters for transcription by RNA
polymerase III (for reviews see Hall et al., 1982; Ciliberto et al., 1983; Sharp et al.,
1985). Transcription in eukaryotic cells is performed by three different nuclear RNA
polymerases; RNA polymerases I, I1, and I1l. Each enzyme is responsible for
transcribing a different class of genes. As well as transcribing tRNA genes, other
genes transcribed by RNA polymerase I1I include 55 rRNA, U6 snRNA, 7SK, and H1
genes.

RNA polymerase III and its associated transcription factors may recognize very
divergent promoter sequences. The ICR of 5S rRNA genes was shown to be located in
a single region corresponding to the coordinates 55-80, designated the “box A” region,
and in the contiguous sequence from coordinates 81-99, designated the “box C” region.
Conversely, the dissection of tRNA gene ICRs by deletion mutation analysis
demonstrated that they are discontinuous structures with essential “boxes” separated by
non-essential nucleotides (DeFranco et al., 1980; Galli et al., 1981; Sharp et ai., 1981;
Ciliberto et al., 1982; Baker and Hall, 1984; Pieler et al., 1985). The “box A”
sequence is found at coordinates 8-19 and is conserved among different RNA
polymerase III transcribed genes. The box B region is the major quantitative
determinant of promoter strength, however tRNA gene flanking sequences have also
been shown to have a role in determining transcription rate (Arnold et al., 1986; Doran
et al., 1987; reviewed in Sharp et al., 1985). Limited homology exists between

conserved regions of the “box B” ICRs (coordinates 52-62) of tRNA genes and other



RNA polymerase III transcribed genes, including the Alu repeat sequence family in

humans.

The promoter regions of the RNA polymerase II transcribed U6 snRNA genes
demonstrate a radically different promoter arrangement when compared to either the
5S rRNA or tRNA genes. The promoter region for these genes is, in contrast, found
as an extragenic control region consisting of a distal sequence element (DSE) at
approximately position -220, a proximal sequence element (PSE) located around
position -50, and a TATA tox like region located at position approximately -25 relative
to the start of the U6 snRNA gene. The human U2 snRNA genes, which are
transcribed by RNA polymerase I, also exhibit the conserved DSE and PSE regions.
Mutations in the TATA box of the U6 gene can convert transcription of this gene by
RNA polymerase III to that of RNA polymerase II. Conversely, placing the U6 TATA
box region upstream from the U2 genes converts these genes :0 RNA polymerase III
transcribed units (Lobo et al., 1990). This diversity of promoter arrangements for
RNA polymerase III transcribed genes may reflect the use of specialized transcription
factors to control the transcription of these genes by the same RNA polymerase.

The RNA polymerase III transcription complexes of all eukaryotes share
extensive similarities. These include the use of the ancillary transcription factors
TFIITA, TFINIB and TFIIIC. The factors TFIIIA and TFIIIC from yeast and higher
eukaryotes share similar general DNA binding properties and size (Pieler et al., 1987;
Wang and Weil, 1989; Braun et al., 1989; Chalice and Segall, 1990). Similarly, the
transcription factor TFIIIB preparations from humans and yeast contain a polypeptide
of ~60,000 Da (Klekamp and Weil, 1986; Waldschmidt et al., 1988). In yeast, it has
been shown that TFIIIB fails to bind DNA specifically in the absence of TFIIIC and
these two factors are the last proteins to assemble on the DNA prior to the binding of
RNA polymerase III (Lassar et al., 1983; Bieker et al., 1985; Segall, 1986). The
binding of TFIIIB and TFIIIC is mediated by the binding of TFIIIA to the box A and
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box C regions (e.g. 55 RNA genes). Conversely, the protein TFIHIC has been shown
to bind specifically to the box A and box B regions (e.g. tRNA genes). Kassavetis et
al. (1990) demonstrated that the yeast TFIITA and TFIIIC function as assembly factors
for TFIIIB and once they have properly pos:tioned TFIIIB upstream of the transcription
start sites of the 55 or tRNA genes they are dispensable for transcription by RNA
polymerase III. The upstream DNA binding ability of TFIIIB is also mimicked by
factors involved in the transcription of genes by RNA polymerases [ and II. For RNA
polymerase I, this factor may be pol I factor D (Sollner-Webb and Tower, 1986),
whereas the analogous function may be served by TFIID for RNA polymerase I1
transcribed genes (Reinberg et al., 1987; Carcamo et al., 1989).

The promoter strength of RNA polymerase I transcribed genes has been
shown to be affected by 5'-flanking sequences (reviewed in Geiduschek and Tocchini-
Valentini, 1988). Transfer RNA genes usually show little flanking sequence homology
either to other tRNA genes of the same family or to the flanking sequences of other
families A comparison of three tRNAVal extragenic sequences revealed no significant
homologies, indicating the separation of these genes early in vertebrate evolution
(Arnold et al., 1986). It appears that the in vitro transcription of these tRNA ganes
strongly depends on extragenic control regions. As a consequence of different flanking
regions, the transcription efficiencies vary by an order of magnitude among the genes
for the major and minor valine tRNA genes and this reflects the concentrations of these
two tRNAs in vivo. Two plasmids containing tRNAVal genes exhibit short stretches of
homology in analogous positions upstream and downstream from the structural genes.
It is unknown whether this is due to evolutionary relationship or functional constraint.
Alu-type repeats were shown to occur about 500 and 800 bp downstream from the
valine tRNA genes. The effect of flanking sequence on transcription was also
demonstrated for the tRNALYs gene family where two members of this human gene

family with dissimilar flanking sequences were found to exhibit marked differences in
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the efficiencies of expression (Doran et al., 1987). There are, however, examples of
human tRNA genes which show an extremely high degree of flanking sequence
homology. The 5'- and 3'-flanking regions of two independently isolated human-2
recombinants, each containing a single tRNAASN gene, were shown to be over 90%
homologous (Ma et al., 1984). Additionally, a comparison of two tRNATYT gene
flanking sequences exhibited only 3 differences in over 350 bp of sequence information
(van Tol et al., 1987; MacPherson and Roy, 1986). However, these tRNATY genes
may be alleles since the fragments show little flanking sequence homology to other
known human tRNATY" gene sequences (MacPherson, 1988). The exact influence of

flanking sequences on tRNA gene transcription for the majority of human tRNA genes

is unknown.

1.3 The organization of the human genome

The haploid human genome is composed of 23 chromosomes (22 autosomal
chromosomes and 1 sex chromosome, either X or Y) containing approximately
3.3x10? base pairs comprising the primary nucleotide sequence. The morphology of
these chromosomes is not common amongst the different chromosomes nor are the
DNA sequences uniform or 'average' when compared to other regions of the same
chromosome or to regions found on different chromosomes. Chromosomes are |
typically described as being divided into heterochromatic regions, referring to the
regions of the centromeres and the telomeres as well as any secondary constrictions,
and the euchromatic regions which are taken to be the rest of the genome. Differences
in the function of various regions of the genome are caused by local differences in the
primary nucleic acid sequence. Different regions of the genome may contain segments
that are highly transcribed, highly supercoiled, highly methylated or are tightly bound
to a variety of proteins required for the function of that section of the genome. Because

of the division between nucleus and cytoplasm, the arrangements for gene expression
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in eukaryotes must necessarily be different from those in prokaryotes. These
differences are represented by differences in the organization of the eukaryotic genome
as well as differences in the sets of effector molecules required to mediate efficient
transcription of individual genes. Eukaryotic DNA is organized into structures called
nucleosomes (Kornberg, 1974), comprised of approximately equal masses of PNA and
histones. This structure functions partly to fold the vast expanse of DNA into a shape
and size that allows packaging into the confines of the nucleus. Formation of stable
complexes of transcription factors with promoters might affect the structure and
assembly of chromatin (DNA plus bound histone molecules). Similarly, chromatin
assembly might affect the outcome of competition for transcription factors among genes
or families of genes. The importance of the RNA polymerase I1I transcription factors
for the assembly of nucleosomes and the structure of chromatin on RNA polymerase I11
transcribed genes should be noted (reviewed in Wolfe and Brown, 1988). Morse
(1989) has shown that RNA polymerase III, unlike RNA polymerase II, is unable to
transcribe through a nucleosome, giving intragenic placement of TFIIIA and TFIIIC the
key role in “reserving” a gene for transcription. The additional transcription factor
TFIIIB may also act as an anchor to help retain TFIITA and TFIIIC on the template
while RNA polymerase III transcribes through their DNA binding domains (Brown,
1984).

Nucleic acid sequences found within eukaryotic DNAs can be loosely classified
as (a) unique (approximately one copy per haploid genome), (b) moderately repetitive
(~10-100,000 copies per haploid genome), or (c) highly repetitive (~1,000,000 copies
per haploid genome - reviewed in Jelinek, 1982). The unique DNA fraction generally
contains protein encoding sequences, although some protein coding genes are also
represented more than once per haploid genome. Many c:her sequences, including
human tRNA genes and pseudogenes (non-functional tRNA gene-like sequences)

comprise the middle repetitive fraction of the human genome. Other families such as



the human Alu repeat sequence family (Rubin et al., 1980) contain as many as 500,000
members (Rinehart et al., 1981). The highly repetitive DNA fraction consists of
clustered repetitions of relatively short sequence units (usually a few to a few hundred
bp) that are thought not to be interspersed with other sequence types. They are
generally considered to be structural components of chromosomes, residing mainly at
centromeric and telomeric positions. These sequences may function to maintain the
integrity of chromosome ends during DNA replication (Jager and Philippsen, 1989)
and also to aid in the correct assortment of chromosomes during mitosis by serving as
attachment sites for the mitotic spindle apparatus. This description of genomic
organization of DNA sequences is not exhaustive and many other means of categorizing
sequences exist, including the organization of DNA sequences as dispersed or clustered
repeats. Other repeated sequences may show a variety of genomic organization patterns
(e.g. human tRNA genes).

Genomic DNA can also be described in terms of it reassociation behavior in
liquid hybridization experiments (e.g. Cot;y, analysis) or in solid phase hybridization
experiments (Southern analysis). Repetitive sequences such as Alu or GT repeats that
are found very frequently in the genome reanneal to their complementary sequences
more quickly than those sequences that occur as single copies. Renaturation rate
kinetics for the formation of duplex DNA provides only an approximate estimate of the
number of members for each sequence family and provides little or no information on
the genomic organization of different sequence families. Differences in functionally
related sequences, due to mutational divergence, reduce the cross-renaturation rate as
compared to the renaturation rate of perfectly complementary sequences (Bonner et al.,
1973). Moreover, the renaturation rate of DNAs depends on the length of
complementary sequences, which in the case of dispersed repeats also depends on the
unknown details of the intervening sequences (Wetmur and Davidson, 1968).

Renaturation rate studies of genomic DNA have been interpreted to mean that different

14



15

repetitive sequence families containing at least 10 to 10,000 members are present in a

variety of eukaryotic DNAs.

1.4 The genomic organization of human IRNA genes

By using saturation hybridization experiments, Hatlen and Attardi (1971)
estimated that there are approximately 1300 tRNA genes in the haploid human genome.
These are thought to encode 60-90 different species of tRNA (Lin and Agris, 1980).
This suggests an approximate average of 65 copies for each isoaccepting tRNA gene
family or approximately 10-20 copies for each chromatographically distinct tRNA.
Estimation of gene numbers for human tRNA genes varies for different tRNA gene
families. Comparison of relative hybridization intensities for hybridization of tRNAAsn
specific probes to copy number standards suggested that there are at least 60 tRNAAsn
genes (Buckland, 1989). Valine tRNA genes have been detected on 13 different
fragments in EcoRI digests (Arnold et al., 1986) while tRNA;Met genes have been
detected on 12 fragments (Santos and Zasloff, 1981). Similarly, van Tol and Beier
(1988) observed 12 different tRNATY" containing fragments in EcoRI digests of human
genomic DNA. The importance of hybridization conditions for reasonable estimates of
copy number was demonstrated by Scheller et al (1981). The apparent copy number of
one cloned repeat sequence varied with the stringency of hybridization. Under
stringent conditions, there were an estimated 20 copies per haploid genome, whereas
under non-stringent conditions the apparent copy number exceeded 400.

In humans, tRNA genes can be found as members of complex multigene
clusters containing different isoaccepting tRNA genes (Roy et al., 1982; Pirtle et al.,
1986; Craig et al., 1989) or they may occur as clusters containing similar tRNA genes.
MacPherson and Roy (1986) demonstrated the first example of this latter arrangement
where a A recombinant was shown to contain at least four tRNATY" genes. Another A

recombinant was described that contained two tRNAPhe genes arranged as tandem



repeats separated by ~9 kb and two tRNALYs genes arranged as inverted repeats
separated by ~5 kb within a 13.8 kb fragment (Doran et al., 1987). Chang et al. (1986)
isolated a lambda clone containing a 20 kb human DNA segment that was found to
harbor a cluster of four tRNA genes. The genes were found to be arranged as two
tandem pairs, separated by 3 kb. A proline tRNA gene is separated from a leucine
tRNA gene by a 724 bp intergenic region in the first pair, and a second proline tRNA
gene is 316 bp from a threonine tRNA gene in the second pair, with the leucine tRNA
gene being of opposite polarity to the other three genes. An Alu-like element was
found to occur within a 2.0 kb DNA fragment, approximately 0.7 kb from the tRNA
gene cluster. No apparent homologies occur between the 5'-flanking sequences of
these genes. The arrangement in clusters is most likely not representative for the
genomic organization of the majority of mammalian tRNA genes, since clusters can be
detected more easily than solitary genes, if as is usually the case, unfractionated tRNA
or tDNA (a DNA sequence complementary to the tRNA sequence) containing a cluster
is used as a hybridization probe to screen A libraries. Single tRNA genes of the same
or different acceptor specificity can usually be found at other locations in the genome.
Accordingly, some examples of human tRNA genes apparently occurring as individual
genes have also been described, including genes for tRNAGY (Doran et al., 1988;
Shortridge et al., 1985; Pirtle et al., 1986), tRNATY (van Tol et al., 1987), and
tRNAAsn {Ma et al., 1984). Recently, Morrison et al., (1991) demonstrated that one of
the single tRNAGI genes described by Doran et al., (1988) was linked to the tRNA
gene heterocluster previously described by Roy et al., (1982)

Chromosomal mapping of many human DNA fragments has been performed by
hybridization analysis of mouse-human somatic cell hybrids. The genotypic
composition of these hybrid cells is very unstable. The mouse chromosome
complement is usually retained while the human chromosomes are lost randomly. By

performing cytogenetic and enzymatic analysis of hybrid clones it is possible to
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determine which human chromosomes have been retained. DNA isolated from somatic
cell hybrids which possess different assortments of human chromosomes is used in the
construction of chromosomal mapping panels. The pattern observed for the
hybridization of human specific probes to the mapping panels therefore allows the
assignment of the probe DNA to a particular human chromosome. The utility of using
the unique flanking sequences surrounding human tRNA genes as hybridization probes
for determining chromosomal location was first demonstrated by Naylor et al. (1983).
Two nonallelic human tRNAMet genes were assigned to chromosome 6 by filter
hybridization of DNA from human-rodent somatic cell hybrids. Both genes were
assigned to the p23-q12 region. These results raised the possibility that other tRNAMet
genes may be syntenic with these two tRNA genes. Two human DNA clones
containing asparagine tRNA genes were used to determine the genomic organization of
tR1.AAsn multigene family in humans. One of the clones used in this study also
contained a gene for Ul RNA, so the organization of the two multigene families was
compared. The majority of the human tRNAAs" genes were shown to map to the same
chromosome bands, as do the Ul RNA true genes and class I pseudogenes located on
the short and long arms, respectively, of chromosome 1. The chromosomal locations
of these two gene clusters were determined using a somatic-cell hybrid minipanel. The
use of repeat-unit DNA polymorphisms showed that one tRNA gene clone maps to the
short-arm gene cluster and the other to the long-arm gene cluster. The short- and long-
arm gene clusters were shown to be structurally related. Because of these results it was
Suggested that the split into two distinct loci was facilitated by a pericentric
chromosome inversion. Pulsed field gel electrophoresis revealed that fragments of
molecular weight of 180 kb were common to each unit (or multiples of units). It has
been proposed that these two gene families are closely linked on repeat units (or

multiples of units) of 180 kb in size (Buckland, 1989).
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McBride et al. (1989) determined the chromosomal locations of three cloned
human DNA fragments, encompassing tRNA genes, by Southern analysis of human-
rodent somatic cell hybrid DNAs with subfragments from these cloned genes and their
flanking sequences used as hybridization probes. These three DNA segments have
been assigned to three different chromosomes. A DNA segment containing a single
tRNAGY gene was shown to be located on human chromosoines 1, but it also
segregated with a clone containing two tRNACY genes that hybridized to DNA from
chromosome 16. Homologous sequences to these DNA fragments were postulated to
be located on chromosome 14 and on a separate locus on chromosome 1. The third
DNA fragment, containing single copies of tRNATH, (RNAPr and tRNAVal genes,
was determined to be located on chromosome 5. By using in situ hybridization, a
tRNA gene heterocluster containing genes for tRNAATE, (RNAClY, tRNALYs, tRNALeu
and tRNAGI" have been shown to be located on chromosome 17 (Morrison et al.,
1991). Other studies have shown that an “opal suppressor” tRNA gene (later described
as phosphoserine tRNA or selenocysteine tRNA) and pseudogene are located on
chromosome 19 and 22, respectively (McBride et al., 1987). Glutamate tRNA genes
have been assigned to two loci on chromosome 1p36 (Boyd et al., 1989). These
studies, combined with previous results, indicate that tRNA genes and pseudogenes are
dispersed on at least eight different human chromosomes and suggest that these
sequences will probably be found on most, if not all, human chromosomes. Because
of the short (8-12 nucleotide) direct terminal repeats observed to be flanking many of
the dispersed tRNA genes it was suggested that a significant proportion of these genes

have arisen by an RNA-mediated retroposition mechanism (McBride et al., 1989).



1.5 The polymerase chain reaction

In order to develop a more comprehensive understanding of the structure,
location, and transcriptional regulation of human tRNA genes, it is necessary to acquire
more examples of genes for each tRNA family. Only a few examples are known for
most of the estimated 10-20 tRNA genes for each isoaccepting tRNA gene family. For
a few gene families, such as tRNACYs, IRNAHis, and tRNAT™, no examples of genes
for these tRNAs have been described. The Polymerase Chain Reaction (PCR)
developed by Mullis and Faloona (1987; Saiki et al., 1988), represents a very powerful
tool for the analysis of nucleic acids. This thesis describes various strategies, based on
PCR, which have been adapted to allow the accelerated isolation of novel tRNA genes
and flanking regions for further study. The fragments so isolated can be used directly
for study, or can be used as specific probes to isolate larger fragments from human
genomic libraries. PCR, as originally described, involves the selective amplification in
vitro of sequences up to ~4 kb or more in length, by sequential rounds of template
denaturation, primer annealing and extension from the annealed primers using a DNA
polymerase. The primers used in this reaction are positioned in the flanking regions
surrounding a region of interest and are oriented in opposite and overlapping directions
(see Figure 3). A DNA polymerase, usually the thermostable DNA polymerase (Tag)
isolated from Thermus aquaticus, then recognizes this as a suitable substrate for primer
extension in the direction of the second primer site and eventually the second primer
binding site is synthesized. This method thus allows the exponential amplification of
DNA between the two primer binding sites because both strands of a given DNA
segment are used as templates. This reaction is simple, fast and extremely sensitive as
shown by the fact that the DNA (or RNA) content of a single cell is often suitable for
the detection of a specific sequence. The usual prerequisite for the use of PCR.is a

priori knowledge of sequences surrounding the fragment of DNA that one wishes to

amplify in order to design suitable primers.
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Figure 3 - Schematic representation of the Polymerase Chain Reaction.
Primers A and B that are oriented in overlapping directions are annealed tc the
denatured template DNA in the first round. Template directed enzymatic extension
from these primers is then carried out, usually by a thermostable DNA polymerase.
The synthesized products are extended to include the other primer binding site, so that
the products of synthesis in each round are suitable targets for the binding of the
opposite oligonucleotides in the subsequent round of PCR. Each round of PCR thus
consists of template denaturation at 94°C to 96°C, usually for 15 to 60 seconds,
followed by primer annealing to the template at a temperature suitable for a given pair of
primers, usually for 15 to 60 seconds. A cycle of PCR is then completed by the
extension from the primers at 70°C to 74°C for 30 seconds to 5 minutes. Each cycle of
PCR (denaturation/primer annealing/primer extension) is repeated 20 to 35 times. By
this means the predominant product of amplification is the region of DNA that is found
between the two primer binding sites. Since the product of primer extension of each
round is a suitable target for synthesis in the next round, the exponential amplification

of specific DNA sequences is possible (Adapted from Vosberg, 1989).
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1.5.1 (RNA PCR

Transfer RNA genes represent a favorable system for the recovery of novel
human genomic sequences because the tRNA coding sequence is usually highly
conserved for most isoaccepting tRNA gene families. Moreover, because the flanking
sequences surrounding these genes are generally quite diverse, these gene sequences
could be very useful for providing unique genomic mapping sites. As previously
described, human tRNA genes may be found as clusters of isoaccepting tRNA genes,
as was shown for the human tRNATY" gene family (MacPherson and Roy, 1986). This
arrangement of genes allows the use of “tRNA PCR” where PCR is performed using
tRNA gene-specific primers which are directed at the 5'- and/or 3-conserved gene
sequence(s), and are oriented throngh the gene (see Figure 4). PCR is done using both
primers to recover the tRNA gene sequence alone (and intron sequence, if present) and
also to isolate tRNA genes arranged as tandem repeats. Alternatively, by performing
PCR using only the 5'- or the 3'-primers individually in a single primer PCR, it should
be possible to amplify tRNA sequences that occur as inve.ted repeats relative to each
other. Amplification products due to other arrangements of genomic sequences,
including tRNA pseudogenes or repeat sequences, should also be possible. Similarities
between tRNA genes and repeat sequences have been observed. Sakamoto and Okada
(1985) demonstrated close structural resemblances between several mammalian highly
or moderately repetitive sequence families and bovine tRNA genes coding for tRNALYs,
tRNAPhe and tRNAGYY, This is supported by the close sequence similarities observed
between the tRNA;M¢t gene sequence and the Alu sequence family, and between the
mouse B2 families (Krayev et al., 1982) and the genes coding for tRNAAI= and
tRNASer in the prosimian Galago crassicaudatus (Daniels and Deininger, 1985). The
nature of amplification products from tRNA PCR may reveal a glimpse into the
evolutionary history of human tRNA genes, and may lend support for previously

proposed mechanisms of tRNA gene duplication and dispersal in the genome.
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Figure 4 - Schematic representation of tRNA PCR.

Figure 4(A) shows the position and relative orientation of two tRNA gene specific
primers that are used for PCR. Each primer starts at the 5' or 3' terminus of the tRNA
gene coding sequence and extends into the gene for 21 to 25 nt, The region that would
be expected to contain introns (usually one nt 3' to the anticodon) is not contained in
either of the primer sequences.” Figure 4(B) shows possible arrangements of tRNA
genes relative to one another in a hypothetical tRNA gene cluster contained in the
genome. The arrows represent the tRNA gene specific primers. Solid lines indicate
possible amplification products that would arise from this arrangement of tRNA genes
for each combination of primers. When only the 5' gene-specific primer is used in a
PCR, amplification is possible between two tRNA genes that are arranged as inverted
repeats. Similarly, amplification between inverted repeats of the opposite orientation is
possible when the 3' gene-specific primer is used alone in a PCR. When hoth primers
are included in a PCR, amplification of tRNA gene sequences that are found arranged
as tandem repeats is possible. In this latter scenario, amplification of the tRNA gene
sequence only (and intron sequence, if present) is expected to be the most prevalent

amplification event.
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1.5.2 Alu-tRNA PCR

It is possible that neighboring Alu-type repeats are a general feature of human
tRNA gene loci. Alu sequences represent the major family of short interspersed repeat
DNAs (SINEs). Additionally, like tRNA genes, Alu sequences contain conserved
promoter sequences for RNA polymerase III. The estimated distance between Alu
sequences (~4 kb; Britten et al., 1988) varies considerably as evidenced by the
preponderance of these sequences in certain chromosomal regions. Alu enrichment is
known to occur in the vicinity of many tRNA genes. Analysis of a human gene cluster
coding for tRNAPhe and tRNALYS revealed eight regions of Alu homology on a DNA
fragment of 13.8 kb (Doran et al., 1987). Similarly, an 18.5 kb DNA segment
containing a cluster of three tRNA genes was also shown to harbor at least nine Alu
family members (Craig et al., 1989). Remarkably, in one human tRNA gene
heterocluster an Alu element overlapping a valine tRNA gene was demonstrated
(Shortridge et al., 1989). The role, if any, of Alu sequences in the modulation of
tRNA gene expression is unknown.

Nelson et al., (1989) first described the use of the genomic arrangement of Alu
sequences for the recovery of specific human sequences using the PCR technique.
This was done for complex DNA sources such as mouse/human somatic cell hybrids or
Yeast Artificial Chromosomes (Burke et al., 1987). This technique, termed “Alu
PCR?”, utilizes primers that are directed at conserved regions within the Alu sequence.
The success of this method depends upon the serendipitous arrangement of two Alu
repeats flanking a region of interest that one wishes to amplify. While this method has
worked well for some DNA sources it failed to provide appreciable amplification of
specific sequences directly from human genomic DNA. The limitaticns of this
technique include the requirement for two sequences to be orientated in the correct

manner flanking a sequence of interest within an amplifiable distance. An equally



severe limitation was the significant "amplification noise" that was due to Alu-Alu
amplification from other regions of the genome.

“Alu-tRNA PCR” was designed to overcome this lack of specificity and low
signal to noise ratio. In this technique, one primer is directed at a conserved region of
an Alu repeat element and another is directed at a conserved region within a tRNA gene
(see Figure 5). The problem of two sequences flanking a region of interest is now
limited to the probability of a single occurrence. The choice of multiple primers in
opposite orientations increases the likelihood of amplification of a desired sequence.
Additionally, if the tRNA gene-specific primer is biotinylated it will allow selection of
tRNA gene-specific amplification products from among the predominant Alu-Alu

products which constitute bacléground noise.

1.5.3 Inverted PCR

The limitation of PCR for the recovery of novel sequences from the human
genome is that it is highly dependent on knowledge of two suitable primer binding sites
before the experiment is performed. “Inverted PCR” (Ochman et al., 1988; Triglia et
al., 1988) is a procedure that allows the amplification of sequences that lie outside the
boundaries of known sequences. This approach depends on the inversion of the
sequence of interest by circularization and re-opening at a different site. Genomic DNA
is first cleaved with a restriction endonuclease and the fragments ligated under
conditions that favor circularization. PCR is performed using primers that are arranged
in an opposite orientation to that used for normal PCR. The advantage of this PCR
method is that it allows amplification of novel sequences when very little sequence
information is known. Because the coding regions of tRNA genes are highly
conserved, this gene family lends itself well to the use of inverted PCR for the recovery
of novel sequences flanking the tRNA sequences. A schematic representation of this

method, as applied to the recovery of tRNA genes, is shown in Figure 6.
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Figure 5 - Schematic representation of Alu-tRNA PCR.

Figure 5(A) shows the possible arrangements of Alu repeat sequences relative to a
tRNA gene. Small arrows represent PCR primers that are specific for the Alu repeat
sequence or for the 5' or 3' regions of a tRNA gene. Solid lines indicate possible
amplification products for PCR performed using these primers. Amplification between
the 5' gene-specific primer and two Alu repeat sequences is shown in (1) and (2).
Amplification between the 3' gene-specific primer and two Alu repeat sequences is
shown in (3) and (4). The most prevalent amplification is expected to occur between
Alu repeat sequences as shown in (5) and (6). To overcome the extremely high
background amplification between Alu sequences, a two stage PCR was performed
using a biotinylated tRNA gene-specific primer in the first stage (figure 5(B)). Those
products that are the result of amplification between a tRNA gene sequence and a Alu
sequence should be retained by selection using streptavidin-agarose or other solid phase
streptavidin derivatives. These selected sequences should be suitable templates for
PCR using combinations of primers similar to those used in the PCR that generated
each fragment. If non-biotinylated primers are used in the second stage PCR, cloning

of amplification products should be possible.
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Figure 6 - Schematic representation of Inverted PCR.

This diagram shows a representation of a single tRNA gene, plus its flanking sequence
as it exists in the genome. The DNA is digested with a restriction endonuclease (X)
that cleaves on both sides of the tRNA gene within a amplifiable distance (~4 kb). The
digested DNA is then ligated under conditions that favor the circularization of the DNA.
In this manner, two tRNA gene specific primers (arrows) that were oriented in non-
overlapping directions on the genome are now arranged in overlapping directions on the
circularized template. PCR is then performed. The amplification products of such a
PCR should contain both the 5' and 3' coding sequences for a tRNA gene without the
coding sequence that was contained between the primer binding sites in the tRNA gene.
In addition, various amount of both the 5' and 3' flanking sequence should be found on
a contiguous fragment, delineated by the recognition site for the enzyme that was used

in the restriction endonuclease digestion step.
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The major difficulty with inverted PCR is the lack of control over the
circularization step. The theoretical basis of ligation of a linear polymeric molecule in
solution (Jacobson and Stockmayer, 1950) has been experimentally tested for
bacteriophage A DNA (Wang and Davidson, 1966) and smaller DNA fragments
(Dugaiczyk et al., 1975). This theoretical treatment results in the calculation of a
parameter, j, that is the effective concentration of one end of a long polymer in the
neighborhood of the other end. This parameter is given by the equation:

j = (3/2n1b)*”2 ends per ml,
where b is length of a series of rigid segments joined by freely movable joints,
comprising a polymer of length 1.

The value for b (for double stranded DNA) has been estimated to be 7.2 x 102 yum
(Hearst and Stockmayer, 1962). This leads to the simplification :

j = 63.4/(kb)1/2 ug/ml,
where kb is the length of a particular DNA fragment in kilobase pairs. If ligation is
carried out at a DNA concentration, i, which is less than j, formation of circles will be
favored. Ifi> j, multimer formation will be favored. At a given concentration, i, the
fraction of circles formed is predicted by the equation:

% circles = jfj+i x 100.

Experimental evaluation of these estimates has been performed by Collins and
Weissman (1984). Their analysis of circularization efficiency by electrophoresis,
however, showed that a significant degree of circularization occurs even at relatively

high DNA concentrations (30 pg/ml).
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1.5.4 Linker PCR

Another method that may prove useful for the isolation of novel tRNA gene-
containing sequences is a method termed “Linker PCR”. In this technique, total
genomic DNA is digested with a restriction endonuclease that generates blunt ends. A
second primer binding site suitable for PCR is then ligated to the ends of the DNA
fragments in the form of double stranded linker oligonucleotides. A PCR is then
performed using a tRNA gene-specific primer and a second primer which is
complementary to one of the two strands of the linker. In order to prevent the high
background amplification which would be expected to occur between linkers ligated to
both ends of the digested DNA molecules, the PCR is done in two stages. The first
stage PCR utilizes a biotinylated gene-specific primer so that the desired amplification
products can be separated from the background noise by subsequent selection with
streptavidin-agarose or other solid phase streptavidin derivatives. A second stage PCR
is then performed to amplify the DNA fragments that contain the gene-specific primer
binding site. The advantage to this method is that it is possible to amplify specific
sequences with only limited sequence information and without the constraints of
requiring adjacent tRNA genes, Alu sequences, or pairs of restriction endonuclease
sites. Because human tRNA gene coding regions are very conserved while the flanking
sequences usually are quite diverse, linker PCR involving human tRNA gene
sequences may thus provide a useful system for recovering novel unique sequences
directly from the genome. By using six primers (two biotinylated gene-specific
primers, two non-biotinylated gene-specific primers and two linker primers) it should
be possible to recover numerous sequences in both the 5'- and 3'- flanking directions
from each member of a given tRNA gene family (see Figure 7).

“Ligation Meditated PCR” was first described by Mueller and Wold (1989) as a
means of performing in vivo footprinting of muscle specific enhancers in humans.

Pfeifer et al. (1989) were able to use this technique to generate sequence ladders using



Figure 7 - Schematic representation of the Linker PCR strategy.

In the first step, total genomic DNA is digested with a restriction enzyme. Linkers are
ligated to the ends of the digested DNA. Note that because the primers are not 5'-
phosphorylated, concatenation of the linkers is not possible because ligation only
occurs between the 3'-OH of the linkers and the 5'-phosphate of the digested DNA.
Ligation of multiple genomic fragments should be detectable by the presence of the
restriction recognition sequence for the enzyme that was used in the original digestion
step. The first round of PCR involves extension of the gene-specific primer to create
the annealing site for the second primer, one of the linker primers. Subsequent rounds
of PCR allow amplification of the tRNA gene plus either the 5' flanking sequence or
the 3' flanking sequence depending upon the orientation of the gene specific primer.
The use of primers that are specific for the flanking sequence regions should allow
'walking' from this gene locus by this method.
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1 ug of uncloned human DNA. This method was subsequently extended to recover a
promoter sequence from shark genomic DNA by using a linker primer and nested gene-
specific primers in multiple rounds of PCR. The staggered primers were necessary in
order to generate the required specificity for recovery of this unique sequence from the
genome (Fors et al., 190). A similar technique termed “oligo-cassette mediated PCR”
utilized biotin selection of amplification products as a means for genemic walking
(Rosenthal and Jones, 1990). The use of linkers for PCR has also been described for
the recovery of cDNA sequences directly from mRNA using a poly (dT) tail oligo that
is complementary to the poly (dA) tail seen on eukaryotic mRNA (Loh et al., 1989).

1.6 Objectives of this study
One objective of this study was to determine the chromosomal locations of
some human tRNA gene-containing DNA fragments that had been previously
characterized in this laboratory using standard methods (Doran et al., 1987; Doran et
al., 1988; Roy et al., 1982; MacPherson and Roy, 1986). The assignment of tRNA
genes to specific chromosomal regions may be important in the continuing
accumulation of physical map markers for the human genome. This is significant for
two reasons:
i) Genetic linkage mappers are trying to identify markers at closely spaced
intervals throughout the human genome, so that disease genes can be quickly
localized to a fairly narrow region.
ii) The proposed effort to sequence the entire human genome requires the
construction of a set of markers that completely spans the human genome. The
ability to locate individual genes of multigene families such as tRNA genes may
aid in this process.
In this study, various probe preparation methods and hybridization conditions were

analyzed to determine the best procedure for obtaining hybridization to specific
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sequences within human genomic DNA. To determine the chromosomal locations of
human tRNA gene-containing fragments, hybridization analysis of mouse/human

somatic cell hybrid chromosomal mapping panels was done for four human-A

recombinants.

A second objective was to develop new methods for the isolation of human
tRNA genes and other functional sequences directly from the human genome. The
significance of genomic patterns of human tRNA gene dispersion and organization in
regard to tRNA gene expression is unknown. Since eukaryotic tRNA genes exist as
multigene families of independently transcribed genes, it is thus important to determine
the organization and structure of members of human tRNA gene families and to
determine whether the location or arrangement of these genes is significant in terms of
the regulation of tDNA expression. Moreover, the nature of the organization of tRNA
gene families may allow the use of molecular techniques to visualize individual specific,
DNA fingerprints (Jeffreys et al., 1985). This concept of DNA fingerprints has already
found practical usage in immigration investigations, paternity identifications, as well as
in forensic applications. Additionally, the product of a constructed human suppressor
tRNALYs gene is capable of suppression of an amber mutation encoded in pe-
thalessemia mRNA without interfering noticeably with normal host-cell mechanisms for
translation termination (Temple et al., 1982). Reasons for this effect or lack thereof on
host cell translation may have some basis in the regulation of tRNA transcription.
Further studies along these lines could be greatly facilitated if more examples of tRNA
genes for each gene family were known.

Traditional methods of tRNA gene isolation, such as characterization of human-
A recombinant libraries, are very labor intensive, especially when examining many
tRNA gene loci. To date, only a few examples of tRNA genes for most gene families
are known. The use of PCR allows the accelerated isolation and description of tRNA

gene sequences. Four strategies, based on PCR, were utilized to amplify tRNA genes



or pseudogenes. Two of these techniques, “tRNA PCR” and “Inverted PCR™, were
applied successfully to the recovery of sequences for the tRNATY and tRNAPhe gene
families. These techniques, along with “Alu-tRNA PCR” and “Linker PCR”, can be
expanded to examine genes for all isoaccepting tRNA gene families for which known
sequences are available. By using these methods, it shoul2 be possible to isolate all
members of a tRNA gene family for each isoaccepting tRNA species. Ultimately it is
hoped that the characterization of novel sequences flanking human tRNA genes will be
useful for transcriptional regulation and genome mapping studies. The techniques
described and/or developed herein are widely applicable to the study of other DNA

sequences of varying function and to DNA from a variety of species.
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2. METHODS AND MATERIALS

2.1 Laboratory materials and enzymes

Restriction enzymes were purchased from Boehringer Mannheim, New
England Biolabs or Bethesda Research Laboratories and were used in the appropriate
buffer as supplied by the manufacturer. Restriction endonuclease digests were done
using ~2-10 units of enzyme per ug DNA, at the recommended temperature for ~3 hr.
T4 DNA ligase was purchased from Bethesda Research Laboratories or from
Boehringer Mannheim. T4 polynucleotide kinase was purchased from Pharmacia.
Streptavidin-agarose was purchased from Sigma. Taq DNA polymerase was from
Boehringer Mannheim. Nucleotides used for sequencing and for PCR were purchased
from Pharmacia in the lyophilized form and subsequently reconstituted to 10 mM as a
stock solution. The radioisotopically labelled compounds [032-P]dATP and [y32-P]-
ATP were from New England Nuclear Ltd or ICN Biochemicals Inc. X-ray film was
Kodak X-omat type AR film. PCRs were performed using the Techne PHC-2
thermocycler. All oligonucleotides were synthesized on a Applied Biosystems model
381A or 391EP DNA synthesizer at the Department of Microbiology (University of
Alberta) DNA synthesis facility. Agarose and acrylamide were purchased from

Boehringer Mannheim.

2.2 Isolation of human and mouse genomic DNA

Total human genomic DNA was isolated from buffy coat preparations of human
blood obtained from the Alberta Red Cross. High molecular weight DNA was released
by SDS lysis (final concentration 0.5%) of human leukocytes. Lysates were extracted
twice with an equal volume of phenol, once with phenol:chloroform (1:1), and once
with an equal volume of chloroform. To the aqueous phase was added one tenth

volume of 3 M NaOAc. Two volumes of 95% ethanol were carefully layered onto the
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aqueous phase. Large strands of genomic DNA were then carefully spooled from the
aqueous phase into the alcohol phase using a hooked, silanized Pasteur pipette. DNA
was then redissolved to a final concentration of 0.5-2.0 ug/ul. DNA size was
confirmed by field inversion gel electrophoresis {Carle et al., 1986).

Mouse genomic DNA was isolated from the livers of Balb/c and C3H mice.
Livers were removed and immediately transferred to liquid nitrogen in a mortar and
ground to a fine powder using a pestle. The pulverized livers were resuspended in
lysis buffer (1% SDS; 10 mM Tris-HCl/pH 8.0; 1 mM EDTA) and were subsequently
extracted twice with phenol, once with phenol/chloroform (1:1 ratio), and finally orice
with chloroform. DNA was precipitated with ethanol and isolated as previously

described for the isolation of human genomic DNA.

2.3 Preparation of DNA probes

DNA probes used for hybridization to human genomic DNA were prepaced by
either the M13 single stranded hybridization probe procedure of Hu and Messing
(1982) or were labelled by the random primer method as described by Feinberg and
Vogelstein (1983, 1984). Oligonucleotide probes were labelled by T4 polynucleotide
kinase and [y-32P]JATP as described by Maxam and Gilbert (1980). All probes were
purified by passage through a Sephadex G-50 column. Estimation of the specific
activity of radioactively labelled probes was done by checking a measured aliquot of the

purified probe preparation by liquid scintillation spectrometry for Cerenkov radiaxion.



2.4 Human IRNA gene localization studies
2.4.1 Standardization of hybridization conditions
DNA for hybridization experiments wus iransferred by the method of Southern

(1975) to nylon membrane using the modifications described by Rigaud et al., (1987).

The conditions for hybridization of tRNA genu-«cntaining probes prepared by 5'-end

labeling, M 13 primer extension and random primer probe preparation methods were

investigated. Unless otherwise noted all hybridizations were performed in the same

solution as used for the prehybridization step. Prehybridizations were performed for 6-

16 hi at 42-65°C in standard hybridization solution (5X Denhardt's solution/6X

SSPE/0.1% SDS - 1x Denhardt's is 0.5 mg/ml bovine serum albumin, 0.5 mg/ml ficoll

400, 0.5 mg/ml polyvinyipyrrolidone; 1x SSPE is 150 mM NaCl, 10 mM NaH;POy, 1

mM Na,EDTA, pH 7.6) plus ~100 pg/ml sonicated E. coli DNA.

A. Hybridization of oligonucleotides to human genomic DNA: Approximately 5 ng of
Tyrl DNA (ATAGCTCAG{C]TGGTAGAGC) or Tyr2 DNA (ATAGCTCAGIT]T
GGTAGAGC) was labelled as previously described and hybridized at 42°C to 10
ug human genomic DNA digested with either BamHI, Bglll, EcoRl, or HindIII.
Membranes were washed at 45°C in 2x SSPE/0.1% SDS and exposed to X-ray
film for 5 days at -80°C using 2 Lightning Plus intensifying screens (Dupont).

Tyr1 and Tyr2 are 19 nucleotides in length beginning at position 7 of the tRNATYr
gene sequence and ending at position 25, Tyrl is perfectly matched to the tRNATYr
gene sequence. Tyr2 contains a single nt mismatch [C—T] relative to position 16
of the tRNATYT gene.

B. Effect of temperature on hybridization of a M13 primer extension probe to human
genomic DNA: A recombinant M13 DNA clone (~300 nt MspI fragment from AHt7
- designated 52-4), containing a single tRNALYs gene and flanking sequence (Doran
et al., 1987), was used as template to prepare a probe using the M13 hybridization

primer extension method. Hybridization of this probe to digested human genomic

40



DNA was performed at either 45° or 60°C. Membranes were washed at 50°C in
0.2x SSPE/0.1% SDS and were exposed to X-ray film for 3 days at -80°C using a
Lightning Plus intensifying screen.

. Effect of temperature on hybridization of random primer probes to human genomic
DNA: A 610 bp EcoRI fragment from AHt4 (Roy et al., 1982) containing a human
tRNAGI" gene and its flanking sequence was purified from low melting point
agarose and used in the random primer probe preparation method. Approximately
5-30 ng DNA was used per labeling reaction. Hybridization to human genomic
DNA (digested with BamHI, BglIl, EcoR]I, or HindIl]) was performed at 50° or
65°C in hybridization solution plus 7% SDS. Membranes were washed at either
50° or 65°C, respectively, and exposed to X-ray film for 3 days at -80°C using a
Lightning Plus intensifying screen.

. Effect of probe length: To investigate the effect of probe length on the hybridization
of tRNA gene-containing probes to human genomic DNA, three ditferent probes
containirg a single tRNACI? gene and various amounts of flanking sequence were
hybridized at 65°C to digested human genomic DNA. Hybridizations were
performed in hybridization solution plus 10% dextran sulfate (w/v) for 16 hr.
Dextran sulfate was used to increase the rate of hybridization of probes to rare
sequences. To prevent excessive non-specific background sometimes associated
with the use of dextran sulfate, the dextran sulfate was included in the
prehybridization solution. Membranes were washed at 65°C in 0.2x SSPE/0.1%
SDS and exposed to X-ray film for 3 days. The probes used for this experiment
were (1) a 72 bp fragment containing a tRNACIn gene without flanking sequence,
(2) a 105 bp Rsal/HindIII fragment from pHt4-10 (Roy et al., 1982) containing a
tRNAGIn gene plus 33 bp of S-flanking sequence, and (3) a 610 bp EcoRI
fragment from pHt4-10 containing a tRNAGI" gene plus 538 bp of flanking

sequence.
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E. Hybridization of random primer probes to mouse and human DNA: Approximately
10-20 ug of human genomic DNA or mouse genomic DNA (Balb/c, C3H) were
digested with BamHI, EcoRl, or HindlII and separated on a 0.8% agarose gel.
The IUNA was transferred to nylon membrane by the method of Rigaud et al.,
(1987). Probes were prepared by the random primer method. The DNA probes
derived from various tRNA gene-containing human-A recombinants are:

(1) AHtM2: a ~500 bp Styl fragment containing a single tRNATY" gene plus
flanking sequence isolated from pJM2 (MacPherson, 1988).

(2) \HtM4: a ~800 bp Apal/Hindlll fragment containing a single tRNATY gene
plus flanking sequence isolated from pJM4 (MacPherson, 1988). AHtM4 is known
to contain two tRNATY" genes and a single tRNAAI2 gene (D. Spadafora -
unpublished).

(3) AHtM6: a ~600 bp EcoR1/Sphl fragment containing a single tRNATY gene plus
flanking sequence isolated from pJM6IT. AHtM6 is known to contain four
tRNATYT genes (MacPherson and Roy, 1986).

(4) AHt4: a 610 bp EcoRI fragment encompassing a single tRNAGIn gene plus
flanking sequence found within a tRNA gene heterocluster composed of single
genes for tRNALYs, tRNALeu and tRNAGIn (Roy et al., 1982).

(5) AHt7: a 545 bp fragment containing a single tRNAPhe gene plus flanking
sequence found within a cluster of two tRNAPhe genes and two tRNALYs genes
isolated by PCR using the primers Phel-(TTGCAGGGAACTTTAAAACAAC) and
Phe2-(CACAGGGTGCTCAAGAAAGTG) and the template DNA pHt7-1 (Doran

et al., 1987).
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(6) AHt8: a ~5.2 kb BamHI fragment containing a single tRNAGLY gene found on
AHt8 (Doran et al., 1988) was cloned into pUC118. Four different sub-fragments
containing the tRNA gene plus flanking sequence or only flanking sequence
ranging in size from 235 bp to 515 bp derived by digestion of this plasmid with
Smal/Styl, SstIl/Styl, or Sstll/Smal were used as probes.

(7) AH19: a 275 bp fragment containing a single tRNAGY gene plus flanking
sequence was isolated by PCR using the primers Gly1-(CTCAACCTCTTACAA
TCTCAGATAGG) and Gly2-(TGAAGATGTTTCTTAGAAATGCTACC) which
were situated in the flanking sequences of this gene as found on AHt9 (Doran et al.,

1988).

2.4.2 Mouse/human hybrid chromosomal mapping panels

BamHI digested DNA from mouse/human somatic cell hybrids was fractionated
by electrophoresis on 0.8% agarose gels and subsequently transferred to nylon
membrane (Zeta probe/Dupont). These mapping panels were generously provided by
Dr. Thomas Shows. The probes used to determine the chromosomal locations for
some tRNATY genes were as described previously. Fragments were parified from low
melting point agarose (Boehringer Mannheim) and used directly in the random primer
labelling method described by Feinberg and Vogelstein (1983, 1984). Approximately
10-30 ng of DNA was used per labeling reaction. All probes were purified by passage
thre 1gh a Sephadex G-50 column and were denatured at 94°C prior to use.
Hybridization of probes to the chromosomal mapping panel was performed at 68°C for
16-24 hours in 10X Denhardt's solution, 6x SSPE, 3%SDS and ~100-500 pg
sonicated E. coli DNA per ml hybridization solution. Membranes were washed twice at
65-68°C in 0.2x SSPE/0.1% SDS. Autofluorography was performed for 2-5 days
using Kedak X-omat type AR film and a Dupont Lightning Plus intensifying screen(s)

at -80°C. Chromosomal mappings of human tRNA gene-containing fragments were



performed as a double blind experiment. Chromosomal assignments were done by Dr.

Thomas Shows.

2.5 Streptavidin-agarose selection of PCR amplification products
Approximately 10 ul of resuspended streptavidin conjugated agarose beads
(Sigma: 1 ml ;;acked gel of 4% cross-linked beaded agarose containing 1.2 mg of
streptavidin per ml packed gel in 2 ml suspension) were washed with 100 ul Buffer A
(10 mM Tris-HCI pH 8.0/1 mM EDTA/300 mM NaCl/100 pg/ml sonicated E. coli
DNA), centrifuged at 16,000 rpm for 1 min and the supernatant was removed. Fifty
microliters of each of the first stage PCR mixes was added to the washed beads. To
this, 100 ul of Buffer A was added and the solution mixed by inversion for 10 min at
room temperature. Each reaction was centrifuged as before and the supernatant was
discarded. To the opaque agarose-streptavidin-biotin-DNA pellet was added 500 pl of
Buffer B (10 mM Tris-HCI pH 8.0/1 mM EDTA/50 mM NaCl), the beads mixed by

inversion several times and centrifuged as before. The supernatant was again discarded.

These latter steps were repeated two to four times. After the final centrifugation step,
the agarose beads were resuspended in 100 ul dH2O. After mixing well, 10 pl of this
selected DNA was then used for a second round of PCR as described for Alu-tRNA
PCR (sec:ion 2.6.3) and Linker PCR (section 2.6.4).

2.6 Isolation of human tRNA gene sequences
2.6.1 (RNA PCR

PCR was carried out in a total volume of 100 ul using approximately 1 ug of
total human genomic DNA. The tRNA gene-specific primers were used at a final
concentration of ~2 uM in 70 mM Tris-HCI (pH 8.8 at 25°C); 2 mM MgCly; 0.1%
Triton X-100; 250 uM each dNTPs, and 1 unit of Taq DNA polymerase (Bochringer

Mannheim). Samples were overlayed with 50 ul of light mineral oil to prevent
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evaporation. PCR was performed for 30 cycles of 94°C denaturation (30 sec), 58°C

annealing (1 min), and 74°C extension (3 min). Primers were synthesized on an

Applied Biosystems DNA synthesizer (model 381A or 391EP) and were used in

reactions directly after deprotection and reprecipitation from 70% ethanol. Primer

sequences used for PCR are as follows:

(1) (RNATyr:

(2) tRNAPhe;

(3) tRNALys;

(4) (RNATw;

(5) tRNAMet;

(6) tRNAAs:

LTyr-CCTTCGATAGCTCAGCTGGTAGAG
RTyr-TCCTTCGAGC(C/T)GGAAT(C/T)YGAACAG
LPhe-GCCGAAATAGCTCAGTTGGGAGAG
RPhe-TGCCGAAACCCGGGAT(C/T)GTTCCTG
LLys-GCCCGGATAGCTCAGTCGGTAGAGC
RLys-CGCCCGAACAGGGACTTGAACCCTG
LTrp-GACCTCGTGGCGCAACGGTAGC
RTrp-TGACCCCGACGTGATTCGAACACG
LMet-GCCTGGTTAGCGCAGTAGGTAGCG
RMet-TGGTGCCCCGTGTGAGGATCGAAC
LArg-GTCTCTGTGGCGCAATCGGTT
RArg-CGTCCCTGGGTGGGCTCGAAC

Mixed sites in the PCR primers represent positions of known polymorphisms.

PCR was done using each of the primers individually or with the other cognate

tRNA gene-specific primer as indicated in Figure 8. After PCR, the mineral oil was

removed by extracting with 50 ul chloroform. Amplification products were precipitated

with ethanol and the DNA subsequently redissolved in 50 ul TE buffer (10 mM Tris-

HCI, pH 8.0/ 1 mM EDTA). A 5 ul aliquot of each PCR product was used for

electrophoresis in 2% agarose gels. DNA was transferred to nylon membrane as

previously described and hybridized to one or both of the primers used in the original

PCR to detect amplification products that contain the primer binding sites and also, to

discriminate between those amplification products that contain a complete tRNA gene



Figure 8 - tRNA PCR primer diagram.

This diagram shows the tRNA gene sequence for (a) tRNAPhe, (b) t(RNALYs, (c)
tRNATYr, (d) tRNAT™, () tRNAH:S, (e) tRNALMe, and (f) a tRNAA™E and the
sequence of primers used for tRNA PCR for these tRNA gene families. Arrows
indicate the orientation of each tRNA gene specific primer sequence (5' to 3') for each
tRNA. Small solid lines indicate the anticodon region of each tRNA gene coding
sequence. Each primer flanks the gene region that is expected to contain the intron
sequence, if present (e.g. tRNATY). Known polymorphisms for tRNA or tRNA gene
sequences are not shown. The possible tRNA gene sequences shown for tRNATP:
tRNAHis, and tRNAA'2 are based on the sequences for the tRNAs isolated from mouse
or bovine sources. A possible tRNA,Met genc: sequence is based on the humarn tki’A
sequence. The 5’ terminal G shown for tRNAHs and the 3’ terminal CCA shown for
tRNAMet and tRNAAT2 are added post-transcriptionally. Sequences are from Sprinzl et

al., 1987.
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a) tRNA

R-Phe

GACCAAGTTAGGGCCCAAAGCCGT
GCCGAAATAGCTCAGTTGGGAGAGCGTTAGACTGAAGATCTAAAGGTCCCTGGTTCAATCCCGGGTTTCGGCA

***************************************t****t**ki***tﬁ***t***ti*t***ﬁ*ﬂii

CGGCTTTATCGAGTCAACCCTCTCGCAATCTGACTTCTAGATTTCCAGGGACCAAGTTAGGGCCCAAAGCCGT
GCCGAAATAGCTCAGTTGGGAGAG

L-Phe

b) tRNA "

R-Lys

— GTCCCAAGTTCAGGGACAAGCCCGC
GCCCGGATAGCTCAGTCGGTAGAGCATCAGACTTTTAATCTGAGGGTCCAGGGTTCAAGTCCCTGTTCGGGCE

Hk K K kKKK IR AR R AR AR A KKK AN A AR AR KA X A KKK AR AR AR KA R AR AR A K KA KR AR ARA KA RAA KK A A
CGGGCCTATCGAGTCAGCCATCTCGTAGTCTGAAAAT TAGACTCCCAGGTCCCAAGTTCAGGGACAAGCCCGE
GCCCGGATAGCTCAGTCGGTAG?EE

L-Lys

¢) tRNA "

— |€—— Intron — |
CCTTCGATAGCTCAGCTGGTAGAGCGGAGGACTGTAGACTGCGGGAAACGTTTGTGGAC

*********************************************t*****tt****k*****t*

GGAAGCTATCGAGTCGACCATCTCGCCTCCTGACATCTGACGCCCTTTGCAAACACCT
CCTTCGATAGCTCAGCTGGTA%:E

L-Tyr
< R-Tyr

GACCAAGTTAAGGCCGAGCTTCCT
ATCCTTAGGTCGCTGGTTCAATTCCGGCTCGAAGGA

KK AR A AR AR R AR R AR KR AR AR A A AR AR AR AR AANRARRA KRN A AR

TAGGAATCCAGCGACCARGTTAAGGCCGAGCTTCCT
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d) tRNA ™™

R-Trp
GCACAAGCTTAGTGCAGCCCAGT
GACCTCGTGGCGCAATGGTKGCGCGTCTGACTCCAGATCAGAAGGTTGCGTGTTCGAATCACGTCGGGTCA

LR R T P T T E R R R g R R L R g R P R P R R R g pngegng
CTGGAGCACCGCGTTACCATCGCGCAGACTGAGGTCTAGTCTTCCAACGCACAAGCTTAGTGCAGCCCAGT

GACCTCGTGGCGCAACGGTAGC
4>
L-Trp

His
¢) tRNA
R-His
GAGCCAAGCTTAGGCTCAGTGCCGT
GCCGTGATCGTATAGGGGTTAGTACTCTGCGTTGTGGCCGCAGCAACCTCGGTTCGAATCCGAGTCACGGCA

KA KA R A A KA A AR KA AR AR AR R AR R A AR R R A A AR R R AR A AR AR KNI AN AR AR KRR AR R R AR AR AR AR AR KAk *

CGGCACTAGCATATCCCCAATCATGAGACGCARCACCGGCGTCGTTGGAGCCAAGCTTAGGCTCAGTGCCGT
GCCGTGATCGTATAGGGGTTAGT?E

L-His

f tRNA™

< R-Met
CAAGCTAGGAGTGTGCCCCGTGGT
GCCTCGTTAGCGCAGTAGGTAGCGCGTCAGTCTCATATCTGAAGGTCGTGAGTTCGATCCTCACACGGGGCACCA

LA R R R ER R R RS R LR R R R Y Y Y R R R R R e I

CGGAGCAATCGCGTCATCCATCGCGCAGTCAGAGTATAGACTTCCAGCACTCAAGCTAGGAGTGTGCCCCGTGGT
GCCTGGTTAGCGCAGTAGGTA%EE

L-Met

g) tRNA ™
R-Arg
am— GTCCARGCTGAGGACCGACCGAGC
GGGCCAGTGGCGCAATGGATAACGCGTCTGACTACGGATCAAAGATTC TAGGTTCGACTCCTGGCTGGCTCGCCA

ARAK R AR AR R AR R A R AR A A AR R AR R A R R A A AR AR AR AR A AR R KA A AR A AR AR AR AR AR A kA AR ARk kkkk

CCCGGTCACCCCGTTACCTATTGCGCAGACTGATGCCTAGTCTTCTAAGATCCAAGCTGAGGACCGACCGAGCGGT
GGGCCAGTGGCGCAATGGATAGC

L-Arg
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sequence and those which contain tRNA-like sequences or partial tRNA gene
sequences. Human-pUC118 recombinants which contain DNA fragments derived
from tRNA PCR for the tRNAPhe and tRNATY gene families were given the root
designations pHf (pHf1-39; pHf7-30; pHf7-31) and pHy (pHy6; pHy8; pHy9; pHy10;
pHy15; pHy17; pHy20), respectively.

To determine if the various fragments isolated by tRNA PCR for the tRNATYr
gene family were artifacts, PCR was performed using primers that were specific for the
intron sequences found in pHy6, pHy10, pHy15 and pHy20, and a second primer that
was common to the intergenic flanking region. The sequences of the primers used are:

Tyr3-TGTAGCTACTTCCTCAGCAGGA (pHy10/20 introns)
Tyrd-TGTAGATTGTACAGAAATTTGC (pHy®6 intron)
Tyr5-ATGTCTCCTGCTGAGGAAGTAG (pHy!10 intron)
Tyr6-ACTGTAGGGGTTTGAATGTGGC (pHy15 intron)
Tyr7-CGATGACTTATGGCACTTTCC (intergenic primer)
Tyr8-CGCCTTGTCTCCATAACATTG (intergenic primer)
Tyr9-CGGGCCCGAGTCACACAGGA (intergenic probe)
PCR was done under standarc. conditions, using either human genomic DNA or
plasmid DNA as the template. Approximately 1 ug (human DNA) and 1 ng (plasmid
DNA) were used. The combinations of primers and template DNA used in PCR are:
(1) Tyr3+Tyr7/human DNA, (2) Tyr3+Tyr7/pHy20 DNA,(3) Tyr4+Tyr7/human
DNA, (4) Tyr4+Tyr7/pHy6 DNA. (5) Tyr5+Tyr7/human DNA, (6) Tyr5+Tyr7/pHy15
DNA, (7)Tyr6+Tyr8/human DNA, and (8)Tyr6+Tyr8/pHy10 DNA. Twenty
microliters from each reaction was fractionated on a 1% agarose gel. DNA was

transferred to nylon membrane and hybridized to end labelled Tyr9 DNA.
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2.6.2 Inverted PCR
Approximately 1 pg human genomic DNA was digested with Cfol, Haell,

HinP1, Hpall or HindlII and then diluted serially 10-fold from 100 to 10-5 in 10 yl final
volume. Five microliters of each dilution was used in a ligation reaction using 1 unit

T4 DNA ligase for ~16 hr at room temperature (20 pl final reaction volume). Ten

microliters of each ligation reacu: “in a PCR, as previously described for
tRNA PCR, using primers that we: + fur the conserved regions of tRNAPhe |
tRNAT®, or tRNAHS genes. ine ... . of the primers used for inverted PCR are:

(1)tRNAPhe  JL-Phe: CTCCCAACTGAGCTATTTLGGC,
IR-Phe: AAGATCTAAAGGTCCCTGGTTC,

(QMRNATP  IL-Trp: GCGCTACCATTGCGCCACGAGGT,
IR-Trp: CTCCAGATCAGAAGGTTGCGTGTTC,

(3RNAHis  ]L-His: GTACTAACCACTATACGATCACGGC,
IR-His: TTGTGGCCGCAGCAACCTCGGT,

The 5' gene-specific primer for each tRNA gene family starts in the distal region
of the dihydrouridine stem and ends at the 5' terminus of the tRNA gene. The 3' gene-
specific primer starts around position 33 of the anticodon loop region and ends in the
pseudouridine loop (see Figure 9). Primers were oriented in opposite directions and
should only serve as amplification primers if the template DNA was circularized during
the ligation step. Amplification products of tRNA genes using this arrangement of
primers would have the 3' terminal conserved gene sequence incorporated as directed
by the template DNA and would thus serve as means of identifying true tRNA gene
amplification. These inverted primers would also serve as PCR primers if the tRNA

genes occurred as tandem repeats.



Figure 9 - Inverted PCR primer diagram.

This diagram shows the tRNA gene coding sequences for (a) tRNAPhe, (b) (RNAT,
and (c) tRNAH and the sequence of primers used for inverse PCR for these tRNA
gene families. Arrows indicate the orientation of each tRNA gene-specific primer
sequence (5’ to 3") for each tRINA. Small solid lines indicate the anticodon region of
each tRNA gene coding sequence. The regions between the 5' ends of each primer
should not be included in the amplification products. Additionally, the 3' gene-specific
primer does not include the last ~16 nt of coding sequence, which should serve as a
control for amplification from complete tRNA genes. A probe specific for the terminal
3' region was used to hybridize to amplification products from PCR using these
primers. Any fragments containing this region of the tRNA gene must be derived from

the template encoded gene sequence. Sequences are from Sprinzl et al., 1987.
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a) tRNA Phe

IL-Phe
S 51
CGGCTTTATCGAGTCAACCCTC

o
GCCGAAATAGCTCAGTTGGGAGAGCGTTAGACTGAAGATCTAAAGGTCCCTGGTTCAATCCCGGGTTTCGGCA
bbbl ddd ittt it i i R L L T N T T T T T L T I ririntvirdrdnininidrirdrar

CGGCTTTATCGAGTCAACCCTCTCGCAATCTGACTTCTAGATTTCCAGGGACCAAGTTAGGGCCCAAAGCCGT
AAGATCTAAAGGTCCCTGGTTC
5

IR-Phe

b) tRNAT™P

IL-Trp
< 5¢
TGGAGCACCGCGTTACCATCGCG ——
GACCTCGTGGCGCAATGGTAGCGCGTCTGACTCCAGATCAGAAGGTTGCGTGTTCGAATCACGTCGGGTCA

***********************************************************************
CTGGAGCACCGCGTTACCATCGCGCAGACTGAGGTCTAGTCTTCCAACGCACAAGCTTAGTGCAGCCCAGT
CTCCAGATCAGAAGGTTGCGTGT&

IR-Trp

5

¢ tRNA His

IL-His
- 5
CGGCACTAGCATATCACCAATCATG

N —
GCCGTGATCGTATAGGGGTTAGTACTCTGCGTTGTGGCCGCAGCAACCTCGGTTCGAATCCGAGTCACGGCA
bl bl laidddddbddidddad ittt it L L T L T T T T T Tttt bt

CGGCACTAGCATATCCCCAATCATGAGACGCAACACCGGCGTCGTTGGAGCCAAGCTTAGGCTCAGTGCCGT
TTGTGGCCGCAGCAACCTCGGT

IR-His




After PCR, the mineral oil was removed and the DNA ethanol precipitated. The
DNA was redissolved to 100 ul in TE buffer. Ten microliters was used for
electrophoresis on 1.5% agarose gels and the DNA transferred to nylon membranes.
DNA from each set of PCRs was hybridized with an oligonucleotide which was
specific for a region of the tRNA sequence that was not contained in either of the primer
sequences used for the PCR (e.g. RPhe, RTrp, RHis). Amplification products from
inverted PCR for the tRNAPhe gene family (Cfol, HinPl, and Haell samples) were
cloned into the HinclI site of pUC118 (donated by J. Vieira). Recombinants were
subsequently screened by colony hybridization with 5’-end labelled RPhe (see section
2.6.1-tRNA PCR for oligonucleotide description). Positively hybridizing
recombinants were used for sequence analysis. The plasmid designation for
recombinants obtained from these experiments was pCfo, pl{ae and pHnp.
In order to reconstitute the correct orientation of DNA sequences as contained in
the human genome, PCR was performed on human DNA, using primers which were
oriented in non-overlapping directions based on the sequence for pHnp4 and pHnp12.
These recombinants contain fragments from inverted PCR for the tRNAPhe gene family
which exhibit the restiiction recognition sequence [GLCGC] of the enzyme (HinPl)
used in the original digestion step. Primers were positioned flanking the restriction
recognition site. The primers used for each PCR are:
Hnp4-L:CAGTGATAGTTTACTCAGGAG
Hnp4-R:TCGCTCCTGGGGGTGTGTTAG
Hnp12-L:ATCCCACCTACTGGAAGAGAC
Hnp12-R:GCTGTGTTGAAGGAGTGACAA

Amplification products were fractionated on a 1.5% agarose gel and transferred to

nylon membrane. This was hybridized with 5’-end labelled IR-Phe (which is specific

for the 3° region of the tRNAPhe gene sequence).

(98]
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2.6.3 Alu-tRNA PCR

A two stage PCR using Alu repeat sequence-specific primers and tRNA gene-
specific primers for tRNAPhe and tRNALYs genes was performed following the PCR
protoco! previously described for tRNA PCR except that the extension time at 72°C-
74°C was increased to 5 min.

The tRNAPhe gene-specific primers are as follows:

b-L.Phe: biotin - Cg linker - (GCCGAAATAGCTCAGTTGGGAGAGCTT
AGACTGAAGATC)

LPhe: (GCCGAAATAGCTCAGTTGGGAGAG)

b-RPhe: biotin - Cg linker - (TGCCGAAACCCGGGATCGAACCAG)

RPhe: (TGCCGAAACCCGGGATCGAACCAG)

The tRNALYS primers are as follows:

b-LLys: biotin - Cg linker - (GCCCGGATAGCTCAGTCGGTAGAGCAT
CAGACTTTTAATC)

LLys: (GCCCGGATAGCTCAGTCGGTAGAGC)

b-RLys: biotin - Cg linker -(CGCCCGAACAGGGACTTGAACCCTG)

RLys: (CGCCCGAACAGGGACTTGAACCCTG)

The Alu specific primers are:

Alul: (CTCCCAAAGTGCTGGGATTACAGG)

Alu2: (CCTGTAATCCCAGCACTTTGGGAG)

Alu3: (IC/TIG/AICCAICTITGCACTCCAGCCTGGG)

Alud: ([C/TI[G/AJCCCAGGCTGGAGTGCAG/ATGG)

The non-biotinylated oligonucleotides were synthesized on an Applied
Bicxystems DNA Synthesizer model 381A or 391EP and were used directly after
synthesis without chromatographic purification. Biotinylated primers were purified by
passage through & Sephadex G-50 column and elution in low salt conditions.

In the first stage PCR, Alu-specific primers and biotinylated tRNA gene-

specific primers were used with human genomic DNA as the template. Primer



combinations used were as follows: (1)b-LPhe + Alul, (2)b-LPke + Alu2, (3)b-LPhe
+ Alu3, (4)b-LPhe + Alu4, (5)b-LLys + Alul, (6)b-LLys + Alu2, (7)b-LLys + Alu3,
(8)b-LLys + Alu4. Additionally, control PCR reactions with only one Alu primer
{Alul/Alu2/ Alu3/Alud) were gerformed to check {or non-specific amplification of
tPNA sequences contained between two Alu sequences. Samples v. 2re overlaid with
50 ul light minera! oil to prevent evaporation and PCR was performed for 30 cycles at
94°C (30 sec): 56°C {1 min): 72°C (5 min).

After cornpletion of the first PCR step, the samples were extracted with 50 pl
chloroform and each sample ethanol precipitated. The amplification products were
dissolved in 100 ul dH,0, of which 50 ul was saved for further characterization, and
the remaining 50 pl used for the streptavidin selection step and the subsequent second
round of PCR using non-biotinylated primers. The primers used for this PCR were
similar to the first set except that non-biotinylated primers were used (e.g. LPhe [b-
LPhe|, LPhe [b-LPhe], LLys [b-LLys], LLys [b-LLys]) to allow possible cloning of
the amplification products. The parameters for this round of PCR were the same as
those used for the first round. After PCR, each sample was extracted with 50 ul
chloroform and the samples were precipitated with ethanol. Each sample was
redissolved to 100 ul with TE buffer (10 mM Tris-HCI pH 8.0/t mM EDTA). A il
aliquot of each set of PCR products (unselected vs selected} was fractionated by
electrophoresis on a 2% agarose gel. DNA was transferred to nylon membranes for

hybridization with the 3’ gene-specific oligonucleotides.

2.6.4 Linker PCR

Human genomic DNA was digested with restriction enzymes that generate
blunt ends (e.g. Alul, EcoRV, Haelll, Hpal, Rsal, Smal, or Sspl). The
oiigonucleotides Plinkerl-(GAAGCTTGGATCCGTCGACGAATTC) and Plinker2-
(GAATTCGTCGACGGATCCAAGCTTC) were heated to 94°C for 3 min then slowly

35
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cooled to room temperature to allow annealing of these complementary
oligonucleotides. Ligation of linkers was performed using 1 unit of T4 DNA ligase for
16 hratr. .1 temperature at an estimated molav - ‘o of 5:1 of the annealed linkers to
the estimated number of DNA ends based on the average length of fragments generated
for a given restriction digest of human genomic DNA. Amplification from human
genomic DNA was done using a tRNA gene-specific primer and a second primer
specific to a primer binding site that was provided by the ligation of linkers. In order to
provide additional specificity of amplification, a two stage PCR involving biotinylated
tRNA gene-specific primers was performed. The biotinylated amplification products
were selected using streptavidin-agarose and a second PCR done using either a non-
biotinylated tRNA gene-specific primer with a sequence similar to the biotinylated
primer or with a nested primer (i.e. the same primers used for inverted PCR for a given
tRNA gene family) that was specific to a region internal to the first tRNA gene-specific
primer.

The first stage PCR was performed using the primer combinations: (1) b-LPhe
+ Plinkerl, and (2)b-RPhe + Plinkerl. Each reaction was extracted with 50 ul
chloroform and the amplification products ethanol precipitated. DNA was then
redissolved to 100 pl in TE buffer of which 50 ul was used for streptavidin selection.
After streptavidin selection, a second round of PCR was performed using the
appropriate amplification reactions from the first round PCR and the primer
combinations: (1) LPhe + Plinkerl and (2) RPhe + Plinkerl. For those second stage
PCR reactions involving nested primers, the following primer combinations were used:
(1) IL-Phe + Plinkerl, and {2) IR-Phe + Plinkerl. The nested primer IL-Phe was used
on those PCR amplification products generited using RPhe whereas the nested primer

IR-Phe was used on amplification products generated from PCR using LPhe.
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2.7 Cloning and screening of PCR amplification products

DNA segments generated by PCR were cloned directly into the Hin:lIl site of
pUC118. Recombinant plasmids were transformed into Escherichia coli strains JM83
or MV1193. Plasmid containing cells were grown and selected on 2X YT + ampicillin
(~100 mg/L) agar plates (Vieira and Messing, 1987). Initial screening for recombinant
plasmids was performed by growing the cells in the presence of IPTG and X-gal. The
presence of white colonies was indicative of an insert that disrusted the lacZ' gene.
Screening of large numbers of transformants for tRNA gerc-containing inserts was
done using a modified colony lift procedure (Grunstein and Hogness, 1975). Duplicate
plates of recombinant DNA-containing cells were grown on 2x YT+ amp plates and on
nylon membranes (Hybond 'N'/Amersham) placed on 2x YT + amp plates. After
growing at 37°C overnight, cells were lysed directly on the nylon membranes by
placing the membranes in 0.5 M NaOH for 5-10 minutes, two washes in 1 M Tris-HCl
buffer (pH 8.0) for 2 minutes, once in 0.5 M Tris-HCI, pH 8.0; 1.5 M NaCl for 3
minutes and finally the membranes were washed in 2x SSPE for 15 minutes. Cell
debris was carefully removed and the membranes were baked under vacuum at 80°C
for 2 hr. Screening for recombinants which contain inserts was done by hybridizing
either one or both of the PCR primers to the membranes. Alternatively, when suitable
primers existed that were contained within the amplifiable DNA segment but found
outside the regions covered by the PCR primers, these were used as hybridization
probes. Positively hybridizing transformants were picked and grown overnight at 37°C
in 3 ml 2x YT + ampicillin broth. Plasmid DNA was isolated using the alkaline lysis
method of Birnboim (1983). DNA was fractionated electrophoretically on (.75%

agarose gels, transferred to nylon membrane and again hybridized to tRNA gene-

specific probes.
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2.8 DNA sequencing

The complete sequence of tRNA containing clones was determined in both
directions by double stranded sequencing (Chen and Seeburg, 1985) using the dideoxy
chain termination method as described by Sanger et al., (1977). Radioactive
sequencing products were separated on 6% polyacrylamide gels (38:2, acrylamide:N,
N'-methylene bisacrylamide; 8.3 M urea) using TEB runring buffer (60 mM Tris, 60
mM boric acid, and 1.2 mM EDTA). Autoradiography of labelled DNA bands was
performed for 8-16 hrs at -20°C using Kodak X-omat AR film. Alternatively, double
stranded plasmid DNA was sequenced using fluorescent dye-terminators according to
the manufacturer’s suggestions (Applied Biosystems Ltd.). Fluorescent sequencing
products were then separated and analysed on the Applied Biosystems model 373A
DNA sequencer. Sequencing results were further analyzed using the DNAstar DNA

analysis software (DNAstar Inc.)



3. RESULTS

3.1 Standardization of hybridization conditions

3.1.1. Oligonucleotide hybridization: No signal was detected when the Tyrl
DNA probe was hybridized to human genomic DNA at 45° or 48°C, . However, when
the hybridization was repeated at 42°C, faint bands were visible after an exposure time
of 5 days to X-ray film (data not shown). Direct examination of the autoradiograph
showed that at least 12 bands are visible in the EcoRI digests of human DNA, while a
lesser number is visualized in the other lanes. There was no detectable hybridization of
an oligonucleotide (Tyr2), containing a single nt mismatch (C—T) relative to position
16 of the tRNATY gene sequence, under any conditions examined. The single nt
difference between Tyrl and Tyr2 was positioned at the center of the oligonucleotides
to maximize the disruptive effect on hybridization to mismatched sequences within the
genome. These probes were designed to allow competitive hybridization between the
two oligonucleotides (Tyrl and Tyr2) to allow specific detection of tRNATY" genes
which contained this polymorphism. Alternatively, diminished specific hybridization
of Tyr2 in the presence of unlabelled Tyrl might be interpreted to mean that this
polymorphism seen in the tyrosine tRNAs (at position 16) is due to post-transcriptional
modification. However, the weak hybridization results seen for both probes prevents
conclusions to be drawn. Moreover, while the detection of tRNATY" gene-containing
fragments in human genomic DNA was possible under these conditions, the low signal
seen prevents the use cf oligonucleotide probes for the detection of specific loci in
mouse-human somatic cell hybrid DNA preparations, where the number of human

target sequences would be considerably seduced.

3.1.2. M13 Primer Extension: The M13 primer extension probe preparation
method was examined to determine whether the specific activity of radiolabelled tRNA

gene-containing DNA fragments could be increased to lessen the exposure time
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required for the detection step. Figure 10 shows the results of hybridization of a ~400
bp tRNALYs gene-containing probe (Mspl fragment from AHt7; Doran et al., 1987) to
huma.. genomic DNA at 45° and 60°C. At 45°C, there is significant background
hybridization that tends to obscure the specific signal seen due to hybridization of this
probe to the 8.8 and 9.4 kb bands seen in EcoRI and HindIII digests, respectively.
The background smear seen under these conditions may be the results of hybridization
of repeated sequences contained within the probe insert sequence or, alternatively, it
may be due to sequences in M13 DNA that are complementary to repeated sequences
found wi:hin the human genome (Vassart et al., 1987). When the temperature of
kybridization was increased to 60°C, the non-specific hybridization signal decreased
drastically. By increasing the stringency of hybridization for this probe it was possible
to detect specific sequences in human genomic DNA preparations, however the specific
activity of the probe appeared not to be sufficient to allow detection of a strong positive
signal within a reasonable time. Intermediate temperatures may have yielded better

results, but these were not examined.

3.1.3. Random Primer Extension Method: The random primer probe
preparation method of Feinberg and Vogelstein (1983, 1984) was subsequently
examined. Samples of DNA labelled by random primer extension were passed through
a Sephadex G-50 column, and 1 pl aliquots were removed for scintillation counting,
The specific activity of probes labelled using this method was estimated to be 1-5 X 108
cpm/ug, assuming 30 ng of DNA was used per reaction.

Figure 11 shows the hybridization of a 610 bp tRNAG" gene-containing probe
(from AHt4: EcoRI fragment; Roy et al., 1982) to human genomic DNA at 50° and
65°C. Again, as was seen with the M13 primer extension method, hybridization at the
less stringent temperature of 50°C resulted in a significant amount of background

hybridization, however the intensity of the specific hybridization was noticeallly



Figure 10 - Hybridization of a human-M13 recombinant (52-4) to human
genomic DNA.

Hybridization was performed at 45°C or 60°C to DNA digested with EcoRI (lane A) or
HindII (lane B). The M13 recombinant 52-4 contains a ~400 bp Mspl fragment,
encompassing a tRNALYs gene found ca pHt7-1 (Doran et al., 1987). Probe DNA was
prepared by the M13 primer extension method. Membranes were washed at the same
temperature at which hybridization was perfonmed and were exposed to X-ray film for

3 days using a Lightning Plus intensifying screen.
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Figure 11 - Hybridization of a human tRNAG!n gene probe to human
genomic DNA.

Hybridization was performed at 50° or 65°C to DNA digested with BamHI (lane A),
BglII (1ane B), EcoRI (lane C), or HindIll (lane D). The probe used for these
hybridizations was a 610 bp EcoRI fragment, containing a single tRNAGIn gene and its
flanking sequence, isolated from AHt4. Probe DNA was prepared by random primer
extension. Membranes were washed at the same temperature at which hybridization
was performed and were exposed to X-ray film for 3 days using a Lightning Plus

intensifying screen.
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stronger. When the temperature of hybridization was increased to 65°C the
background hybridization was significantly reduced while a relatively strong specific
signal was still detectable in two of the four lanes.

The effect of probe length/composition on hybridization is shown in Figure 12.
From this it can be seen that the hybridization to specific sequences within the human
genome can be increased by increasing the probe length (thus increasing the amount of
unique flanking sequence contained within the probe). A 72 bp probe containing only
the gene coding sequence for tRNAGI exhibited a strong degree of hybwidization to
alternate sequences within the human genome as compared to the hybridization of » 610
bp probe containing the tRNAGIn gene plus the flanking sequence surroutiding this
gene. The size of the fragments showing the strongest hybridization intensity in the
BamHI and Bgl1l digests of human DNA when probed with the 610 bp probe agree
with that expected based on the restriction map for AHt4. Hybridization to the expected
fragment (610 bp) in the EcoRI digests is only weakly detectable, as is also observed
for the hybridization to human DNA digested with Hindl}l. Differences in results for
the hybridization of this probe to genomic DNA shown in Figure 11 and Figure 12 are
probably due to the use of dextran sulfate in the latter hybridization. A 105 bp probe
containing the tRNAGIn gene and a smaller subsection of the 5'-flanking sequence also
demonstrated a considerable amount of non-specific hybridization. Importantly, the
most intense bands visualized when hybridized with these three similar probes was not
the same. Presumably, the increased specificity of hybridization for the longer probe is
due to the effect of the unique flanking sequence. From these results it was decided
that the longer probes were most suitable for the purposes of hybridization to

chromosomal mapping panels.
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Figure 12 - Effect of flanking sequence on the hybridization of human
tRNAGIn gene specific probes to human genomic DNA.

DNA was digested BamHI (lane A), Bg/lI (lane B), EcoRI (lane C), or HindIII (lane
D). The left panel shows the results of hybridization for a 72 bp DNA fragment
containing only the human tRNAGI" gene seguence. The middle panel shows the
results of hybridization for a 105 bp Rsal-HindIlI fragment containing a human
tRNACIR gene plus 33 bp of 5' flanking sequence isolated from AHt4. The right panel
shows the results of hybridization for a 610 bp EcoRI fragment containing a single
human tRNASCIm gene plus 538 bp of flanking sequence (5' + 3") isolated from AHt4.
Probe DNA was labelled by random primer extension. Hybridizations were performed
at 65°C in hybridization solution plus 10% dextran sulfate (w/v). Membranes were
washed - 95°C and were exposed to X-ray film for 3 days in the presence of a

Lightning Plus intensifying screen.
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3.1.4. Hpybridization to Mouse and Human Genomic DNA: The greatest
proportion of DNA in the chromosomal mapping panels is of mouse origin. It was
therefore necessary tc determine whether the probes used for the detection of human
tRNA genes would detect sequences within the mouse genome, and if similar
sequences were present, whether restriction fragment length polymorphisms w: ld
allow the distinction of hybridization to human or mouse sequences.

Genomic DNA isolated from human and mouse sources was digested with
various restriction enzymes and was size fractionited on 0.8% agarose gels. After
transferring the DNA to nylon membranes, the blots were hybridized under very
stringent conditions (e.g. 68°C hybridization/65-68°C wash in 0.2x SSPE) wi::
probes specific for human tRNA gene loci. The results of these hybridizatins are
shown in Figures 13 to 19. In all cases it was possible to discern differences in
hybridization be:weer the human and mouse DNA samples. In those examples whe-.
ihere were significant signals observed in the mouse DNA lanes, the signals were
associated with different lengths of DNA, thu+: :naking determination of the human-
specific hybridization event possible. This was most noticeable for the AHt4 specific

probe that contains a single glutamine tRIA gene (linked to genes for tRNALys and

tRNALew), The strong specific hybridization to mouse genomic DNA observed for this

probe may mean that there kas been very little evolutionary divergence at this locus
between human and mouse DNAs. Alternatively, multiple copies of a homologous
DNA segment may be present in the mouse genome. This fragment of human DNA
had previously exhibited unusual hybridization as observed in a study oi the effect of
probe length (sce Figure 12). This probe also demonstrated extremely strong
hybridization to lambda DNA (at 50°C plus 50% formamide) when care was taken to
ensure that the probe DNA was not contaminated witi vector DNA (data not shown).
While it may be possible that the probe DNA was contaminated with vecior DNA that

was homologous to some lambda sequences, it is also possible that the tRNA gene or

68



Figure 13 - Hybridization of a AHtM2 (tRNATr) specific probe to human
and mouse genoinic DNA,

All DNA semples were dig ~t+ v .th BamHI (A), EcoRI (B), or Hindlil ().
Hybridiz:ion of a ~500 bp Syl -» .+ ment, containing a single human t(RNATYr gene
plus flanking sequence isolated from AHtM2, to human genomic DNA (lanes Al, B1,
C1), Balb/C mouse geue -« DNA (lanes A2, B2, C2) or C3H mouse genomic DNA
(lanes A3, B3, C3) was done at 68°C in a modified :ybridization solution containing
10x Denhardt’s solution, 6X SSPE, and 7% SDS (w/v). Probe DiNA was labelied by
random primer extension. The membrane was washed twice at ~65-65"C in (0 2x
SSPE, 0.1% SDS washing solution and was then exposed to X-ray film for --3 days in

the preser.ce of a Lightning Plus intensifying screen at -80°L.
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Figure 14 - Hybridization of a AHtM4 (tRNATST) specific probe to human
and mouse genomi~ DNA.

All DNA samples were digested with BamHI (A), EcoRI (B), or Hindlll (C).
Hybridization of a ~80C bp DNA fragment, containing a single human tRNATY" gene
plus flanking sequence isolated from AHtM4, to human genomic DNA (lanes Al, B1,
C1), Balb/C mouse genomic DNA (lanes A2, B2, C2) or C3H "nouse genomic DNA
(lanes A3, B3, C3) was performed at 68°C in a modified hybridization solution
containing 10X Denhardt’s solution, 6% SSPE, and 7% SDS {w/v). Probe DNA was
labelled by random primer extension. The membrane was washed twice at ~65-68°C in
0.2x SSPE, 0.1% SDS washing solution and was then exposed t A -ay film for ~3

days in the presence of a Lightning Plus intensifying screen at -80°C.
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Figure 15 - Hybridization of a AHtM6 (tRNATyr) specific probe to human
and mouse genomic DNA.

All DNA saniples were digested with BamH1 (A), EcoRI (B), or HindlIl1 (C).
Hybridization of a ~600 bp EcoRI/Sphl DNA fragment, containing a single human
tRNATY" gene plus flanking sequence isolated from AHtMS6, to human genomic DN A
(lanes A1, B1, C1), Balb/C mouse genomic DNA (lanes A2, B2, C2) or C3H mouse
genomic DNA (lanes A3, B3, C3) was performed at 68°C in a modified hybridization
solution containing 10X Denhardt’s solution, 6x SSPE, a1 7% SDS (w/v). Probe
DNA was labelled by random primer extension. The membrane was washed twice at
~65-68°C in 0.2x SSPE, 0.1% SDS washing solution and was then exposed to X-ray

film for ~3 days in the presence of a Lightring Plus intensifying screen at -80°C.
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Figure 16 - Hybridization of a AHt4 (tRNAGIn, {RNALev (RNALys)
specific probe to human and mouse genomic DNA.

All DNA samples were digested with BamHI (A), EcoRI (B), or Hi, &1 (C).
Hybridization of a 610 bp EcoRI DNA fragment, containing a single human tRNAGIn
gene plus flanking sequence isolated from AHt4, to human genomic DNA (lanes A1,
B1, C1), Balb/C mouse genomic DNA (lanes A2, B2, C2) or C3H mouse genomic
DN A (lanes A3, B3, C3) was performed at €2°C in a modified hybridization solution
containing 10X Denhardt’s solution, 6x SSPE, and 7% SDS (w/v). Probe DNA was
labelled by random primer extension. The membrane was washed twice at ~65-68°C in
0.2x SSPE, 0.1% SDS washing solution and was then exposed to X-ray film for ~4

days in the presence of a Lightning Plus “ntens: fving screen at -80°C.
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Figure 17 . Hybridization of a AHt7 (tRNAPhe, tRNALYs) specific probe
to human and mouse genomic DNA.

All DNA samples were digested with BamHI (A), EcoRl (B), or HindllI (C).
Hybridization of a ~300 bp DNA fragment, contairing a single human tRNAPhe gene
plus flanking sequence isolated from AHt7, to human genomic DNA (lanes Al, BI,
C1), Balb/T mouse genomic DNA (lanes A2, B2, C2), or C3H mouse genomic DNA
(lanes A3, B3, C3) was performed at 68°C in a modified hybridization solution
contziniag 10X Denhardt’s solution, 6x SSPE, and 7% SDS (w/v). Probe DNA was
labelled by random primer extension. The membrane was washed twice at ~65-68°C in
0.2x SSPE, 0.1% SDS washing solution and was then exposed to X-ray film for ~4

days in the presence of a Lightning Plus intensifying screen at -80°C.,
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Figure 18 - Hybridization of a AHt8 (tRNAGY) specific probe to human
and mouse genomic DNA.

All DNA samples were digested with BamHI (A), EcoR1 (B), or HindlII (©).
Hybridization of a 545 bp DNA fragment, containing a single human (RNAGly gene
plus flanking sequence isolated from AHt8, to human genomic DNA (lanes A1, B1,
C1), to Balb/C mouse genomic DNA (lanes A2, B2, C2) or to C3H mouse genomic
DNA (lanes A3, B3, C3) was performed at 68°C in a modified hybridization solution
containing 10x Denhardt’s solution, 6x SSPE, and 7% SDS (w/v}. Probe DNA was
labelled by random primer extension. The membrane was washed twice at ~65-68°C in
0.2x SSPE, 0.1% SDS washing solution and was then exposed to X-1ay film for ~2

days in the presence of a Lightning Plus intensifying screen ar -80°C.
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Figure 19 - Hybridization of a AHtS (tRNAGY) specific probe to human
and mouse genomic DNA.

All DNA samples were digested with BamHI (A), EcoR1 (B), or HindllI (C).
Hybridization of a ~300 bp DNA fragment, containing a single human tRNAGlY gene
plus flanking sequence isolated from AHt9, to human genomic DNA (lanes Al, B1,
C1), to Balb/C ntouse genomic DNA (lanes A2, B2, C2) or to C3H mouse genomic
DNA (lanes A3, B3, C3) was performed at 68°C in a modified hybridization solution
containing 10x Denhardt’s soiu: . 6X SSPE, and 7% SDS (w/v). Probe DNA was
labelled by random primer extensioni. The membrane was washed twice at ~65-68°C in
0.2x SSPE, 0.1% SDS washing solution and was then exposed to X-ray film for ~4

days in the presence of a Lightning Plus intensifying screen at -80°C.
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flanking sequences are homologous to some sequences contained in the lambda DNA.
Hybridization of the AHt8 probe ({(RNAGY) resulted in strong signals throughout the
lane for the human DNA and no signal present for the mouse DNA. This is probably
due to the presence of a human repeat element in the probe sequence. In order to
overcome this problem, this fragment was digested with Smal/Styl, Ss:11/Styl or
Sstll/Smal to generate four fragments that span a ~600 bp region containing this
glycine tRNA gene. These fragments were isolated from low melting point agarose and
used as probe DNA for the random primer probe preparation method. In ail cases,
there was the same hybridization pattern observed as that shown in Figure 18 (data not
shown). Thus, for this particular tRNA gene, detection of a specific band in the human
DNA lane was not observed. Competitive hybridization using unlabelled human DNA
may eliminate much of the background hybridization to human repeat sequences
observed for these probes. Better results could also be achieved by isolating DNA

from some other genetically linked region (i.e. some other fragment from AH18) for use

as a probe.

3.2 Human (RNA gene chromosomal localization studies

Those human tRNA gene-spacific probes that exhibited strong specific
hybridization to the human plus mouse DNA panels were used as prates for
hybridization to a mouse/human somatic cell hybrid chromosomal mapping panel. This
chromosomal mapping panel consisted of DNA from 34 different hybrids digested with
BamHI (two membranes) that contain various assortments of human chromosomes
amongst the background of the mouse genome. The results of hybridization of these
probes are shown in Figures 20 to 23. A ~9.4 kb fragment was observed to hybridize
to the AHtM6 specific probe (tRNATYT). While there was a very strong signal observed
for hybridization to the human DNA control lanes, hybridization to the hybrid DNA

lanes was considerably weaker, due to the lower copy number of human DNA per total



Figure 20 - Hybridization of 2 Al{tM6 (tRNATIT) specific probe to a
mouse/human somatic cell hybrid chromosomal mapping panel.

The top panel contains DNA isolated from mouse/human somatic cell hybrid clones 1-
17 in lanes A to Q. The bottom panel contains DNA from somatic cell hybrid clones
18-34in Janes A to Q. Lane R contains mouse genomic DNA. Lane S contains human
genomic DNA. All DNA samples were digested with BamHI. Hybridization of a ~600
bp EcoR1/Sphl probe, encompassing a single human tRNATY gene plus flanking
sequence isolated from AHtM6 (contains a cluster of 4 human tRNATY genes), was
performed at 68°C in a modified hybridization solution containing 10x Denhardt’s
solution, 6X SSPE, and 7% SDS (w/v). Probe DNA was prepared by random primer
extension. Membranes were washed twice at ~65° to 68°C in 0.2x SSPE, 0.1% SDS
washing solution and were then exposed to X-ray film for 5 days in the presence of a

Lightning Plus intensifying screen at -80°C.
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Figure 21- Hybridization of a AHtM2 (tRNATYr) specific probe to a
mouse/human somatic cell hybrid chromosomal mapping pancl.

The top panel contains DNA isolated from mouse/human somatic cell hybrid clones 1-
17 in lanes A to Q. The bottom panel contains DNA from somatic cell hybrid clones
18-34 in lanes A to Q. Lane R contains mouse genomic DNA. Lane S contains human
genomic DNA. All DNA samples were digested with BamHI. Hybridization of a ~500
bp Styl probe, encompassing a single human tRNATY gene plus flanking sequence
isolated from AHtM2 (contains a single human tRNATY gene), was performed at 68°C
in a modified hybridization solution containing 10x Denhardt’s solution, 6X SSPE, and
1% SDS (w/v). Probe DNA was labelled by random primer extension. Membranes
were washed twice at ~65° to 68°C in 0.2x SSPE, 0.1% SDS washing solution and
were then exposed to X-ray film for 5 days in the presence of a Lightning Plus

intensifying screen at -80°C.
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Figure 22 - Hybridization of a AHt7 (tRNAPhe, (RNALYS) specific probe
to a mouse/human somatic cell hybrid chromosomal mapping panel.

The top panel contains DNA isolated from mouse/human somatic cell hybrid clones 1-
17 in lanes A t0 Q. The bottom panel contains DNA from somatic cell hybrid clones
18-34 in Janes A to Q. Lane R contains mouse genomic DNA. Lane S contains human
genomic DNA. All DNA samples were digested with BamHI. Hybridization of a ~300
bp probe, encompassing a single human tRNAPk gene plus flanking sequence isolated
from AHt7 (contains a cluster of 2 tRNAP genes and 2 tRNALY genes) was
performed at 68°C in a modified hybridization solution containing 10x Denhardt’s
solution, 6X SSPE, and 7% SDS (w/v). Probe DNA was labelled by random primer
extension. Membranes were washed twice at ~65° to 68°C in 0.2x SSPE, 0.1% SDS
washing soiution and were then exposed to X-ray film for 5 days in the presence of a

Lightning Plus intensifying screen at -80°C.
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Figure 23 - Hybridization of a AHt9 (tRNAG) specific probe to a
mouse/human somatic cell hybrid chromosomal mapping panel.

The top panel contains DNA isolated from mouse/human somatic cell hybrid clones 1-
17 in lanes A to Q. The bottom panel contains DNA from somatic cell hybrid clones
18-34 in lanes A to Q. Lane R contains rodent genomic DNA. Lane S contains human
genomic DNA. All DNA samples were digested with BamHI. Hybridization of a ~300
bp probe, encompassing a single human tRNASY gene plus flanking sequence isolated
from AH19 (contains a single human tRNAGY gene), was performed at 68°C in a
modified hybridization solution containing 10x Denhardt’s solution, 6x SSPE, and 7%
SDS (w/v). Probe DNA was labelled by random primer extension. Membranes were
washed twice at ~65° to 68°C in 0.2x SSPE, 0.1% SDS washing solution and were
then exposed to X-ray film for 5 days in the presence of a Lightning Plus intensifying

screen at -80°C.
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mass of DNA loaded in each lane. A larger ~14 kb fragment was detected in all of the
somatic cell hybrid DNA lunes plus the mouse DNA control lane, but was not observed
in the human DNA control lane. The weaker signal seen for this fragment in the mouse
controt lane compared to the somatic cell hybrid DNA lanes probably means that less
mouse genomic DNA was loaded in the control lane. Detection of hybridization of the
AHtM2 specific probe (RNATY) was complicated by the presence of significant
background hybridizaiion in one panel and weak hybridization in the other. This
probe, however, demonstrated positive hybridization to a human specific band of ~9.4
kb in length. Positive hybridization was observed in the same lanes as for AHtMG, thus
these two fragments must be located on the same chromosome. In those examples that
exhibited weak hybridization signal, the determination of positively hybridizing lanes
was done by placing the X-ray film on a light box and observing the film from an
angle. The AH17 specific probe (tRNAPhe/tRNALYS) hybridized to a fragment of ~4.4
kb in length, whereas the AHt9 specific probe (tRNAGY) hybridized to a fragment of
~2.0 kb in length. Each of the probes exhibited weak hybridization to sequences
contained within the mouse genome as determined from the hybridization observed for
the mouse DNA control lane on each panel. The human chromosome complement
found in each mouse-human somatic cell hybrid used in the chromosomal mapping
panel and the results of hybridization of these probes to the panel are summarized in
Table 1. From these data it was possible to determine the percentage of concordant or
discordant hybridization of each mouse/human hybrid to each tRNA probe (see Table
2). From the results summarized in Table 2 it can be seen that the human DNA
contained within the human- recombinants AHtM2 and AHtM6 are localized on
chromosome 14. The human DNA from AHt7 is located on chromosome 11, whereas
the human DNA from AH!9 is found on chromosome 1. More precise determination of
chromosomal locations was not possible using this particular mapping panel. A

summary of known chromosomal locations of human tRNA genes is shown in Table 3.



Table 1 - Summary for hybridization of tRNA gene-containing probes to
a human chromosomal mapping panel.

This table shows the human chromosome complement contained within each
mouse/human somatic cell hybrid (+ = presence of chromosome: - = absence of
chromosome: A = very low proportion of that human chromosome detected in
inctaphase spreads from that somatic cell hybrid clone) that was used to provide DNA
for the chromosomal mapping panel and a summary of the results of hybridization for

each tRNA gene-containing probe to DNA isolated from each somatic cell hybrid (+ =

positive hybridization: - = negative hybridization)
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Table 2 - Percentage discordancy table for hybridization of tRNA gene-
containing probes to a human chromosomal mapping panel,

The summary of hybridization results for concordant hybridization (+/+ or -/-) or
discordant hybridization (+/- or -/+) is indicated for the hybridization of the AHt7
specific probe (a), AHt9 specific probe (b), A\HtM2 specific probe (c), and the AHtM6
specific probe (d), to DNA for each human chromosome. Concordant hybridization is
the result where hybridization is observed when a chromosome is present or
hybridization is not observed when a chromosome is absent. Discordant hybridization
is the result where hybridization is observed when a chromosome is absent or when
hybridization is not observed when a chromosome is present. Percentage discordant
hybridization is calculated by dividing the number of discordant results by the total
number of observations (discordant + concordant hybridizations). A low %
discordancy of hybridization for a chromosome indicates that the DNA fragment used
in the probe is probably located on that chromosome. Discordant results due to absence
of hybridization to DNA from somatic cell hybrid clones containing very low
proportions of a given human chromosome are not included in the % discordancy
calculations. Somatic cell hybrid clones 3, 22, 24, 30, 33 were not used for the
determination of % discordant hybridzation for the AHtM2 and AHtMS6 probes due to a
low percentage of human chromosome 14 detected in metaphase spreads. Clones 24
and 28 were eliminated from the calculations because very little DNA was
electrophoresed for these samples. Somatic cell hybrid clone 8 was likewise not
included due to human error. Somatic cell hybrid clones 2 and 28 were not used for the
determination of % discordant hybridization for the AHt9 probe due to the low

percentage of human chromosome 1 detected in metaphase spreads.
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a) AHt7 (tRNAPhe/ tRNALys)

Chromosome 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X
(#/+) 3 8 10 10 9 7 12 7 4 15 18 11 7 14 6 8 16 10 6 14 14 5 39
(#/-) 11 9 8 8 9 11 4 11 14 3 0 7 11 4 11 10 2 8 12 4 4 12 &
(-/+) 2 5 8 5 9 3 6 9 2 10 0 10 8 10 9 4 7 8 2 7 8 3 8
(/o) 14 11 s 11 7 13 10 7 12 5 16 _6 8 6 7 12 8 8 14 9 8 12 4

% discordancy 43 42 52 38 53 41 31 59 50 39/ 0 |50 56 41 61 41 27 47 41 32 35 47 §2

b) AHt9 (tRNAGly)

Chromosome 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X
(+/+) 4 3 9 1 4 2 3 3 2 4 2 4 2 4 3 3 ] 3 2 2 2 3 1
(+/-) 0 1 0o 3 0 2 o0 1 2 0 2 0 2 0 0 1 0 1 2 2 2 1 1
{~/+) 0 9 12 13 13 8 14 12 3 20 14 16 13 18 11 8 17 13 5 19 18 & 16
(~/=) 24 18 13 15 15 20 13 16 23 7 14 12 15 10 17 20 10 15 23 9 10 22 8

Fodiscordancy] 0 [32 41 50 41 31 47 41 17 65 50 50 47 56 35 26 55 44 52 66 63 15 6F

¢ AHtM2 (tRNATYyr)

Chromosome 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 i6 17 18 19 20 21 22 X
(+/+) 3 6 11 8 11 7 12 9 3 15 12 11 7 18 8 17 16 11 5 11 11 4 8
(¢/-) 12 11 7 10 7 11 5 9 13 3 6 7 11 0 9 11 2 7 13 7 71 14 7
(=/+) 0 4 3 5 4 2 4 2 1 4 4 5 5 0 3 3 4 2 2 7 6 3 6
(~/-) 8 5 5 4 5 7 5 7 8 4 5 4 4 9 6 6 5 7 7 2 3 6 2

% discordancy 52 56 38 56 41 48 35 41 56 27 37 44 58] 0 ]46 52 22 33 56 52 48 63 57

d) AHtM6 (tRNATyr)

Chromosome 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X
(+/+) 3 6 11 8 11 7 12 9 3 15 12 11 7 18 8 17 16 11 5 1 11 4 8
(#/=) 12 11 7 10 7 11 5 9 13 3 6 7 11 0 9 11 2 7 13 7 1 14 7
(=/+) 0 4 3 5 4 2 4 2 1 4 4 5 5 0 3 3 4 2 2 71 6 3 6
{(-/-) 8 S S5 4 5 7 5 71 8 4 5 4 4 9 6 6 5 7 1 2 3 6 2

_%discordancy 52 58 38 56 41 48 35 41 56 27.37 44 56| 0 [46 52 92 33 56 52 46 6357




Table 3 - Summary of known chromosomal locations for human tRNA gene loci.
This table is a compilation of data reported ir: this study and those reported in McAlpine
et al., 1990. An (*) indicates tRNA gene locations dctermined in this report. The
designation for these genes is tentatively proposed and is nct officially recognized by
the HGM nomenclature committee.

Designation | tRNA Gene Description Chromosomal
Location

TRE glutamic acid 1p36

TRELI1 giutamate acid-like 17pter-p12

TRF1* phenylalanine 1 11

TRF2* phenylalanine 2 11

TRGI1 glycine 1 (GCC) 16

TRGLI glycine {CCC)-likel Ipter-p34

TRGP1 glycine (GCC) pseudogenel | 1pter-p34

TRG2* glycine 2 1

TRK1 lysine 1 17pter-p12

TRK2* lysine 2 11

TRK3* lysine 3 11

TRLI leucine 1 14q11-q12

TRL2 leucine 2 17pter-pl2

TRM1 methionine (initiator) 1 6p23-q12

TRM2 methionine (initiator) 2 6p23-q12

TRN asparagine 1p36

TRP]I proline 1 14q11-q12

TRP2 proline 2 14q11-q12

TRP3 proline 3 (UGG) 5

TRQI glutamine 1 17pter-p12

TRSP phosphoserine (opal 19
suppressor)

TRSPP1 phosphoserine (opal 22q11
suppressor) pseudogene 1

TRT2 threonine (UGU) 2 14gq11-q12

TRV valine 5

TRY1* tyrosine 1 14

TRY2* tyrosine 2 14

TRY3* tyrosine 3 14

TRY4* tyrosine 4 14
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3.3 Isolation of human tRNA gcnes

3.3.1 (RNA PCR

A. tRNATYr: The results of PCR using primers specific for the 5'- and 3'-
conserved regions of human tyrosine tRNA gznes are shown in Figure 24.
Amplification products were size fractionated on a 1.5% agarose gel and were
transferred to nylon membrane. Immobilized DNA was screened by hybridization to the
3' gene-specific primer. When only the 5' gene-specific primer was used individually
in a PCR, at least 16 faint bands were visualized by ethidium bromide staining of the
agarose gel. None of these was shown to hybridize to the probe sequence
corresponding to the 3'- end of the gene, thus these amplification products are devoid
of the 3' tRNATYr gene sequences. When the 3' gene-specific primer was used
individually in a PCR, no amplification products were detectable, either by ethidium
bromide staining or by hybridization with this primer. When both primers were utilized
in a PCR, strongly hybridizing fragments of ~0.67, 0.63 and 0.1 kb in length were
observed. The smaller (~0.1 kb) fragments are tRNATY gene plus intron sequences.
Amplification products from this PCR were cloned into the Hincll site of pUC118 for
sequence analysis.

The larger hybridizing bands from the PCR involving both gene primers were
cloned and sequenced. A schematic representation of these fragments is shown in
Figure 25. A comparison of the sequences of 5 fragments is shown in Figure 26. The
fragments ranged in size from 652 bp to 719 bp in length. The major sequence
differences between these 5 fragments are found largely in the intron sequences. The
intergenic flanking sequences were shown to be nearly identical between all the
fragments characterized. These fragments were shown to have an overall sequence
homology of at least 95%. When the intron sequences are omitted, for the purposes of

sequence comparisons, the fragments exhibit at least 98% homology.



Figure 24 - tRNA PCR for the human tRNATYT gene family.

(Left) An ethidium bromide stained agarose gel (1.5%) showing the results of
electrophoretic fractionation of products generated by single primer PCR using only the
5' gene-specific (lane A), or using only the 3' gene-specific primer (lane B). Lane C
shows the results for PCR using both the 5' and 3' the gene-specific primers. (Right)
DNA from each PCR was transferred to nylon membrane and hybridized with the

tRNATYT 3' gere-specific primer.
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Figure 25 -Schematic representation of the amplification products from
tRNA PCR using primers specific for the human tRNATYT gene family.
Rectangles represent either a complete tRNA gene or part of a tRNA gene. The 5'
terminus of a tRNA gene is represented as a darkened block. Triangles represent the 3'
terminus of a tRNA gene. The shaded regions represent intron sequences. The
designation “pJM4” indicates intron sequences previously characterized by MacPherson
(1988). The designation “Vold” indicates the intron sequence previously characterized
by Green et al., (1990). Other designations (e.g. “6.5” - intron from 5’ tRNA gene
contained on pHy6) indicate intron sequences which have not previously been
characterized. Partial tRNA gene sequences are shown as smaller rectangles containing
a darkened block and/or triangle figure. Small arrows indicate the primers that were
used in the PCRs which generated these fragments (LTyr and RTyr - see Figure 8).
The intron specific primers (Tyr3, Tyr4, TyrS, and Tyr6) are unique for the different
introns found within the IRNATY genes. The flanking sequence specific primers (Tyr7
and Tyr8) were used in a PCR with the the intron specific primers using, as template,
either plasmid DNA containing the complementary intron sequence or human genomic
DNA. The oligonucleotide Tyr9 (solid bar) was used to kybridize to amplification

products from these latter PCRs.
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Figure 26 - Nucleotide sequence comparisons of tRNATYr gene-
containing recombinants pHy6, pHy9, pHy10, pHyl5 and pHy20.
Boxed regions indicate tRNATY" gene sequences. The solid line above the sequence
downstream from the 3' end of the first gene indicates a putative RNA polymerase III
termination signal. The primers (LTyr and RTyr - see Figure 8) used in the PCR are
indicated by thick arrows. Intron sequences are shown. Asterisks (¥) indicate
sequence differences in the flanking (i.e. intergenic) regions of the five fragments

characterized. Diamonds (0) indicate previously characterized tRNA gene sequence

polymorphisms.
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10 20 30 40 50
] 1 1 1 1

pHy20 TCCT-CTAGAGTCTCAGCTGGTAGAGCGGAGGACTGTAGCTACTTCCTCAGCAGGA-GAC
pHy15 -~CCTTCGATAG-CTCAGCTGGTAGAGCGGAGGACTGTAG-GGGTTT~GAATGTGGC~~C
PHy10 |-CCTTCGATAG-CTCAGCTGGTAGAGCGGAGGACTGTAGCTACTTCCTCAGCAGGAG-AC
pPHY6 |-CCTTCGATAG-CTCAGCTGGTAGAGCGGAGGACTGTAGATTGTACAGAAATTTGCGGAC

TTrr - “—— intron ——>J
3'
eyt g
pHY20 ATCCTTAGGTCGCTGGTTCGATTCCGGCTCGAAGGAGACAAGTGCGGTTTTTTTCTCCAG
pHy15 ATCCTTAGGTCGCTGGTTCAATTCCGGCTCGAAGGAGACAAGTGCGGTTTTTTTCTCCAG
pHy10 ATCCTCAGGTCGCTGGTTCGATTCCGGCTCGAAGGAGACAAGTGCGGTTTTTTTCTCCAG

pPHY6 ATCCTTAGGTCGCTGGTTCGATTCCGGCTCGAAGGAGACAAGTGCGGTTTTTTTCTCCAG
pHY? -TCCTTCGA~--GCTGGTTCAATTCCAGCTCGAAGGAGACAAGTGCGGTTTTTTTCTCCAG

0 ¢

pHy20 CTCCCGATGACTTATGGCACTTTCCTTGGGTGCCTTCAGTGACACATTGCATTCCAACGA

pPHY1l5 CTCCCGATGACTTATAGCACTTTCCTTGGGTGCCTTCAGTGACACATTGCATTCCAACGA

pHyl0 CTCCCGATGACTTATGGCACTTTCCTTGGGTGCCTTCAGTGACACATTGCATTCCAACGA

pHy6 CTCCCGATGACTTATGGCACTTTCCTTGGGTGCCTTCAGTGACGCATTGCATTCCAACGA

pHy9 CTCCCGATGACTTATGGCACTTTCCTTGGGTGCCTTCAGTGACACATTGCATTCCAACGA
*

PHY20 GCAGTTTGAAGGTCTAGCGCTTTCTCCCCATTTTGGGCCTCCCAGCCTGCACGGTAATTC

pHy1l5 GCAGTTTGAAAGTCTAGCGCTTTCTCCCCATTTTGGGCCTCCCAGCCTGCACGGTAATTC

pHy1l0 GCAGTTTGAAAGTCTAGCGCTTTCTCCCCATTTTGGGCCTCCCAGCCTGCACGGTAATTC

pHY6 GCAGTTTGAAAGTCTAGCGCTTTCTCCCCATTTTGGGCCTCCCAGCCTGCACGGTAATTC

pPHY9 GCAGTTTGAAAGTCTAGCGCTTTCTCCCCATTTTGGGCCTCCCAGCCTGCACGGTAATTC
*

pHy20 TTTTTAGCCATTCGCCCTGCGGGAACGTGTCCGGGCAGGTTCCCAGCGCAGCTGTGGGTC

pHy1l5 TTTTTAGCCATTCGCCCTGCGGGAACGTGTCCGGGCAGGTTCCCAGCGCAGCTGTGGGTC

pPHyl0 TTTTTAGCCATTCGCCCTGCGGGAACGTGTCCGGGCAGGTTCCCAGCGCAGCTGTGGGTC

pHy6 TTTTTAGCCATTCGCCCTGCGGGAACGTGTCCGGGCAGGTTCCCAGCGCAGCTGAGGGTC

PHY9 TTTTTAGCCATTCGCCCTGCGGGAACGTGTCCGGGCAGGTTCCCAGCGCAGCTGTGGGTC
*

pPHY20 TGCGCTTGGCCGAGCGACTGCCGGGTCACGACTTCTGCGTCTTCTTAACCCGTCTTTGGC
PHy1l5 TGCGCTTGGCCGAGCGACTGCCGGGTCACGACTTCTGCGTCTTCTTAACCCGTCTTTGGC
pHyl0 TGCGCTTGGCCGAGCGACTGCCGGGTCACGACTTCTGCGTCTTCTTAACCCGTCTTTGGC
pHy6 TGCGCTTGGCCGAGCGACTGCCGGGTCACGACTTCTGCGTCTTCTTAACCCGTCTTTGGC
PHY9 TGCGCTTGGCCGAGCGACTGCCGGGTCACGACTTCTGCGTCTTCTTAACCCGTCTTTGGC

pHy20 ATTGCCCGGGCCCCGAGTCACACAGGAGGCAGCGCCGGCTCCAGGGGGCCAGGCGGGGAC
riylS ATTGCCCGGGCCCCGAGTCACACAGGAGGCAGCGCCGGCTCCAGGGGGCCAGGCGGGGAC
pHy1l0 ATTG~CCGGGCCCCGAGTCACACAGGAGGCAGCGCCGGCTCCAGGGGGCCAGGCGGGGAC
pHy6 ATTGCCCGGGCCCCGAGTCACACAGGAGGCAGCGCCGGCTCCAGGGGGCCAGGCGGGGAC

pHy9 ATTGCCCGGGCCCCGAGTCACACAGGAGGCAGCGCCGGCTCCAGGGGGCCAGGCGGGGAC
*

pHy20 CTTCTCCTCAGAGCCCCGGGCAGCTTCTGCGACCCGAGGGCTCGCAACGGCTGCCGTGAG
pHy1S CTTCTCCTCAGAGCCCCGGGCAGCTTCTGCGACCCGAGGGCTCGCAACGGCTGCCGTGAG
pHy10 CTTCTCCTCAGAGCCCCGGGCAGCTTCTGCGACCCGAGGGCTCGCAACGGCTGCCGTGAG
pHy6 CTTCTCCTCAGAGCCCCGGGCAGCTTCTGCGACCCGAGGGCTCGCARCGGCTGCCGTGAG
PHY9 CTTCTCCTCAGAGCCCCGGGCAGCTTCTGCGACCCGAGGGCTCGCAACGGCTGCCGTGAG
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pHy20 GAGGTGGGGGGTCCGCGGGAAGAGGTATCTGGCGCTCCCGGGACCTGGGAATCAGAAAGA

PHy1l5 GAGGTGGCGGGTCCGCGGGAAGAGGTATCTGGCGCTCCCGGAACCTGGGAATCAGAAAGA

pHyl10 GAGGTGGGGGGTCCGCGGGAAGAGGTATCTGGCGCTCCCGGAACCTGGGAATCAGAARAGA

pHy6 GAGGTGGGGGGTCCGCGGGAAGAGGTATCTGGCGCTCCCGGAACCTGGGAATCAGAAAGA

PHY9 GAGGTGGGGGGTCCGCGGGAAGAGGTATCTGGCGCTCCCGGAACCTGGGAATCAGAAAGA
*

pHy20 GAGAACACAATACTAAAAACACGAAGCCTAAAAATGACACAATGTTATGGAGACAAGGCG
pHyl15 GAGAACACAATACTAAAAACACGAAGCCTAAARATGACACAATGTTATGGAGACAAGGCG
pHyl10 GAGAACACAATACTAAAAACACGAAGCCTAAAAATGACACAATGTTATGGAGACAAGGCG
pHy6é GAGAACACAATACTAAAAACACGAAGCCTAAAAATGACACAATGTTATGGAGACAAGGCG
pHy9 GAGAACACAATACTAAAAACACGAAGCCTAAAAATGACACAATGTTATGGAGACAAGGCG

5!
pHy20 GCACCCGGGAAGCTGTGCCCGCTCLCTTCGATAGCTCAGCTGGTAGAGCGGAGGACTGTA
pHY1l5 GCACCCGGGAAGCTGTGCCCGCTCLCTTCGATAGCTCAGCTGGTAGAGCGGAGGACTGTA
pHyl0 GCACCCGGGAAGCTGTGCCCGCTCLCTTCGATAGCTCAGCTGGTAGAGCGGAGGACTGTA
pHy6 GCACCCGGGAAGCTGTGLCCCGCTCLCTTCGATAGCTCAGCTGGTAGAGCGGAGGACTGTA
pHY9 GCACCCGGGAAGCTGTGCCCGCTCLCTTCGATAGCTCAGCTGGTAGAGCGGAGGACTGTA

pHy20 G-GCGC-GCGCCCGT~-GGC~~-CATCCTTAGGTCGCTGGTTCGATTCCGGCTCGAAGGA
pHyl5 G-GCGC-GCGCCCGI-GGC-~CATCCTTAGGTCGCTGGTTCAATTCCAGCTCGAAGGA
pHy10 G-CTACTTCCTCAGCAGGAGACATCCTTAGGTCGCTGGTTCAATTCCGGCTCGAAGGA
pHy6 GTTGGCTGTGTCCTT-AGA--CATCCTTAGGTCGCTGGTTCGATTCCGGCTCGAAGGA
pHy9 G-GCGC-GCGCCCGC-GGC~~CATCCTTAGGTCGCTGGTTCGATTCCGGCTCGARAGGA]

intron ( =
yr
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Four of the five fragments contain complete tRNATYT genes positioned at both termini
of the fragments. The fifth fragment (pHy9) exhibits a tRNATY gene at one terminus
while the other terminus contains a sequence that appears to be the complete 3' gene
region plus a hybrid of the sequences found within the primer sequences. All genes
found on these fragments were shown to be arranged as direct tandem repeats separated
by 528 bp of intergenic flanking sequence. Despite the extremely high sequence
similarities, there were a number of examples where the sequences differed from each
other. The intergenic sequence of all of these examples was shown to very similar to
some other tRNATY gene-containing fragments previously characterized. One clone,
pHy20, was shown to be 98% homologous to the sequence found on pJM4, including
the conservation of the intron sequences and the relative arrangement of two tRNATYr
genes as direct tandem repeats (MacPherson, 1988; D. Spadafora, unpublished).

To determine if the other large fragments containing different tIRNATY" genes at
the termi~i were artifacts, PCR was performed using primers that were uniquely
specific for the different intron sequences in combination with a second primer that was
specific for the common intergenic flanking regions. PCR was performed using each
set of primers on the plasmid DNA containing that particular intron sequence and also,
separately on human genomic DNA. The results are shown in Figure 27.
Amplification from both human genomic DNA and from plasmid DNA was observed
for the PCRs using primers specific for the introns contained in pHy20 and pHyé.
Amplification for those PCRs using primers specific for the introns contained in pHy10
and pHy15 was seen only for the plasmid DNA but not from human genomic DNA.
All amplified fragments hybridized to a probe that was specific for a region that is
contained between the primers used for PCR. These results indicate that the sequences
contained in pHy6 and pHy20 are likely to be contained in the human genome, while

those sequences from pHy10 and pHy15 are artifacts.



Figure 27 - Amplification product from PCR using various tRNATyr
intron-specific primers and a primer common to the intergenic flanking
sequence found within pHy6, pHy10, pHyl5 and pHy20.

Lanes A and B: PCR was performed using a primer specific for the intron contained
within the upstream tRNATY" gene found on pHy20 (Tyr3) and a second primer
(Tyr 7) that was specific for the flanking sequence, using human genomic DNA
(lane A) or pHy20 DNA (lanc B) as the template .

Lanes C and D: PCR was performed using a primer specific for the intron contained
within the upstream tRNATY" gene found on pHy6 (Tyr4) and a second primer (Tyr
7) that was specific for the flanking sequence, using human genomic DNA (lane C)
or pHy6 DNA (lane D) as the template.

Lanes E and F: PCR was performed using a primer specific for the intron contained
within the upstream tRNATY" gene found on pHy15 (TyrS5) and a second primer
(Tyr 7) that was specific for the flanking sequence, using human genomic DNA
(lane E) or pHy15 DNA (lane F) as the template.

Lanes G and H: PCR was performed using a primer specific for the intron contained
within the downstream tRNATY" gene found on pHy10 (Tyr6) and a second primer
(Tyr 8) that was specific for the flanking sequence, using human genomic DNA
(lane G) or pHy10 DNA (lane H) as the template.

A schematic representation of primers used is shown in Figure 26.

(Top) Amplification products were size fractionated on a 0.75% agarose gel and stained
with ethidium bromide. (Bottom) DNA was transferred to nylon membrane and
hybridized to an oligonucleotide probe (Tyr9) which should be contained within each of
the amplification products if amplification occurred from the sequences contained

within each of the plasmid clones characterized.
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A comparison of the intron sequences for the tyrosine tRNA genes is shown in
Figure 28. From this, it can be seen that the introns for these genes are either 16, 18,
20 or 21 bp in length. Many of these intron sequences differ by only a single base
pairfrom other examples while some examples are significantly different. There
appears to be conservation of some bases in the intron sequence, most notably the
nucleotides adjacent to the 3' splice sites between intron and exon sequences. At least
fourteen different intron sequences for tRNATYT genes and pseudogenes have been
characterized.
B. tRNAPhe: Amplification products resulting from PCR using tRNAPhe gene-
specific primers were separated on 1.5% agarose gels, the DNA transferred to nylon
membrane and the sequences probed with the 3' gene-specific primer. Both the 5'
gene-speific and 3' gene-specific primers were utilized in PCRs individually or with
each other. The results of PCR using these primers are shown in Figure 29. When
the 5' gene-specific primer was used individually, bands of ~0.8 and 1.2 kb in length
were visualized by staining with ethidium bromide. Of these, only the 1.2 kb fragment
hybridized when probed with the 3' gene-specific primer. This indicated that this
fragment contained at least both termini of a tRNAPhe gene. Two different bands of
~450 and 500 bp in length were produced when the 3' gene-specific primer was used
individually in a PCR. Both of these bands hybridized to the 3' gene-specific primer,
as expected. When both of the primers were used in a PCR, an intense band was
produced of ~90 bp in length that would be expected to be strictly the tRNA gene
coding sequence (~72 bp). Unexpectedly, a band of ~ 500 bp that hybridized to the 3'

gene-specific primer was also amplified.
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Figure 28 - Nucleotide sequence comparison of tRNATY" gene intron
sequences.

Introns from a Xenopus laevis tRNATY" gene and from human tRNATY genes isolated
by tRNA PCR or previously isolated from a human-A recombinant library are shown.
The intron sequences for pJM4, pM6, pM612, pJM6128, pJM6IT were previously
determined by MacPherson (1988). The intron sequence for pHtT2 is from van Tol
and Beier (1988). pHIT2 is a probably a tRNATY pseudogene. The sequence for
pHy20.3 is the same as that determined by Green et al., (1990). The remaining human
sequences are novel to this study. The intron designations pHy10.3, pHy6.3,
pHy15.3, pHy9.3 and pHy20.3 refer to the introns contained within the downstream
tRNATY genes of the respective fragments represented in Figure 27. The intron
pHy6.5 is contained in the upstream tRNATY" gene found in pHy6. The introns for
pHy8 and pHy17 were found only on solitary tRNATY" gene fragments and were not
found on any of the larger fragments containing tandemly repeated tRNATY genes.

Asterisks (*) indicate highly conserved nucleotides.
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pJM4
PHy10.3
pJM6128
pM612
PHy6.5
PHy17
pM6
PM6IT
pHyS8
pPHy6.3
pHy15.3
PHy9.3
pHy20.3
pHtT2

INTRON SEQUENCE

~GTGTGA-TCGAG-CA

CTACTTCCTC-AG-CA~-~——~ GGAGAC
CTACTTCCTCCAG-CA~=———-— GGAGAC
ATTGT~AC---AGACA--TTTGCGGAC
ATTGT-A-T--AGACA--TTTGCGGAC
ATTGT-AC-~-AGAAA--TTTGCGGAC

ACTGCG—————- GAAACGTTTGAGGAC
ACTGCG——=—==- GAAACGTTTGTGGAC
CCTGT-A-~——— GAAACATTTGTGGAC
CC~=--GA-T---GAAACATTTGTGGAC
-TTG-G-CT-GTG—~-—~ TCCTTAGAC
~=-GGGTTT-~--GAA——~~— TGTGGTC
~-—=-GCGCGC-—=G——~—~ CCCGCGGCC
——-GCGCGC~=~G———=~ CCCGTGGCC
-=-GTGCAC-~~-G—=—~~ CCCGTGGCC

* kkk%k
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Figure 29 - tRNA PCR using primers specific for the human tRNAPhe
gene family.

(Left) An ethidium bromide stained 1.5% agarose gel showing the amplification
products for single primer PCR using only the 5' gene-specific primer (lane A), or the
3' gene-specific primer (lane B). Lane C shows the results of amplification for PCR
using both primers. (Righ) The amplification products were transferred to nylon

membrane and hybridized with the tRNAPhe 3' gene-specific primer.
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The amplification products from each of the reactions were then cloned into the
Hincll site of pUC118 for sequence analysis. A schematic representation of the results
is shown in Figure 30. The sequence results are shown in Figures 31 and 32.
The hybridizing fragment from PCR using the 5' gene-specific primer (designated
pHf1-39) was shown to be 1152 bp in length. Sequence comparisons revealed no
sequence similarities to other previously characterized tRNAPhe flanking sequences.
This fragment contained a complete tRNA located at one fragment end while the other
end was shown to be a partial tRNAPhe-like sequence that lacks the 3' region of the
gene. The tRNA gene and tRNA gene-like sequence were found arranged as inverted
repeats relative to each other, separated by 1057 bp. A potential terminator sequence
was found 6 nt downstream from the 3' end of the gene.

The PCR products from the 3' gene-specific primer PCR were also sequenced.
These fragments were shown to be 491 bp and 426 bp in length. The longer fragment
(designated pHf7-31) contains a complete tRNAPhe gene and the 3' region of a
tRNAPhe gene positioned at its termini. Within this fragment, a repeated sequence with
a consensus repeat seque=ce consisting of (GAX71),3 was found downstream from one
of the primer binding sites. The shorter fragment (designated pHf7-30) was the result
of amplification between two sequences corresponding to the 3' region of a tRNAPhe
gene. Examination of this sequence revealed a potential pseudogene of 72 bp in length,
with an eight bp intron sequence. The actual sequence of this pseudogene (outside the
primer binding site) is unlike any tRNA gene sequence previously characterized,
however, it is potentially capable of forming a cloverleaf structure. A numiber of direct
repeats, of unknown significance, were also cbserved. The amplification products
from PCR using both gene-specific primers consisted of tRNAPhe gene sequences and
also one of the PCR products characterized for the PCR using the 3' gene-specific
primer alone (pHf7-31). The larger amplification products found in the PCR for the 5'

gene-specific primer condition were not found.
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Figure 30 - Schematic representation of amplification products from
tRNA PCR using primers specific for the human tRNAPhe gene family.
Rectangles represent either a complete tRNA gene or part of a tRNA gene. The
darkened block within each box represents the 5' terminus of a tRNA gene while the
arrowheads represent the 3' terminus of a tRNA gene. Partial tRNA gene sequences
are represented as boxes containing only the darkened block or arrowhead figure.

Solid lines represent flanking sequence. The primers (RPhe or LPhe) that were used in

a PCR to generate each fragment are shown as arrows.
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Figure 31 - Nucleotide sequence of a human tRNAPhe gene and flanking
sequence contained within pHf1-39.

The human DNA fragment within this recombinant was obtained by tRNA PCR using
only the tRNAPhe §' gene-specific primer. One terminus of this recombinant contains
the complete tRNAPhe gene coding sequence while the other terminus is derived from a
region containing only the sequence corresponding to the 5' gene-specific primer.
Thick arrows indicate the primer binding sites. A solid bar indicates a putative RNA

polymerase III signal in the 3’ flanking region of the complete tRNA gene sequence.
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GCCGAAATAGCTCAGCTGGGAGAGLATCAGACTTTTAATCTGAGGGTCCAGGGTCCAAGT
e L IO

CGGCTTTATCGAGTCGACCCTCTCGTAGTCTGARAATTAGACTCCCAGGTCCCAGGTTCA

L-Phe
CCCTGTTCGGGCGGATGCTGTTTTAGTTTTCCAATAAAATGGATTTGGGCGAGGCTGAGC
************************************************************

GGGACAAGCCCGCCTACGACAAAATCAAAAGGTTATTTTACCTAAACCCGCTCCGACTCG

GATAGGAACGTTATGTGAAACCCTCTTGGGGTGCCCCCTCCTTGAGGGAAACCAAAACTG

************************************************************

CTATCCTTGCAATACACT TTGGGAGAACCCCACGGGGGAGGARCTCCCTTTGGTTTTGAC

GCTAGTGGGTTCTTGCCGGAAGAAGTGAAACGTGTGGTAATTGTCAAGAAACTTTATCTT

************************************************************

CGATCACCCAAGAACGGCCTTCTTCACTTTGCACACCATTAACAGTTCTTTGAAATAGAA

CCAATAGTCAGGCTTCTCAATTCCACCTCCATACGAAGCTTTGTCTTAGGATATTTTTTC
R L T T T T L T T T T vy

GGTTATCAGTCCGAAGAGTTAAGGTGGAGGTATGCTTCGAAACAGAATCCTATAAAAAAG

TGTTCCAACCTTGTATATTATATTCAAAACAGATCAATAAARCACATCGTCAGAGTCACAA
R R g L

ACAAGGTTGGAACATATAATATAAGTTTTGTCTAGTTATTTGTGTAGCAGTCTCAGTGTT

TTAGTAATATTCTTGGCAAGAATTGTGCAGCTTTTGGCACCGAGGAATGTTTTCAGGCAC
R R R T L R d N L L v

AATCATTATAAGAACCGTTCTTAACACGTCGAAAACCGTGGCTCCTTACARAAGTCCGTG

TTTCTATTAAAAGTGCGATGAGGAAACTGATGACTCAAGAARATATTTCAGATGAAGACAC
Rk R L L T L T L LT T

AARGATAATTTTCACGCTACTCCTTTGACTACTGAGTTCTTTATAAAGTCTACTTCTGTG

GTAAAGACGCAAGATTCTTACATCTCCAACTGGACGCAGTCCTTCACCAGATTCTTAATG
R R e L L Ty L L Lt Lt L a L v

CATTTCTGCGTTCTAAGAATGTAGAGGTTGACCTGCGTCAGGAAGTGGTCTARGAATTAC

CTCTGGTGGGTCCCTGACTTGTGTCTCTTGGGGTAAAGACTAATGCTTTTGAACACTGTC
Fhkh kAR AR AR A KKK AR KA KA R A R A E R AR KA R KA AR KR A AR A AR ARk h ok k k&

GAGACCACCCAGGGACTGARCACAGAGAACCCCATTTCTGATTACGAAAACTTGTGACAG

CTCATGTCTTTCGTCGTTGAAAAAACGTTCAACCCCCAGAGAAGCTGACTATACTGGTGA
R R L Y T E L a N L L L T

GAGTACAGAAAGCAGCAACTTTTTTGCAAGTTGGGGGTCTCTTCGACTGATATGACCACT

TCAARCCCAAGACCTTCCGCCTGTGGAACAGGCGCGTTGGCCACCTCAATAACAAATCTT
bk S L T s g E L T N

AGTTTGGGTTGTGGAAGGCGGACACCTTGTCCGCGCAACCGGTGGAGTTATTGTTTAGAA

GTGCCACGTATTGCCATTTAACATCCAGTAGTATAAATAGGGTGATTACAGAACTGGGAA
bR SRR RS I E S TR AL TR e TR Rt T L P E T T T L R e T A

CACGGTGCATAACGGTAAATTGTAGGTCATCATATTTATCCCACTAATGTCTTGACCCTT
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GAAATCATTCTACGACTTCTGATTCCTTTGAGTAGGCTTARGTTCATCATGCATCCTCAT
R e s R R i LTI

CTTTAGTAAGATGCTGAAGACTAAGGAAACTCATCCGAATTCAAGTAGTACGTAGGAGTA

AARGACTTTGACTTCTGATTTCTCGAGCTTATTCTTTGCATCCTTATAATACCTTACTAA
R KA KRR AR AR R AR AR AR AR R A AR AR A AR A AR A A A AR AR AR AR AR KRR AR KA KR A Kk

TTTCTGAAACTGAAGACTAAAGAGCTCGAATAAGARACGTAGGAATATTATGGAATGATT

ATACTTCGTCTCATTAGTTTCTGCCCGCCTAAGAGACAAGGAGGAACAGCCCGTCTCTGG
LR A Y Y T R R R A T

TATGAAGCAGAGTAATCAARGACGGGCGGATTCTCTGTTCCTCCTTGTCGGGCAGAGACC

GTGGTGTATGACGTAGGTGCAAACGTGCARGGGTACTGGGGAGAGAGGCGAGCCTCCAGA
R I Y Y Lttt ™

CACCACATACTGCATCCACGTTTGCACGTTCCCATGACCCCTCTCTCCGCTCGGAGGTCT

KhkAhkAhkhhhhhhhhhhhhhhkkhkrkhhhdkhhkhdkddkhhkhokkhkkkkdkthkihkkkkkkii

GAGGCTAAGAAGTGGACCGTAGCCCTGTCTGTTCAAAGGGGTTGAGCCAACAARAGGT
CTCCGATTCTTCACCTGGCATCGGGACAGACAAGTTTCCCCAACTCGGTTGTTTTCCA

GCCGAARACCCGGGATCGAACCAGGGACCTTTAGATCTTCAGTCTAACGCTCTCCCAACTG
R Ty S R R T I Ty

CGGCTTTGGGCCCTAGCTTGGTCCCTGGARATCTAGAAGTCAGATTGCGAGAGGGTTGAC
-Fne

AGCTATTTCGGC
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Figure 32 - Nucleotide sequence of two human DNA fragments contained
within pHf7-31 and pHf7-30.

The human DNA fragments found within these recombinants were obtained from tRNA
PCR using only the tRNAPhe 3' gene-specific primer. One terminus of the 491 bp
insert in pHf7-31 (diagram A) contains a complete human tRNAPRe gene while the
other terminus consists of sequence derived only from the 3' gene-specific primer
region and is devoid of other tRNA gene sequence. The lower strand of the boxed
region encompassing the tRNA gene is the non-coding (tRNA-like) sequence. The
plasmid pHf7-30 (diagram B) contains a 426 bp insert that has only primer binding
sequences at each terminus and does not contain a complete human tRNAPe gene. A
potential pseudogene is shown surrounded by dashed lines. The primer binding sites

(RPhe) are shown as thick arrows. Thin arrows indicate small repeated sequences.
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GCCGAARCCCGGGATCGAACCAGGGACCTTTAGATCTTCAGTCTAACGCTCTCCCAACT
R Y I R AR LTI

ACGGCTTTGGGCCCTAGCTTGGTCCCTGGAAATCTAGAAGTCAGATTGCGAGAGGGTTGA
“R-Phe >

GAGCTATTTCGG;EGCCGTTATGACTGCGGTGCTCTTTTATCCTCCTGGTCGTTTTGCCG

KhkkhkhkkhkhkhhkhhPpehhhhkhhhkhhhhkhkhhkhhhhhkhhhhhhhhkhhkkahhkhkhkkkdkkkxaxx 120

CTCGATAAAGCCGIICGGCAATACTGACGCCACGAGAAARTAGGAGGACCAGCAAAACGGC

CCCCGGGTCTTTGACACAGACGCTGGGAATGCAGGTTCAGCAGGGACTGCGTTGCGGTGG
Hhk kR kAR IR A KA A IR ARk Ak kA h kIR KA R Ak ke kkkkkhkkkkkkkkkkx 180

GGGGCCCAGAAACTGTGTCTGCGACCCTTACGTCCAAGTCGTCCCTGACGCAACGCCACC

CTGTTCGTCTGTCAAGACCACGACCTCTGAGAAGCCTTCTCTGATCACATCTCCCGCCAT
KAKK I KK RRARK KRR KR I AR KA KRR AR KRk Rk ok k Ak khkkk kA kkkhkkkkkhkx 240

GACAAGCAGACAGTTCTGGTGCTGGAGACTCTTCGGAAGAGACTAGTGTAGAGGGCGGTA

GGCCCAGCCTTTACTATTTACTGTTAACTTTATCATTTTCCTTGTCCGTCTCCCCAGCAA
KRR AAKKRK KA AR IR A ARR KA AIRK AR A IR ARk k ARk kkkkkkkkkkkxk*kx 300

CCGGGTCGGAAATGATAAATGACAATTGAAATAGTAAAAGGAACAGGCAGAGGGGTCGTT

GCATGACAAACACAAGAGGAGCAGGAACCTTGTCTACCTCGGGCACCGCTGTGTCCCTCA
R e R Y e L i T T T A)

CGTACTGTTTGTGTTCTCCTCGTCCTTGGAACAGATGGAGCCCGTGGCGACACAGGGAGT

GTACCTAGAACAGTGCCTAGCACATTGTGGGGCCTTGACAAATATTTGTTGAéTGATTGA

KAAKK AR KK KKK III IR AR RR KRR KRR A A Ak kA A AR AR KRR Ak kA kAR ARkkkkkx 420
CATGGATCTTGTCACGGATCGTGTARCACCCCGGAACTGTTTATAAACAACTGACTAACT

CTGACTGACTACATGAATGAATGCATGCGTGAATGAATGAATCCCACCTGGTTCGATCCC
AAKKKRR KA RI IR KRR KKK IR AR IR Rk hhhkkhkkkhhkhhhkhkkhkkrkkrxx 480

GACTGACTGATGTACTTACTTACGTACGCACTTACTTACTTAGGGTGGACC?&GCTAGGG
R-Phe

GGGTTTCGGCA
*hkkkkhkkkkkk 491

CCCAAAGCCGT
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IE-CCEAAXECCE.GGX;I‘CEAA&EAGEAE&CCAC?GECCTGG’GGCCC_A.GT.GCAGEGGCTE
************************************************************60
TCGGCTTTGGGCCCTAGCTTGGTCTCTGCGGTGCCAAGGACCCCGGGTCACGTCCCCGAC

ATGGGAAGACACTTTCGTCCGTGGGGGACCCAGGGCCCTGCTTCTCGGCGGCGCGETTTT
KIKAKKIK IR AR A KKK KKK KKK KRK KKK AR KRR A ARk AR KRR A AR KAk Ak kkkkkk 120

TACCCTTCTGTGAAAGCAGGCACCCCCTGGGTCCCGGGACGAAGAGCCGCCGCGCCARAA

TTTTCTCTGCCCCAGéTGCCTCACCTTCCCCTCAG GGCCTTCTGCTACGTTGGGATACC
FREKKAKIKA KKK KA K AR KKK KA Kk KA KA R AR h KRR ARk Rk Rk KKK h Ak ARk Xk %% 180

AAAAGAGACGGGGTCCACGGAGTGGAAGGGGAGTCCCCGGAAGACGATGCAACCCTATGG

—>
CTAGCAGTCCCGAGGAGCACCCTGGGf%E&AACCAGéE&ACGCCAGéE&CCACAGGGCCC

HRAKEXKIK KKK KKK KKK KKK AR RIR KR K AT AR K AR KR AR KA KR E A KA KRR Ak % 240
GATCGTCAGGGCTCCTCGTGGGACCCAAGATTGGTCCCATGCGGTCCCAGGTGTCCCGGG

—? —_-_____>
AGCTCAG GGTTGATGGGAAGACACGTTCGTCTGTGGGGGACCCAAGCTCTGCTCCTCCG
************************************************************ 300

TCGAGTCCCCAACTACCCTTCTGTGCAAGCAGACACCCCCTGGGTTCGAGACGAGGAGGC

AAGEGTTGTTTTTTATTTTTTTCTCTTCCCCAGETGGCTCAACTTCCCTTCAT GGCTTT
KKK K KKK KR KRR KRR A AR AR R I AR A KR AR KA KT AR AR R KAk k ke k kg ko 360

TTCCCAACAAAAAATAAAAAAAGAGAAGGGGTCCACCGAGTTGAACCCAAGTACCCGAAA

>
CTGCTCGCCTTTGGGTACCCCTAGTGGGCCTGPGGCTCACCCTGGTTCCGATCCCGGGTT

******************************i************************t**** 420

GACGAGCGGAAACCCATGGGGATCACCCGGACTCCGAGTGGGACCAAGGCTAGGGCCCAA
R-Phe

TCGGCA
kkkkkk 426

AGCCGT
OEER——
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C. tRNALyS: The results of PCR using 5' and 3' gene-specific primers for tRNALys
are shown in Figure 33. Amplification products were screened by hybridizing to the 3'
gene-specific primer that was used in the PCR. No detectable amplification products
were observed for the single primer PCR involving the 5' gene-specific primer. When
the 3' gene-specific primer was used in a PCR, however, at least 6 very faint bands of
~1.2 kb to ~4.5 kb in length were detected by ethidium bromide staining. Two of these
bands were weakly detected when probed with the 3' gene-specific primer. Probably a
longer exposure time would have allowed visualization of the other bands.

D. tRNAArg: PCR was performed using primers specific for the 5' and 3'
conserved regions for one particular tRNAA™ gene sequence. Amplification products
were size fractionated on a 2% agarose gel and the DNA subsequently transferred to
nylon membrane. This was probed separately with each of the primers used in the
PCRs. The results are shown in Figure 34. Amplification from the 5' gene-specific
primer alone resulted in the production of a single strong band of ~1.7 kb in length.
Two smaller fragments of ~0.25 and 0.35 kb in lengtl: were also detected by
hybridization. These fragments were detected by hybridizing with the 5' gene-specific
primer but not with the 3' gene-specific primer, thus these fragments were probably the
result of amplification between two tRNAA™8 pseudogenes that appear to lack the 3'
region of the tRNA gene sequence. At least five different fragments were amplified in
PCR using the 3' gene-specific primer alone. These fragments were ~0.25, 0.40,
0.55, 0.80, and 1.3 kb in length. Three of these fragments (0.25, 0.40, 0.55 kb)
hybridized weakly to the 3' gene-specific primer and to the 5' gene-specific primer. It
is not clear whether this hybridization is because these fragments contain at least one
complete tRNA gene sequence or is due to the result of weak non-specific
hybridization. There was no detectable hybridization to the marker DNA that was also

present at a much higher concentration on the membrane, however.



Figure 33 - tRNA PCR using primers specific for the human tRNALys
gene family.

(Left) An ethidium bromide stained 1.5% agarose gel showing the amplification
products for single primer PCR using only the 5' gene-specific primer (lane A), or the
3' gene-specific primer (lane B). Lane C shows the results of amplification for PCR
using both primers. (Right) The amplification products were transferred to nylon

membrane and hybridized with the tRNALYs 3' gene-specific primer.
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Figure 34 - tRNA PCR using primers specific for one member of the
human tRNAAre gene family.

Amplification products for single primer PCR using only the 5' gene-specific primer
(LArg: lane A), the 3' gene-specific primer (RArg: lane B), or both primers (lane C)
were separated by electrophoresis in a 1.5% agarose gel and stained with ethidium
bromide (Panel 1). DNA was transferred to nylon membrane and hybridized with the
tRNAA 5' gene-specific primer (Panel 2) or the tRNAA'E 3’ gene-specific primer

(Panel 3).
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The ~0.80 and 1.3 kb fragments hybridized only to the 5' gene-specific probe. The
only fragment detected for the PCR using both primers was one of approximately 100
bp in length that probably corresponds to the tRNA gene coding sequence alone. When
both primers were included in a PCR, none of the other amplification products detected
for the single primer PCRs were found.

E. tRNATP: PCR was performed using primers specific for the 5' and 3' conserved
regions of human tRNAT™ genes. The results for PCR using each primer individually
or using both primers in a PCR are shown in Figure 35. Amplification using the 5'
gene-specific primer alone resulted in the production of at least nine bands. The sizes
of these fragmenis were approximately 0.20, 0.35, 0.40, 0.60, 0.80, 0.90, 1.1, 1.5,
and 2.5 kb. Each of these DNA segments were shown to hybridize to the 5' gene-
specific primer but not to the 3' gene-specific primer. Conversely, there were no
detectable amplification products resulting from PCR using only the 3' gene-specific
primer. When both primers were used in a PCR a smear of DNA beginning around
0.10 kb in length was visualized.

F. tRNAMet: The results of PCR using primers specific for the human tRNA Met
gene coding sequence are shown in Figure 36. Amplification products were size
fractionated on a 2% agarose gel and subsequently transferred to nylon membrane.
There were no detectable PCR products from amplification using the human tRNAMet
5' gene-specific primer alone in a PCR, as determined by ethidium bromide staining of
the gel. While no signal was seen for hybridization of the 3' gene-specific primer,
hybridization of the 5' gene-specific primer to the immobilized DNA was observed for
a ~0.85 kb fragment and a number of fragments between ~0.2 and (0.5 kb in length,
Six fragments of approximately 0.40, 0.60, 0.75, 1.0, 1.8 and 2.2 kb in length were
produced from PCR using the human tRNAMet 3' gene-specific primer alone. These
fragments, however, did not hybridize to the §' gene-specific primer. When both of

the primers were used in a PCR, a single diffuse band of approximately (0.1 kb was



Figure 35 - tRNA PCR using primers specific for the human tRNATrp
gene family.

Amplification products for single primer PCR using only the 5' gene-specific primer
(LTrp: lane A), the 3' gene-specific primer (RTrp: lane B), or both primers (lane C)
were separated by electrophoresis in a 1.5% agarose gel and stained with ethidium
bromide (Panel 1). DNA was transferred to nylon membrane and hybridized with the
tRNAT® 5' gene-specific primer (Panel 2) or the tRNAT™ 3' gene-specific primer

(Panel 3).
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Figure 36 - tRNA PCR using primers specific for the human tRNAMet
gene family.

Amplification products for single primer PCR using only the 5' gene-specific primer
(LMet: lane A), the 3' gene-specific primer (RMet: lane B), or both primers (lane C)
were separated by electrophoresis in a 1.5% agarose gel and stained with ethidium
bromide (Panel 1). DNA was transferred to nylon membrane and hybridized with the
tRNAMet §' gene-specific primer (Panel 2) or the tRNAMet 3' gene-specific primer
(Panel 3).






produced corresponding to amplification between sequences found strictly in the coding

sequence for the tRNA gene.

3.3.2 Inverted PCR

A. tRNAPhe: Human genomic DNA was digested with Cfol, HinPI, or Haell.

Each restriction digest was diluted serially 10-fold from 100 to 10-, then aliquots of
each dilution were used for ligation/circularization of the digested DNA. Inverted PCR
was then performed on each dilution using primers that were designed to be specific for
the coding sequence of human tRNAPhe genes, Each primer was oriented away from
the other primer such that amplification should only be possible if the template DNA
had been cut by the restriction enzyme in the flanking regions of the tRNA gene (the
two cuts occurring within an amplifiable distance - approx. 4 kb) and only if
subsequent circularization of the digested DNA had occurred in the ligation step, thus
directing the primers in overlapping directions. Alternatively, amplification might occur
if there were repeated tRNAPPe genes occurring within an amplifiable di-‘ance. The

results of amplification using the tRNAPhe specific primers are shown in Figure 37.

Similar amplification products were observed for the three samples that were
initially digested using the different restriction enzymes. All three restriction enzymes
used in this case recognize the core sequence ‘GCGC’, thus it was possible that similar
amplification products would be seen. The enzyme Haell recognizes the sequence
‘PuGCGCPy’, thus it was further expected that the amplification products from this
reaction would be a subset of the amplification products seen for those enzymes with
four base recognition sequences (Cfol, HinPI). Unexpectedly, the best amplification
was seen for the DNA that had not been diluted after digestion (the 109 sample).
Subsequently, an aliquot of the DNA from the restriction digestion was fractionated on

a 0.75% agarose gel to check for the efficiency of digestion. From this it was apparent
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Figure 37 - Inverted PCR using primers specific for the human tRNAPhe
gene family,

Human genomic DNA was digested with a restriction enzyme and then used directly in
a ligation reaction. A sample of the ligation product was then used for inverted PCR,
(Left) Amplification products from inverse PCR were separated electrophoreiically on a
2% agarose gel. The results of PCR of samples where the template was digested with
HinPIiglcgcy (lane A), HaellppyGegelpy) (lane B), or Cfoligegic) (lane C) are
shown. (Right) DNA was transferred to nylon membrane and hybridized to an
oligonucleotide (IR-Phe) which is specific for the 3'-terminus of the human tRNA Phe

gene coding sequence that is not found in either primer used in the PCR.
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that the DNA was not efficiently digested, as most of the genomic DNA was still
greater than 20 kb (data not shown). Ten bands having approximate lengths of 0.11,
0.26, 0.28, 0.38, 0.50, 0.53, 0.62, 0.66, 1.1 and 1.3 kb were produced from
ansplification of the sample where the ligated template DNA had been initially digested
with Cfol. The amplification products from PCR using the HinPI digested DNA were
the same as that for Cfol sample except for the presence of an additional fragment of
around 0.90 kb in length. The fragments for the Haell digested DNA sample were
similar except that the 0.26 and (.28 kb fragments were absent and two additional
bands of 0.21 and 0.23 kb in length were produced. The DNA from these PCRs was
transferred to nylon membrane and hybridized to an oligonucleotide that was specific
for tRNAPhe sequences that were not found in either of the primer sequences. From
this it was evident that some of the amplification products did not contain complete
tRNAPhe coding sequences as not all of the fragrents were able to hybridize to this
probe. In fact, the most predominant signals were due to hybridization of the probe to
DNA contained in the fainter fragments visualized by ethidium bromide staining of the
amplification products. Hybridization was seen to the ~0.11, 0.26, 0.28, 0.38, (.50,
and 0.53 kb fragments for the amplification products from both Cfol or HinPI treated
template samples. Additional background hybridization was observed to amplification
products from ihe HinPI treated samples. Clear hybridization was observed for the
~0.10, 0.21, 0.23, 0.37, 0.40, 0.45, and 0.58 kb fragments, and possibly some other
larger fragmenits from the amplification using the Haell treated template DNA.

DNA from each PCR was cloned into the Hincll site of pUC118. After the
initial transformation step, positive transformants were screened by colony
hybridization. The same oligonucleotide that was used for hybridization to the initial
amplification products was used as a probe. A total of 24 positively hybridizing clones

were then sequenced. Of these, 11 different sequences were observed. The results of

sequencing are shown in Figures 38 to 40.
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Figure 38 - Nucleotide sequences of pCfol, pCfo2, and pCfo3s.
Inverted PCR, using tRNAPhe gene-specific primers, was performed on human
genomic DNA that was initially digested with Cfol prior to ligation. Amplification
products were cloned into the Hincll site of pUC118 fui sequence analysis. The
complete nucleotide sequence of pCfol is shown in (A). A sequence comparison of
pCfo2 and pCfo35 is shown in (B). The primer binding site for IL-Phe in thése
fragments is truncated. Thick arrows indicate the primer binding sites. Boxed regions

are complete or partial tRNAPhe gene sequences.
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Figure 39 - Nucleotide sequence comparisons of the tRNAPhe gene-
containing recombinants pHae2, pHael9, pHae20 and pHae23.

Inverted PCR, using tRNAPhe gene-specific primers, was performed on human
genomic DNA which was initially digested with Haell prior to ligation. Amplification
products were cloned into the HinclI site of pUC118 for sequence analysis. Complete
sequences are shown. Thick arrows indicate primer binding sequences. Multiple
primer binding sites are shown for the primer IL-Phe. Not all the IR-Phe binding sites

are indicated. Boxed regions represent complete or partial tRNAFhe gene sequences.
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A { L { §
pHae?2 CTTCAGTGATAGTTTACTCA
pHae2( CTTCAGTGATAGTTTACTCA
pHae23 CTTCAGTGATAGTTTACTCA
pHael9 CTTCAGTGATAGTTTACTCA

pHae2 GGAGACAARCCCAGAACGTCCGAAATAG 88

pHae20 GGAGACAACCCAGAACGTECCGAAATAGCTCAGT TGGGAGAGCGTTAGACTGAAGATCTA
pPHae23 GGAGACAACCCAGAACGT[ECCGAAATAGCTCAGTTGGGAGAGCGTTAGACTGAAGATCTA
PHael9 GGAGACAACCCAGGACGTECCGARATAGCTCAGTTGGGAGAGCGTTAGACTGARGATCTA

S iL-Phe
pHae20 AAGGTCCCTGGTTCGATCCCGGGTTTCGGCHGCTTCAGTGATAGTTTACTCAGGAGACAA
pHae23 AAGGTCCCTGGTTCGATCCCGGGTTTCGGCAGCTTCAGTGATAGTTTACTCAGGAGACAA
pHael9 AAGGTCCCTGGTTCGATCCCGGGTTTCGGCAGCTTCAGTGATAGT TTACTCAGGAGACAA

pHae20 CCCAGAACGT{ECCGAAATAGCTCAGTTGGGAG 212
pHae23 CCCAGAACGTFCCGAAATAGCTCAGT TGGGAGGGCGTTAGA-CTGAAGATCTAAAGGTCC
PHael9 CCCAGGACGTECCGAAATAGCTCAGTTGGGAGAGCGTTAGATCTGAAGATCTAAAGGTCC

IL-Phe

pHae23 CTGGTTCGATCCCGGGTTTCGGC CTTCAGTGATAGTTTACTCAGGAGGACAACCCAGA
pHael9 CTGGTTCGATCCCGGGTTTCGGC CTTCAGTGATAGTTTACTCAGGA~GACAACCCAGA

pHae23 ACATGCCGAAATAGCTCAGTTGGGAG 325
PHael9 ACGHGCCGAAATAGCTCAGTTGGGAGAGCGT TAGACTGAAGATCTAAAGGTCCCTGGTTC
IL-Phe

pHael9 GATCCCGGGTTTCGGCAGCTTCAGTGATAGTTTACTCAGGAGACAACCCAGAACGTECCG

<

pHael9 AAATAGCTCAGTTGGGAQ4 38

IL-Phe




Figure 40 - Nucleotide sequence of the tRNAPhe genes or pseudogenes
within pHnp2, pHnp4, pHnpll, and pHnpl2.

Inverted PCR, using tRNAPhe gene-specific primers, was performed on human
genomic DNA which was initially digested with HinPI prior to ligation. Amplification
products were cloned into the Hincll site of pUC118 for sequence analysis. Partial
sequences of pHnp4 (A), pHnp2 (C), and pHnp11 (D) are shown. The complete
sequence of pHnpl2 is shown in (B). Boxed regions indicate partial or complete
tRNAPhe genes or pseudogenes. The boxed regions in pHnp2 are probably
pseudogenes. A probable primer dimer artifact is shown in the sequence of pHnp12.
The primer binding site within pHnp11 is inverted relative to what is expected. Also,
pHnp11 demonstrates a tRNAPhe gene-like sequence (boxed region plus dashed lines)
that ends at the 5’ terminus of a complete tRNAPhe gene, Thick arrows represent
primer binding sites. Thin arrows indicate primers that were used in subsequent PCRs
from human genomic DNA. Solid bars indicate the restriction recognition sequence of

the enzyme that was us~d in the initial digestion step for inverse PCR.
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Many of the clones analysed were shown to contain multiple copies of tRNAPhe genes
arranged as tandem repeats. The basic unit length of tRNA gene plus flanking
sequence was around 100 bp. Each fragment was shown to contain the 5' gene-
specific primer sequence at one terminus and the 3' gene-specific primer at the other.
Each fragment was also shown to contain the additional 3' t(RNA gene sequence (~15
bp) that was not found in the 3' gene-specific primer sequence (IR-Phe). Many of the
longer sequences containing multiple tRNA genes were concatemers of the basic unit
length sequence (~100 X n, where n is the number of tRNA genes contained within the
sequence, including both primer sequences at the termini as one tRNA gene sequence).
Unexpectedly, not all of the sequences analyzed contained the restriction endonuclease
recoghition sequence of the enzyme used in the original digest. This suggests that
many of the amplification products were derived from unligated DNA. Because of this
unexpected result, PCR using the same primers was performed on undigested human
genomic DNA. The amplification products thus generated appeared to be the same as
the most intensely staining fragments seen from those templates that had been digested
and ligated prior to PCR. These amplification products from undigested DNA failed to
hybridize to the oligonucleotide that was shown to hybridize to the amplification
products derived from PCR using, as the template, human genomic DNA that had been
digested and ligated (data not shown).

For those sequences that were shown to contain the restriction endonuclease
recognition site of the enzyme which was used in the initial digestion step, primers
were designed that were oriented in non-overlapping directions and were flanking the
restriction site. PCR on human genomic DNA was then performed using these
primers. The results are shown in Figure 41. The primers that were derived from the
sequence from pHnp12 produced a single band of ~800 bp in length when used in a
PCR directly from the human genome. The primers designed from pHnp4 sequence

resulted in the amplification of a ~300 bp fragment.



Figure 41 - Amplification products from PCR from human genomic DNA
using primers that are compiementary to DNA regions flanking the
tRNAPhe genes found in pHnp4 and pHnpl2.

Amplification products from inverted PCR for the human tRNAPhe gene family were
cloned into the Hincll site of pUC118 for sequence analysis (see Figure 41). Two
recombinants, pHnp4 and pHnp12, were shown to contain the restriction endonuclease
recognition site for the enzyme which was used in the digestion step for inverted PCR.
Primers were designed in non-overlapping directions based on the nucleotide sequence
of pHnp4 (L-Hnp4, R-Hnp4) and pHnp12 (L-Hnp12, R-Hnp12). Each primer set
should be oriented in overlapping directions relative to the sequence found in the human
genome. PCR was performed using human genomic DNA as a template.
Amplification products from PCR using the pHnp4 specific primers (lane A) and the
pHnp12 specific primers (lane 3) were separated on a 1% agarose gel and stained with
ethidium bromide (/eff). DNA was transferred to nylon membrane and hybridized to a

tRNAPhe gene-specific oligonucleotide, IR-Phe (right).
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These fragments were subsequently shown to hybridize to an oligonucleotide probe
(IR-Phe) which was specific for the tRNAPhe gene coding sequence.
The inverted PCR procedure was repeated for tRNAPhe ysing human genomic

DNA that had been digested with HindIIl. Samples were digested and subsequently

diluted serially 10 fold from 100 to 10-5 prior t li+=tion. PCR was then performed on
each dilution. The results are shown in Fig: ~ example, the most intensely
hybridizing fragments were seen for the samp: ¢ cemplate DNA had been

diluted 10 prior to ligation. Visualization of s ‘ication prodz-cts by ethidium
bromide staining was difficult due to the low amour.t DNA present, however, there
appeared to be at least 3-4 bands that were detectable by hybridization with a probe
which contained the complete tRNAPhe coding sequence.

B. tRNAHIs: Approximately 5 ug of human genomic DNA was digested with Hpall
or Hindlll. This was diluted serially 10 fold from 100 to 10-5 and aliquots of each
dilution were used in a ligation reaction. PCR was performed using histidine tRNA
gene-specific primers that were oriented in non-overlapping directions. Amplification
products were size fractionated on a 2% agarose gel and the DNA transferred to nylon
membrane. Samples were probed with an oligonucleotide that was specific for
histidine tRNA gene sequences not found in either of the PCR primer sequerces. The
results are shown in Figure 43. As was seen for the PCR for tRNAPhe, the greatest
amplification was detected when the template DNA was undiluted. Surprisingly, when
the amplification products were visualized by ethidium bromide staining there were
many similar bands in both the Hpall and HindlII digested template samples.
However, the hybridization results indicate that amplification was not the same in both
cases. The Hpall digested samples show 4 bands of between 0.4 and 1.0 kb in length
when probed, whereas the Hindlll = .gested samples showed only 1 strongly

hybridizing band of approximately 2 kb in length.
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Figure 42 - Inverted PCR using primers specific for the human tRNAPhe
gene family.

Approximately 1 pg human genomic DNA was digested with HindIII and then diluted
10 fold. This was used directly in a ligation reaction. An aliquot of the ligation
product was subsequently used for inverted PCR. Amplification products for inverted
PCR were separated on a 2% agarose ge! and stained with ethidium bromide (lane A).
DNA was transferred to nylon membrane and hybridized to an oligonucleotide (RPhe)

that is specific for the 3' terminus of the human tRNAPhe gene-coding sequence (lane

B).
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Figure 43 - Inverted PCR using primers specific for the human {RNAHIs
gene family.

Human genomic DNA was digested with Hpall or HindIll. Digested DNA was 10)-
fold serially diluted from 10 to 10-5 and used for ligation reactions. Samples of each
ligation reaction were used for inverted PCR. The results for inverted PCR performed
using the 10° diluted samples for Hpall digested DNA (left) and (Hindl1l) digested
DNA (right) are shown. Amplification products were separated on a 2% agarose gel
and stained with ethidium bromide (lane A) DNA was subsequently transferred to

nylon membrane and hybridized to an oligonucleotide (RHis) that is specific for the 3’

region of the tRNAHiS gene (lane B).
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(., tRNATre: PCR was done using the conditions described for the histidine tRNA
gene family except that the primers were specific for the trvptophan tRNA gene family.
The results of this PCR are shown in Figure 44. In both the Hpall and Hindlll digest
samples. the strongest amplification occurved for the samples it were not diluted prior
£ the ligeiion step. Additionally, in hoth cises thee was a similar pattern of
splification as determined by ethidium bromide staining. In the Hpall digested
sampi, there were 3 fragments o upproximately 0.3 1 0.7 kb in length amplified that
were stiown to hybridize strongly to the (RNAT® gene-specific probe. There was no
detectable hybridization to amplitication products for those samples that had originally

been digested with HindlIIL

3.3.3 Alu-tRNA PCR

A. tRNAL¥s: PCR was performed using four primers specific for different regions
of the human Alu repeat sequence and a primer specific for the conserved sequence of
the 5' region of the human tRNALYS gene sequence. The first stage PCR was
performed using a biotinylated tRNA gene-specific primer. The amplification products
fromn this PCR were subjected to streptavidin selection and the PCR repeated using the
same primer combinations except that, in this second stage PCR, the gene-specific
primer was not biotinylated. Aliquots from the first stage PCR (unsele::ied) and second
stage PCR (selected) were fractionated oi a 1.5% agarose gel. Additionally, control
samples for the PCR using only the Alu speciiic primers were checked. The
amplification products were hybridized to an oligonucleotide that was specific for the 3’
region of the tRNA gene. The results of Alu-tRNA PCR for the human tRNALYs gene
family are shown in Figure 45. When only the Alu specific primers were used in a
PCR there was a smear of DNA produced. Additionally, when the primer Alud was
used individiiaily in 4 PCR, band: of about 222 and 250 bp in length were produced.

This was probably due to amplification between these sequences contained within each



Figure 44 - Inverted PCR using primers specific for the human tRNATrp
gene family.

Human genomic DNA w  digested with Hpall or HindIll. Dige: ‘ed DNA was 10-
fold serially diluted from 109 to 10-5 and used for ligation reactions. Samples of each
ligation reaction were used for inverted PCR. The results for inverted PCR performed
using the 100 diluted samples for Hpall digested DNA (left) and HindIlI digested D™ A
(right) are shown. Amplification products were separated on a 2% agarose gel and
stained with ethidium bromide (lane A) DNA was subsequently transferred to nylon
membrane and hybridized to an oligonucleotide (RTrp) which is specific for the 3'

region of the (RNAT® gene (lane B).






Figure 45 - Alu-tRNA PCR using primers that are specific for the human
tRNALys gene family.

A first stage PCR was performed on human genomic DNA using a biotinylated primer
that is specific for the 5' region of the human tRNALYs gene sequence (b-LLys) and
four different primers (Alul, Alu2, Alu3, and Alu4) that are specific for different
conserved regions of the human Alu repeat sequence element (lanes A, C, E, and G,
respectively). DNA from these PCRs was selected by incubation with streptavidin-
agarose. The selected DNA was then used as template for second stage PCRs using a
non-biotinylated tRNALYs 5' gene-specific primer (LLys) with the same combinations
of Alu specific primers (lanes B, D, F, H, respectively). Single primer PCR was also
performed on human genomic DNA using only the Alu specific primers; Alul, Alu2,
Alu3 and Alu4 (lanes 1, J, K, and L, respectively). Amplification products were
separated on a 1.5% agarose gel and then stained with ethidium bromide (fop). DNA
was then transferred to nylon membrane and hybridized to an oligonucleotide that is
specific for the 3' region of the tRNALY* gene sequence (RLys). A schematic
representation of the Alu-specific primers is shown in Figure 5. A schematic

representation of the tRNA-specific primers is shown in Figure 8.
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half of the Alu repeat sequence. There was no detectable hybridization to these control
lanes when probed with the tRNALYs 3' gene-specific primer. PCR performed on the
selected DNA sanples resulted in very intense amplification products as compared to
each of the samples for those PCRs that were performed on unselected genomic DNA.
Correspondingly, the hybridization intensity was significantly increased for those PCR
samples that had the tRNA gene sequences enriched by selection prior to the PCR. The
approximate sizes of the hybridizing fragments for each PCR are: (1) Alul +LLys -
0.20 and 0.38 kb, (2) Alu2 + LLys - 0.40, 0.50, and 0.60 kb, (3) Alu3 + LLys - 0.32
kb, and (4) Alud + Liys - 0.20 and 0.30 kb.

B. tRNAPhe: Alu-tRNA PCR was also performed using a tRNA gene-specific
primer complementary to the 5' region of the human tRNAPte gene family. The results
of amplification using the Alu specific primers alone or in conjunction with the
tRNAPhe specific primers (biotinylated and non-biotinylated) on non-selected human
genomic DNA or amplified DNA that had been selected for tRNAPhe sequences is
shown in Figure 46. Again the control amplification reactions using only the Alu
specific primers show a smear of DNA that does not hybridize to the 3' gene-specific
tRNAPhe primer. Those PCRs that were performed using template DNA that had been
enriched for tRNAPhe sequences showed more specific amplification compared to the
PCRs that were performe: directly from the human genome. The enhancement of
specific amplification was not as pronounced as that seen for the tRNALYs examples as
there was still a significant degree of background amplification. There was, however,
one primer combinition that resulted in a significant amount of specific amplification
that was more intense than the background smear due to Alu-Alu amplification. The
PCR using the primers Alu2 + LPhe resulted in the production of at least 6 fragments
of approximately 0.10, 0.20, 0.30, 0.40, 0.42, 0.50 and 0.55 kb in length that were

shown to hybridize to the tRNAPhe 3' gene-specific primer.



Figure 46 - Alu-tRNA PCR using primers that are specific for the human
tRNAPbBe gene family.

PCR was performed on human genomic DNA using a biotinylated primer that is
specific for the 5' region of the human tRNAPhe gene sequence (b-LPhe) and four
different primers (Alul, Alu2, Alu3, and Alu4) thus are specific for different regions of
the consensus sequence for the human Alu repeat sequence family (lanes A, C, E, and
G, respectively). DNA from these PCRs was selected by incubation with streptavidin-
agarose. The selected DNA was then used as template for PCRs using a non-
biotinylated tRNAPh¢ 5' gene-specific primer (LPhe) with the same combinations of
Alu specific primers (lanes B, D, F, and H, respectively). Single primer PCR was also
performed on human genomic DNA using only the Alu specific primers; Alul, Alu2,
Alu3 and Alu4 (lanes I, J, K, and L, respectively). Amplification products were
separated on a 1.5% agarose gel and then stained with ethidium bromide (fop). DNA
was transferred to nylon membrane and hybridized to an oligonucleotide that is specific

for the 3' region of the tRINAPhe gene sequence (RPhe).
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3.3.4 Linker PCR - tRNAPhe

In order to amplify novel tRNA gene-containing fragments directly trom the
human genome, linker PCR was performed where the second primer binding site was
supplied by the ligation of linkers to the ends of digested genomic DNA. Human
genomic DNA was digested with various restriction enzymes that generate blunt ends
(EcoRV, Hpal, Smal, Sspl, Alul, Haelll, Rsal). Linkers were ligated to the products
of these digests. Concatenation of the linker sequences was not possible because their
5'ends were non-phosphorylated. PCR was then performed using one of the linker
primers (Plinkerl) and either the 5' gene-specific primer or the 3' gene-specific primer.
Under these conditions, variable length amplification products were produced (data not
shown). The experiment was then repeated using the 5' gene-specific and 3' gene-
specific biotinylated primers and the linker primer. These amplification products were
selected by mixing with streptavidin agarose. A second round of PCR was then
performed using the same primer combinations except that the non-biotinylated tRNA
gene-specific primer was used. Additionally, as a control, single primer PCR was
performed on the selected DNA that had been previously digested with EcoRV or
Haelll using only the linker primer (Plinker!). Amplification products were
iractionated on a 2% agarose gel and the DNA was subseyuently transferred to nylon
membrane for hybridization to the 3' gene-specific primer for tRNAPhe, The results of
these PCRs are shown in Figure 47. When visualized by ethidium bromide staining,
both reactions using only the linker primer showed a substantial smear of DNA
throughout the lanes with a perceptible trace of banding. There was no detectable
hybridization of these samples to an oligonucleotide specific for the 3' region of the
tRNAPhe gene. In each of the reactions using either of the tRNAPhe specific primers
plus the linker primer there was also .= _ovious smear of DNA present. There was
also usually between one and four stronger bands present within the backgrouny

smear. Good hybridization was observed for amplification products derived from FCR



Figure 47 - Linker PCR for the human tRNAPhe gene family.

Human genomic DNA was digested with a variety of restriction endonucleases that
generate blunt ends. Double stranded linkers were ligated to the ends of the digested
DNA. A first stage PCR was performed using either a biotinylated 3' tRNAPhe gene-
specific primer (b-RPhe) or a 5' tRNAPhe gene specific primer (b-LPhe) with a linker
primer (Plinker1). Amplification products were selected for tRNA gene sequences by
incubating the DNA with streptavidin-agarose. A second stage PCR was then
performed using a linker primer (Plinker1) and either a non-biotinylated tRNAPhe 3'
gene-specific primer (RPhe. lanes C to I) or a non-biotinylated tRNAPhe 5' gene-
specific primer (LPhe: lanes J to P). The results of amplification using only the linker
primer (Plinkerl) on human genomic DNA that was initially digested with Haelll or
EcoRYV are shown in lanes A and B, respectively. The restriction enzymes used to
digest human genomic DNA were Rsal (lanes C and J), Haelll (lanes D and K), Alul
(lanes E and L}, 5spl (lanes F and M), Smal (lanes G and N), Hpal (lanes H and O)
and EcoRV (lanes I and P). Amplification products were separated on a 1.5% agarose
gel and stained with ethidium bromide (top). DNA was transferred to nylon membrane

and hybridized with a tRNAPhe gene probe prepared by random primer extension.
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using the template DNA that was initially digested with EcoRV (0.50 kb), Hpal (0.30,
(.32 kb), Smal (0.20 kb) and SspI (0.50) and were amplified using the 3'-gene-
specific primer. There was only very weak hybridization seen to the DNA from the
other reaction conditions employed.

In order to increase the total yield and specificity of amplification of tRNA gene
sequences and to reduce the amount of background amplification it was decided to
attempt the second stage PCR using a 'nested’ tRNA gene-specific primer. This nested
primer is specific for sequences contained within the tRNAPhe gene that are not
contained within the original tRNA gene-specific primer sequence and are found
downstream from the first primer. The template used for these reactions was the
appropriate selcrred amplification products from the first stage PCR. Electrophoretic
fractionation of 2: - plification products was conducted on 2% agarose gels. The DNA
was then transferred to nylon membrane for hybridization analysis (see Figure 48). In
all cases there was a noticeable background smear of DNA present, however the yield
of the specific bands produced appears to be significantly increased. When hybridized
to a probe containing the tRNAPhe gene sequence at 60°C there was strong
hybridization to those reactions which utilized the 3' nested primer and only weak

hybridization (if any) to the reactions using the 5' nested primer.



Figure 48 - Linker PCR for the human tRNAPhe gene family using
nested primers.

Human genomic DNA was digested with a variety of restriction endonucleases that
generate blunt ends. Double stranded linkers were ligated to the ends of the digested
DNA. A first stage PCR was performed using either a biotinylated 3' tRNAPhe gene-
specific primer (b-RPhe) or a 5' tRNAPhe gene-specific primer (b-LPhe).
Amplification products were selected for tRNA gene sequences by incubatin g the DNA
with streptavidin-agarose. A second stage PCR was performed on the selected DNA
using a linker primer (Plinker1) and either a nested non-biotinylated tRNAPhe 3' gene-
specific primer (IR-Phe: lanes A to G) or & nested non-biotinylated tRNAPhe 5' gene-
specific primer (IL-Phe: lanes H to N). The tRNA gene-specific primer combinations
used were RPhe (first stage) — IL-Phe (second stage) and LPhe (first stage) — IR-Phe
(second stage). Schematic representations of the primer sequences used are shown in
Figure 8 and Figure 9. The restriction enzymes used for digestion of human genomic
DNA were EcoRY (lanes A and H), Hpal (lanes B and 1), Smal (lanes C and J ), Sspl
(lanes D and K), Alul (lanes E and L), Haelll (lanes F and M) and Rsal (lanes G and
N). Amplification products were separated on a 1.5% agarose gel and stained with
ethidium bromide (fop). DNA was transferred to nylon membrane and hybridized with

a tRNAPhe gene probe prepared by random primer extension.
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4. DISCUSSIO;:
4.1 Standardization of hyb..dizalion conditicns

One obicctive of thus stucs ‘v examine the genomic organization of human
t"\NA genes. iaorder to distinguish suocessfully the chromosomal location of a single
human tRNA gene fron: tho »f other members of that IRNA gene family, it is
necessary to use a specific probe that is substuntially different from seqrences found at
any other luation in the human genome. In practice this means first Iiheling the probe
DNA to a very high specific activity to enable detection of that particular seqeence from
an extremely complex background and second, ensuring that the probe sequence doc.,
not contain repeat sequence elements that would hybridize to DNA from other locations
within the genome and thus obscure the resulis of specific hybridization to the desired
sequenct. Typically, the flunking sequences of human tRNA genes 2re unique, thus
determining the location of a specific tRNA gene locus involves using 2 probe derived
in part from: this region. The haploid human genome contains appeximately 3 x 109
bp, thercfore any hybridization strategy n-ust conside- the increaseJ genome complexity
of this organism compared to the genomes of other highly studied organisms such as
Escherichia col: or Saccharomyces cerevisiae. This means that for any given mass of
genomic DNA used for a hybridization experiment, there are 100 to 1000 fold fewer
conies of the target. Thus, probes used for hybridization to human genomic DNA must
be labelled to a very high specific activity to allow detection of a hybridization event
within a reasonable time of exposure (usually less than 5 days). Moreover, the
proportion of any particular human chromosomes found in a given mass of DNA
isolated from mouse-human somatic cell hybrids is usually small. Therefore, when
dealing with extended exposure times the signal tc noise ratio becomes very important.
The presence of even a small degree of non-specific hybridization will obscure the
results of a weak, specific hybridization. Noise associated v: i*h hybridization includes

those signals derived from the hybridization of the probe to other »imular sequences
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within the target DNA and also the non-specific binding of the probe DNA to the solid
membrane support.

The conditions necessary for specific hybridization 1o single copy genes within
the human genome were examined. The temperature of hybridization, ionic conditions
utilized for hybridization and for washing, probe compos.ijon, and the method of probe
preparation are the inost important factors involved in determining the success of
hybridization. Hybridization stringency is relative to the mciting wriperature (T.;) of a
DNA (or RNA) fragment which is determined by the length an: w0 g osition of
the probe used for hybridization. The conditions of hybridization were investigated for
three different probe preparation methods: (1) potynucleotide kinase labeling of
oligonucleotide probes, /7, M13 primer extensicn for Mi 3-human recombinant clov es,
and (3) random primer probe preparation of DNA fragments excised from low melting
point agarose.

Oligonucleotides used as probes are short segments of single stranded DNA,
usually 17 to 25 nt in length. One advantage of using an oligonucleotide ; be is the
ability to precisely detine the sequence of the probe, making this mettod ideal for the
detection of target sequences whe: ...'y limited sequence information is availab'e or
when two sequences to be distinguished are very similar precluding the use of longer
probe sequences. Because of the limited degree of basc pairing between the
oligonucleotide probe and the target sequence, the thermodynamic equiiibrium of
hybridization of these probes is very sensitive to temperature. Using oligonucleotides
to determine the chromosomal location of human tRNA genes would be useful for
localizing examples where two or more highly homologous but distinct tRNA loci have
been described, such as the human tRNATY genes described by van Tol et al., (1987),
MacPherson (1988) and the tRNATYT genes described in this study. Many of the
differences among these sequences occur solely in the intron regions. Also, it was

noted that position 16 of some human tyrosine tRNA molecules contains a U rather



oS

than a C as was expected from ol knewn examples of genes coding O 1iis t(RNA
(Johnson et al., 1985; van To. c1 al, 1987). Itis possible that this .. . template coded
polymorphism or it may be tf result of a post-transcripiional modification event. In
order to discern the difference quickly, it might be possible to utilize differential
hybridization to humin genomic DNA of two similar oligonucleotides for this region.
The effectiveness of using oligonucleotide probes to detect sequences within the
human genome was investigated briefly. The Ty, (melting temperature) of a 19 nt long
oligonucleotide that was perfectly matched to the sequence contained within a hunian
tRNATY" gene was estimated to be ~55° C. While there was no detectahle hybridization
of the perfectly matched probe to tRNATYT sequences conta:ned witiin the hungan
genome at temperatures of 45°C or 48°C (data not shown), specific hybridization of
this ;. »oe was observed when the hybridization was performed at 42°C.
Approximately 12-14 fragments were ob-erved to hybridize to this probe in EcoRlI
digests of human DNA, with a lesser number of hybridizing fragments observed in
BemHI, Bgll. and HindIH! digests of human DNA. Similar results were reported by
van Tol and Beier, (1988). Thus it would appear that there are at least twelve tyrosine
tRNA genes within the human genome and that some of these are contained on the
same BamHI, Bglll, or HindIll fragments. The actual number of IRNATY genes iy
probably higher than this estimate since it is known that, at least for this tRNA gene
family, many of these tRNA genes are tightly clustered (this study; MacPherson and
Roy, 1986; MacPherson, 1988). The intensity of hybridization of this probe to human
genomic DNA was very weak, even afier a 5 day exposure to X-ray film Thus, under
these conditions these probes would be unsuitabie for use in examining human
chromosomal mapping panels. There was no detectable signal seen for hybridization of

the single base mismatched probe to human genomic DNA. Because no positive results

were seen for this probe, it is difficult to determine if this means that a C is template
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encoded at position 16 of all human t(RNATYT genes thus causing unstable
hybridization.

These results might pussibly be improved by the addition of cationic detergents
(e.g. cetyl trimethylammonium bromide) to the hybridization solution. These reagents
have been shown to increase the rate of homologous pairing of complementary
sequences within complex DIN. - sources (Pontius and Berg, 1991), however suitable
conditions for hybridization to membrane immobilized DNA have not yet been
reported. However, the rate of base pairing of complementary sequences in my
experiments may not be the most important problem. Rather, the relatively low specific
activity of the preior ey be the critical limiting factor. Similar ev; <viiments performed
by van Tol znd Boier 2988) showed strong specific hybiid.zation of a 24 nt long
IRNATYT gene-specific oligonucizotide to human genomic DNA. My results might be
improved by decreasing the mass of oligorucleotide used for endlabelluig, thercoy
potentially increasing the specific activity of these probes. Also, longer exposure times
(>S5 days) would have allowed better detection of hybridization signals. Other labeling
methods, such as isotope incorporation using terminal transferase, may allow a
significant increase in the specific activity of oligonucleotide probes so that they could
be used effectively en human genomic DNA sources. Additionally, with the advent of
biotinylated phosphoramidites that allow the incorporation of multiple labels into a.:
oligonucleotide sequence, it may be possible to utilize novel non-radioactive methods to
increase the effectiveness of detection of single copy genes in human genomic DNA.

In order to increase the specific activity of probes used for detection of tRNA
genes, the M13 primer eatznsion aietiod of probe preparation was oxanincd. A single
stranded human-M13 recombinant containing a segment of DNA from \Ht7 was
hybridized to immobilized human DNA at 40° or 60°C (see Figure 10). The probe was
prepared by Klenow extension from a primer in the direction of the M13 DNA, leaving

the human DNA segmeni single stranded to allow hybridization to target sequences.



There were noticeable strongly hybridizing fragments seen when this probe was
hybridized at 40°C but these were partially obscured t.y the high background
hybridization. This background signal may be due to repeat sequences that are
contained within the human DNA segment of the probe, although no Alu repeat
sequences were detected within the region sequenced (Doran et al., 1987).
Alternatively, it has been reported that M13 bacteriophage DNA contains sequences that
may hybridize to repeated sequences within the human genome (Vassurt et al., 1987).
When the temperature of hybridization - vas increased to 6{°C, the background
hybridization was removed but specific hybridization was 100 weak to allow detection
of specific fragments within a 3 day exposure to X-ray film.

The randum primer probe preparation me:tic:! nas proven vital to detection of
single copy sequences within the human genome. ‘the advantage of this n=thod ix (hat
it is possible to label DNA fragments to very high specific activity, howevcr, the
reannealing of complementary strands from the double stranded probe DNA is a
disadvantage.

The effect of temperature on hybridization of a 610 bp tRNAGI" containing
fragment from AHt4 was examined (see Figure 11). This probe was prepared by
random primer extension and hybridized at 50°C and 65°C to human genomic DNA.
At both temperatures, there were strong signals seen for fragments of ~4.5 and 4.5 kb
in length for BamHI and Bgl/lI digests of human genomic DNA, respectively. The
effect of temperature on the hybridization of this probe appeared to be minimal, at least
for these two temperatures examined. Hybridization to the expected fragments in
EcoRI and Hindlll digests ‘1:.6 kb for EcoRI and two HindlI franents of ~0.7 and
2.9 kb) was also seen but these were much weaker. At least eight other hybridizing
fragments were detected in these digests. These may represent hybridization of this
probe to partially homologous target sequences elsewhere in the human genome or it

may be that the temperatures examined do not represent very stringent conditions of
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hybridization for probes of this size. Similar observations have been made for
tRNAGY gene-containing fragments (McEride et al., 1989). The extensive cross-
hybridization that was observed was explained as the result of homology of the
flanking sequences with other regions in the genome, rather thun being hybridization
strictly to other glycine © aacceptor tRNA genes. These cross-hybridizing regions co-
segregated with the tRNAGW gene loci in chromosomal localization experiments, thus it
was suggested that these sequences represent amplification (i.e. tandem duplication) of
this DNA segment.

The =77 - “flanking sequence on the hybridization of probes derived from this
same sef . (AHt4: Roy et al,, 1982) was analyzed by hybridizing 2 72 bp
tRN£GW g | _e (containing no flanking sequence), 1 105 bp Rsal-HindlIIl
fragment (containing 35 bp of 5' flanking sequence from the tRNASIR gene), and a 610
bp EcoRI fragment (contzining 540 bp oi flanking sequence from the 5' and 3' flanking
regions of the tIRNAGI gene) to human genomic DNA digested with BamHI, BgllI,
EcoRI, or HindllI (see Figure 12). When the hybridizations were performed at 65°C
there was a noticeable difference in the results obtained with the three probes. The
shorter probes tended to generate more background hybridization. This may represent
hybridization of these probe sequences to many similar sequences present in the
genome. It is possible that these other sequences are remnants of the evolution of these
tRNA genes or it is possible that human tRNAGIN genes share a considerable amount of
sequence similarity with repeated sequence elements contained within the human
genome. Certain human tRNA genes have been shown to be very similar to a number
of repeated sequence elements and it has also been proposed that for certain human
tRNA gene families, the repeat elements actually evolved from these tRNA genes
(Daniels and Deininger, 1985; Sakamoto and Okada, 1985). The longer probe
sequence generated the most intense hybridization to a few specific bands. This must

be due to the sequence that flanks the tRNAGIN gene contained within this probe. The



number and intensity of hybridizing fragments observed for the hybridization of this
610 bp probe under stringent conditions suggests that other homologous seanences are
present in the human genome. The intensity of hybridization of the longer probe to the
expected fragments was stronger than that seen for the shorter probe sequences. From
this it was concluded that for the purpose of hybridization to specific sequences within
the human genome (at least for human tRNA gene-containing fragments) a longer probe
sequence «s more desirable. This desirability of longer probe sequences has to be

balanced against the increased probability of containing other repeat sequence elements.

4.2 Human IRNA gene chromoscmal maps;ng studies

It was necessary to determine whether Ge -+ + 3 ¢f specitic hybridization of
tRNA gene probes to human sequences could be difiei<ntiated from hybridization to
similar sequences contained within mouse genomic DNA. To do this, hybridization of
tRNA gene-containing probes was done to human and mouse genomic DNA samples
digested with BamHI, Bg!ll or EcoRI (see Figures 13-19). This experiment was done
for seven human tRNA gene-containing fragments including AHIM2 (one tRNATYT
gene), AHtM4 (two tRNATYT genes, one IRNAAl gene), AHIMG (four IRNATYT genes),
AHt4 (one tRNALYs gene, one IRNAGI gene, one tRNALY gene), A7 (two tIRNAPhe
genes, two tRNALYs genes), AHt8 (one tRNASY gene), and AHt9 (one IRNAGY gene).
The exact description of the probe sequences used is contained in the Methods section.
In all cases, specific hybridization to human sequences was demonstrated. When
hybridization to sequences contained within the mouse genomic DNA was observed,
the fragments detected were different in size from the hybridizing fragments observed
with the human genomic DNA, thus it was feasible to detect hybridization to human
tRNA gene-containing fragments within a human-mouse somatic cell hybrid
chromosomal mapping panel. Hybridization of the AHt8 specific probe generated a

smear corresponding to all sizes of human DNA which was not seen with the mouse



genomic DNA. [t appears that this probe must conta  a human specific highly repeated
sequence element. Limited attempts to remove the element that caused this
hybridization pattern were unsuccessful, thus this probe was not us¢  for subsequent
hybridization to the mapping panel. The AHt7 probe hybridized to a ~12 kb fragment
of BamH! digested human genomic DNA. The same probe hybridized to a ~4.4 kb
fragment in the chromosomal mapping panel, therefore this may be a restriction
fragment length polymorphism. The human DNA used for preliminary hybridization
studies is from a single unknown individual. It is possible that the DNA from this
source may contain a rare polymorphism that is not found in the human DNA used in
the construction of the chromosomal mapping panel.

Th= chromosomal locations of fragments contained within the human-A
recombinants AHtM2 (one tRNATY" gene), AHtM6 (four tRNATY" genes), AHt7 (two
t(RNAPIe genes and two tRNALYs genes), and AHt9 (one tRNAGIY gene) have been
determined {.ec Figures 20-23: Tables 1-3). The determination of chromosomal
locations for the other human-A recombinants was not possible because the membranes
used for the mapping experiments developed areas of extreme non-specific background
radioactivity that masked hybridization results and appeared to be independent of the
probe DNA used for hybridization. Lambda HtM2 and AHtM6 were both shown to be
located on chromosome 14. It is interesting that these two independently isolated
human-A recombinants were both shown to be located on the same chromosome.
Moreover, it has been demonstrated that these recombinants in fact contain overlapping
regions of the human genome (D. Spadafora-personal communication). This result,
and the observation of a second human tRNATY gene as well as a tRNAA! gene on
AHtM4 (this study; D. Spadafora-personal communication), suggests that the members
of this tRNA gene family are clustered and may be contained on one or a few human
chromosomes. Other examples of tRNA genes mapping to this chromoscme have

been described. A tRNA gene heterocluster containing single genes for tRNALev and
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tRNATH plus two genes for IRNAP® (Olsen et al., 1987) and sequences homologous
to two tRNACY Joci from chromosome 16 have been shown to be located on this
chromosome (McBride et al., 1989).

The human DNA segment from AHt9 was determined to be located on
chromosome 1. This is the second example of a glycine IRNA gene being mapped to
chromosome 1, in addition to that reported by McBride et al., (1989). A single
glutamic acid tRNA gene and gene-like sequences were also shown to be located on
chromosome 1 (Boyd et al., 1989). Additionally, most if not all of the gene copies for
tRNAAST have been proposed to reside on this chromosome (Buckland, 1989). Two
other tRNAGY genes have been located on chromosome 16, as well as those
homologous sequences already mentioned that have be. - found on chr - some 14
Another human tRNA gene heterocluster containing a /5253487 gene was ©ated on
chromosome 17 (Morrison et al., 1991). This tRNASIY gune was subsequently proven
to be the same sequence contained within AHt8 (Doran et al., 1988) and this segment of
DNA was also shown to be syntenic with the human tRNA genes contained within
AHt4 (Roy et al., 1982). Thus, the human sequences from AHt8 and AHi4 have been
demonstrated to reside on chromosome 17. For the human tRNAG! gene family, it
would appear that these genes are dispersed in the human genome since most human
tRNAGY genes have been isolated as orphan tRNA genes and these are found on at
least four different human chromosomes.

The human DNA fragment contained within AHt7 was located on chromosome
11. This fragment of DNA contains two hu:zian tRNAPM and two tRNALYS genes.
This is the first example of human tRNA genes having been detected on this
chromosome. This brings the total number of human chromosomes shown to contain
tRNA genes (or pseudogenes) to nine. Furthermore, this is the first demonstration of
the chromosomal location for a human tRNAPhe gene(s). Another tRNALYS gene

contained on the human DNA fragment within AHt4 was previously shown to be



located on chromosome 17 (Morrison et al., 1991).  Thus, a limited number of studies
of human tRNA gene loci have shown that tRNA genes are dispersed on more than one
third of the human chromosomes. It would appear that as studies in tRNA gene
localization progr.ss, these genes will probably be found dispersed on most, if not all.
of the chromosomes of the human genome. The dispersal of human tRNA genes
throughout the genome, combined with the biological importance of these genes,
suggests that these loci may serve as important markers for sequence tagged siies
(STSs) for human genome mapping studies.

The duplication and dispersal of functional tRNA genes has several importini
biological consequences. As it has been observed for the differentially regulated 5S
rRI+A gene family (Darby et al., 1988) and the amplified "R MA genes in Xeno;vs
oocytes, an increased rate of transcription is possible due to multiple initiation events
frem duplicate identical tRNA genes. Multiple gene copies also prevent the disrupting
effects that might be associated with a mutation in a single copy tRNA gene. The
dispersion of multiple copies of each tRNA gene could provide diversity of 5'-flanking
sequences, which are known to modulate the expression of some human tRNA genes
(reviewed in Sharp et al., 1985; Pratt et al., 1985; Doran et al., 1987; Arnold and
Gross, 1987; Capone, 1988; Shortridge et al., 1989). The occurrence of a number of
members of an isoacceptor tRNA gene family with variable extragenic control regions
might provide a basis for tissue-specific or differentiation-specific expression of tRNA
isoacceptors (Lin and Agrnis, 1980; Hatfield and Rice, 1986). However, any specific

role for tRNA gene duplication and dispersal at this point is conjecture.

4.3 Isolation of human {RNA Genes
In order to understand further the structure, genomic organization and
transcriptional regulation of human tRNA genes, it is necessary to acquire more

examples of genes coding for a given tRNA gene family. There are estimated to be
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more 1000 tRNA genes per haploid human genome, and of these, no more than a few
examples have been characterized for any one gene family. For a few examples, such
as tRNAHis {(RNAT™, and (RNACYS, no human genes coding for these IRNAs have
been isolated. The polymerase chain reaction represents a powerful tool for the
isolation of tRNA genes directly from the human genome. By utilizing various of the
following PCR strategies that are based on general information known about human
and other mammalian tRNA structure and gene organization it is possible to isolate

numerous novel examples of human tRNA genes.

4.3.1 (RNA PCR

The first PCR strategy examined is termed “tRNA PCR”, This tecinigue
uvtizes primers that are based on consensus sequences for various tRNA gene coding
sequences and capitalizes on the fortuitous arrangement of human (RNA genes in
clusters. This technique had originally been described for intron cloning of human
tRNATY genes (Green et al., 1990). Previously it had been demonstrated that human
tRNATY" genes are arranged in clusters (MacPherson and Roy, 1986; MacPherson,
1988). This made this tRNA gene family the obvious choice for study using tRNA
PCR. Amplification products from PCR using both the 5' and 3' gene-specific primers
for this gene family were cloned and sequenced. Four fragments of 709, 711, 712,
and 715 bp and one fragment of 659 bp in length were isolated, in addition to the
expected tRNA gene coding sequences (~95 bp). The larger fragments were
subsequcntly shown to contain two human tRNATY genes arranged as direct tandem
repeats. Surprisingly, the flanking sequence between the two genes in each of these
larger fragments was shown to be greater than 98% homologous. In fact, most of the
diversity of these sequences was found in the intron sequences of the tRNA genes
contained at the fragment termini. One of the fragments, pHy?2(), is probably the same

as a human DNA fragment (pJM4) previously isolated by MacPherson (1988) and



further characterized by D. Spadafora (unpublished). Extended sequence analysis of
this latter fragment, which was isolated from a human-A recombinant library, has
confirmed the arrangement of human tRNATY genes as tandem repeats and has shown
that the sequences of pHy20 and part of pJM4 are greater than 99% homologous,
including each of the intron sequences (D. Spadafora - personal communication). A
total of 7 bp differences was found between pJM4 and pt. 20. Five of these
differences cve clerly artifacts in th pHy20 sequence that represent a rearrangement in
1::e primer binding site, either during the PCR or during the cloning step. The other 2
bp differences occur in the flanking sequences. One oi these represents a
polymorphism in the putative termination signal flanking the upstream tRNATYT gene.
A string of 8 consecutive T nucleotides has been described in pJM4 (MacPherson,
1988) whereas the propo: . " terminator sequence in pHy20 consists of only 7 T
residues. This polymorphic fcrm was previously described by van Tol et al. (1987).
The remaining polymorphism has :iot been previously described. It is possible that this
reflects a sequencing error, Alternatively, the error rate for Tag DNA polymerase has
been estima..d to be ~104 (Tindall and Kunkei, 1988). At this rate, fragments of the
siz. - . iinthis study might be expected to contain a single incorporation
erres

It is probable that some of the other fragments isolated that contained different
tRNATY" genes at the ends of these DNA segmenrts are artifacts. Although the
concentration of primers utilized in this experiment was in an extreme molar excess
relative to the concentration of amplified tRNA gene coding sequences produced during
the course of the PCR, it is possible that the tRNA g:ne sequences amplified would
also serve as primers for amplification from the template sequence characterized within
pHy20. In this manner it would be possible to 'cassette' alternative tRNATYT gene-

coding sequences with different intron sequences onto the original legitimate fragment.
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Figure 49 - Schematic representation for the generation of artifact sequences by IRNA
PCR. The top figure represents the fragment characterized for pHy20), which contains
two tyrosine tRNA genes arranged as tandem repeats. After denaturation, other
amplified tyrosine tRNA genes, which contain different introns (shaded areas), anneal
to the longer fragment and serve as priciers for polymerase extension.

To discern whether these other fragments contained in pHy6, pHy 10, and
pHy 5 actually represent sequences co -+, >d within the human genome, PCR was
peiformed using different primers th:- v e specific for each of the intron sequences
and a second primer that was contained within the flanking sequence of the tRNA genes
and was commion to each of the sequences characterized. The different intron-specitic
primers used for these PCRs were unique sequences, which when used in combination
with an intergenic primer would allow differential amplification. PCR using these
primers was performed on the recombinant plasmid DNA and also on human genomic
DNA. At was expected, amplificaticn using the intron primer specific for pHy20 was
observed when both the plasmid DNA and human genomic DNA was used as the
template. PCR using the intron primers for pHy 10 and for pHy15 re-ulted in
amplification when the plasmid DNA was used as the template but not when the
template was the genomic DNA. Thus, these sequences are probably artifact
sequences, most likely generated by the amplified tRNA gene sequences themselves
serving as primers for amplification from another DNA fragment. Surprisingly,
however, PCR using the intron primer for pHy6 generated amplification products of
the expected size from boti; the plasmid DNA and from the genomic DNA samples.
Thus, it would appear that this second fragment containing two different IRNATYr
genes may also be contained within the human genome. Twenty two nucleotide

differences were observed in the intron sequences for the two tRNA gene sequences

contained on pHy6 and pHy20. An additional three differences were observed in the
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intergenic flanking regions. Due to the number of sequence differences between the
human DNA fragments from pHy6 and pHy20 these sequences are probably not
alleles. Hybridization of the Apal-HindIII fragment from pJM4 (=pHy2(/pty6) to
BamH]1, Bglll or EcoRI digested human genomic DNA resulted in only a single
hybridizing band in all cases. This would suggest that both of these sequences are
contained within a single region of the human genome.

These results can be explained by a tandem duplication mechanism for gene
dispersal for these tRNATY genes. The high degree of homology between pHy2() and
pHy6 also suggests that these sequences were recently duplicated. However, no
known mechanism has been proposed that would allow conservation of the tRNA gene
exon and intergenic flanking regions while allowing divergence of the intron
sequences. Other human tRNATY genes have been found to occur in clusters
(MacPherson, 1988), and the genes for tkNATY in X. laevis are part of a tandemly
repeated iRNA gene cluster (Miiller and Clarkson, 1980). An analysis of the flanking
sequence from pJM4 revealed that there were no direct repeats in the flanking regions
as might be expected if these genes were dispersed by a retroposition mechanism.
Observations regarding a tandemly duplicated tRNAClY gene locus provide evidence ior
both models of gene duplication (McBride et al., 1989). One of these glycine tRNA
genes exhibited identical 8 bp direct repeats in the flanking regions, supporting a
retroposition mediated duplication, while the second glycine tRNA appears to be the
result of a subsequent tandem reduplication event.

A number of novel tRNATYT intron sequences was also characterized by tRNA
PCR. Five previous examples of introns for this gene family were shown to be 20 or
21 bp in length (MacPherson, 1988). It was expected that longer intron sequences
might be isolated since the introns for tRNA genes in other species are often
considerably longer. However, a 16 bp intron was observed for a human tRNATY®

pseudogene (van Tol et al., 1987). The finding of an similar intron sequence of 16 bp
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in length for a human tRNATT gene was first demonstrated by Green et al. (1990)
using this PCR technique. Additionally, in that study intron sequences were also
described for human tRNAL® genes. Previous examples of human tRNALeY genes
(Roy et al., 1982; Chang et al., 1986) that had been isolated from a humar  nomic
DNA library showed no intron sequences. The intron sequences in human t(RNATY®
genes were shown to be a prerequisite for pseudouridine biosynthesis in the anticodon
(van Tol and Beier, 1988). Like the tRNATY" genes, the human tRNALeY genes that
contain intrens also contain a modified nucleotide in the anticodon. Therefore, the
presence of introns may be required for correct processing of these tRNAs,
Differences in intron sequences or the absence of introns probably reflects the absence
of selective pressure for striCt sequence conservation.

Alternatively, it might be possible that tRNA gene sequence differences (e.g.
introns) represent a transition state in the evolution of these genes. The absence of
introns in some human tRNALe genes may be evidence for retropositional tRNA gene
duplication. The RNA intermediate involved in a RNA-mediated transposition can be
either a processed RNA polymerase 1I or a RNA polymerase Il transcript which lacks
intron sequences (Weiner et al., 1986; Rogers, 1985, Vanin, 1985). RNA polymerase
(I transcription of tRNA genes normally initiates 3-15 nucleotides upstream from the
coding sequence and termigates at a stretch of at least four T nucleotides at variable
positions downstream from the gene (Ciliberto et al., 1983; Sharp et al., 1985;
Geiduschek and Tocchini-Valentini, 1988). Processing of transcribed tRNAs involves
sequential removal of the 5-leader and 3'-trailer sequences and removal of intron
sequences, if present (Sharp et al., 1985; Castano et al., 1985, 1986; Johnson and
Abelson, 1983; van Tol and Beier, 1988). This may explain the absence of introns in
most human tRNA gene families and the absence of introns in some human (RNALe
genes, depending upon the nature of the RNA intermediate involved in the transposition

event. Moreover, the presence of introns in all known examples of human tRNATYT



genes may mgan that these genes were duplicated by tandem duplication thereby
preventing intron elimination during gene dispersal, if a processed RNA intermediate
was involved. The absence of a 3’ terminal CCA in human tRNA genes (added post-
transcriptionally ir: eukaryotes), however, represents a weakness in the RNA mediated
retroposition mechanism for tRNA gene dispersal, again depending upon the structure
of the intermediate,

The results herein for tRNA PCR using tyrosine tRNA specific primers were
not the same as those reported by Green et al., (1990), in which amplification of the
larger fragments was not observed. The differences in results between these two sets
of experiments may be due to the different primer sequences used for PCR, or to
differences in the PCR conditions. The primers used in this study each contained 21 nt
of sequence that was complementary to the sequence contained within the human
tRNATYr gene, whereas the primers utilized by Green et al, (1990) possessed 15 nt of
complementary sequence with additional oligonucleotide sequence comprised of linker
sequence thet was included for subsequent cloning steps. Perhaps a more important
factor may have been the length of time that was allowed for the extension stage of the
PCR. The extension stage of PCR for this study was 3 min compared to a 1 min
extension stage in the other study. This extra time may be critical for allowing complete
synthesis of longer sequences, especially when this synthesis is competing with the
amplification of smaller fragments that would be expected to occur more efficiently. In
this study, PCR was performed for 30 cycles compared to 25 cycles. The extra cycles
may be required for the synthesis of longer amplification products under the conditions
of these experiments. One other difference was the buffer composition used for each
study, although the effect of this variable is unclear.

In order to demonstrate the general applicability of this technique for the
amplification of human tRNA gene-containing fragments, tRNA PCR was then

perfcrmed on human genomic DNA using primers specific for the consensus sequence
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of human tRNAPhe coding sequences. This gene family was chosen because it was
known that tRNAPhe genes could be clustered since two tRNAPHe genes have been
found arranged as tandem repeats separated by ~9 kb within the human DNA segment
contained in AHt7 (Doran et al., 1987}, The amplification products from single primer
PCR utilizing either the 5' or 3' gene-specific primer individually, or from PCR using
both primers were cloned and sequenced. A 1.1 kb fragment resulting from
amplification using the 5' gene-specific primer alone hybridized to the 3' gene-specific
primer, thus this fragment was judged likely to contain at least one compiete tRNAPhe
sequence. This clone was designated pHf1-35. Sequencing of this fragment showed
that this DNA segment was generated by amplification between a single tRNAPhe gene
and a pseudegene arranged as inverted repeats relative to one another. The coding
sequence for the gene was shown to be the same as previous examples of human
tRNAPhe genes. A possible termination sequence was found downstream from the
tRNA gene. A smaller ~0.8 kb fragment did not hybridize to this probe and was not
characterized further.

The products of amplification using only the 3' gene-specific primer
individually in a PCR were cloned. Two different fragments of ~450 and 500 bp in
length were sequenced. The larger fragment (pHf7-31) was the result of amplification
between a tRNAPhe gene and a tRNA-like sequence which contained only the primer
binding site (completely lacking other sequences from the tRNAPe gene coding
sequence). The 5' flanking sequence of this gene was shown to be unlike the
sequences found in pHf1-39 or within tRNAPhe sequences previously characterized
(Doran et al., 1987). The second fragment (pHf7-30) was shown to be the result of
amplification between two tRNA-like sequences that contained only the sequence of the
primer binding site at one terminus and a putative pseudogene at the other terminus. A
reiterated sequence with a core consensus sequence of 'GAXT' was found tandemly

repeated 13x in this fragment. In addition to the ampiification of tRNA gene



sequences, only the 492 bp fragment, containing a complete tRNAh gene at one
terminus, was observed when both primers were included in the PCR. The longer
fragment (pHf1-3%) derived from amplification using the §' gene-specific primer alone
was not observex). Perhaps the additional competition for limiting substrate(s) that
might be expected to occur when multiple amplification events are ongoing may be
responsible for preventing synthesis of longer fragments. This competitive eftect is not
clearly understood, however. The amplification of sequences contained within pHI{7-
31 might be outcompeted by simultaneous amplification of the tRNAPhe gene
sequences, but this was not observed. Amplified tRNA genes might also serve as
primers, thus lessening the effect of competition for primers experienced for longer
sequences containing complete tRNA genes. In other PCRs for tRNAA™, (RNAMe
tRNALys, and tRNAT™®, none of the amplification products from one primer PCR was
observed when both primers were included in a PCR.

This type of experiment was repeated using primers that were specific for the
human tRNALYs, tRNAArg | tRNAMet and (RNAT™ gene families. No amplification
was observed when the tRNALYs 5' gene-specific primer was used individually in a
PCR. Amplification from the 3' gene-specific primer resulted in the production of 2
very weakly hybridizing fragments of approximately 1 and 4 kb in size. When both
primers were used in a PCR the only amplification observed was that of the tRNALYs
gene sequence.

A strongly hybridizing fragment of ~1.7 kb in length and two weakly
hybridizing bands of ~0.25 and 0.35 kb were detected by hybridizing an arginine tRNA
5' gene-specific primer to PCR products resulting from amplification using the same
tRNAATE primer. None of these fragments hybridized to the 3' gene-specific primer
however. Conversely, three fragments of ~1.3, 0.80, and 0.55 kb in length that were
derived from PCR using the 3 gene-specific primer were shown to hybridize to the 5'

gene-specific primer. These fragments may contain complete tRNAATS gene sequences.
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Two smaller fragments of ~0.40 and 0.25 kb in length did not hybridize to the 5' gene-
specific primer and are thus probably devoid of complete tRNAA™ gene coding
sequences.

Numerous amplification products were detected in single primer PCR using the
tRNAMet §' gene-specific primer, the tRNAT™ 5' gene-specific primer or the tRNATP
3' gene-specific primer. Each of the fragments produced in these PCRs, however,
hybridized only with the probe which was specific for the primer that was used in the
PCR. Because none of the amplification products in these cases hybridized with the
probe specific for the other terminus of the tRNA gene sequence it is unlikely that these
amplification products contain active tRNA genes but were rather the result of
amplification between tRNA pseudogenes.

These results suggest that while clustering of identical tRNA genes may be
relatively infrequent (i.e. only a few amplified bands which contain two tRNA gunes
for any gene family), amplification between a tRNA gene and a pseudogene or between
pseudogenes is likely to occur for most human tRNA gene families. Many examples of
tRNA pseudogenes that have been characterized to date consist of only slight mutations
that disrupt the ability of a tRNA transcript io assume the final correct tertiary structure
that is necessary for functinn. Other pseudogenes, however, have been shown to
contain relatively large changes to the tRNA gene sequence. A recombinant plasmid
containing Drosophila melanogaster DNA was shown to contain a region of homology
to the correct gene sequence for tRNA;Met only for the coordinates from 7 through 39.
Hybridization of this plasmid to genomic DNA demenstrated that there are
approximately 30 regions of homology contained within this genome. The
hybridization of a larger fragment encompassing this segment of DNA displayed
hybridization kinetics of middle-repetitive DNA (Gergen et al., 1981). It was proposed
that this DNA segment represented a ‘fragmented’ initiator tRNA gene that may have

been brought about by repeated insertion and excision of a transposable element(s) into



the tRNA gene coding region. A number of pseudogenes have been characterized in a
rat tRNA gene heterocluster encoding genes for tRNAASP (RNAG, and t(RNAGH,
ThLis cluster of tRNA genes is reiterated approximately 10 times in the haploid genome.
Changes to tRNA gene sequences include deletions of up to 14 nucleotides in length
(Shibuya et al., 1982) including a 11 nt region from the 3' end of a tRNAG gene,
Similarly, a mouse tRNAPhe pseudogene was characterized that wis shown to luck the
coding sequence from coordinates 1 to 38 (Reilly et al., 1982). The pseudogene in this
case included a 3' terminal CCA, which is normally not found in eukaryotic tRNA gene
coding sequences but is added post-transcriptionally. This pseudogene may be the
result of the information from a mature tRNA that was reverse transcribed and

integrated into the mouse genome (Reilly et al., 1982).

4.3.2 Alu-tRNA PCR

There is evidence suggesting that many mammalian short interspersed repetitive
DNA sequence (SINE) families represent amplified tRNA retropseudogenes (Weiner et
al.,1986; Rogers, 1985; Daniels and Deininger, 1985). Additionally, it has been
suggested that retroposons have a tendency to integrate into the tails of other
retroposons (Rogers, 1985; Weiner et al., 1986). The observed preponderance of Alu
repeat sequences in the flanking regions of human tRNA genes may be the result of
such a phenomenon. The role of these repeat sequences, as well as any role of IRNA
pseudogenes in tRNA gene flanking regions is unknown. It is possible that these
sequences are involved in binding transcription factors, or are simply traces of the
evolutionary history of tRNA genes.

In order to study further the nature of the association between human tRNA
genes and the Alu repeat sequence family, PCR was performed using primers specific
for the 5' conserved regions of the human tRNALYS and tRNAPhe gene families and

primers specific for different regions within the consensus sequence for the human Alu
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repeat sequence family. Because the most likely amplification event in such a PCR
would be that which occurs between two Alu sequences, a two stage PCR was
designed that allows for increased selection of amplification products containing tRNA
genes. When PCR was performed using the tRNALYs 5' biotinylated gene-specific
primer and four different Alu primers, amplification products of various lengths were
produced. This production of DNA fragments of heterogeneous lengths was also seen
when the Alu specific primers were used individually in a PCR. The PCR was
repeated, using as template DNA those amplification products of the first Alu-tRNA
PCR that had been selected using streptavidin agarose for tRNALYs gene-containing
sequences. For each of these reactions the amplification of discrete fragments was
observed. These fragments ranged in length from ~0.2 to 0.7 kb. Similar results were
seen for two of the four Alu primers when used in a PCR with the 5' tRNAPhe gene-
specific primer. For both tRNA gene families the best results were obtained for the
PCR using the same Alu specific primer (Alu2). This result may suggest that this
primer more closely resembles the actua: ;equence of the Alu repeat family members
that actually flank some tRNA genes than the Alu primers that were used in the other
PCRs. Alternatively, it may be that a particular orientation of Alu repeat sequence and
human tRNA genes is the most predominant, at least within an amplifiable distance.
The sizes of the amplification products for many of the PCRs for both tRNA
gene families suggest that the tRNA gene sequences and the Alu repeat sequences are
overlapping. This type of arrangement has been observed previously. There is
evidence that a human opal suppressor pseudogene (O'Neill et al., 1985) was formed
by retroposition. This sequence is located on human chromosome 22, while the
functional gene (described by Leinfelder et al., 1988, as a selenocysteine tRNA gene) is
found on chromosome 19 (McBride et al., 1987). This putative retropseudcgene
appears to have been inserted into the junction of two Alu sequences fused in a head-to-

tail fashion, and this insertion is associated with a 17 bp 3'-truncation and 11-bp §'
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truncation of the two adjucent Alu sequences. Another arrangement of tRNA gene and
Alu sequence has also been described in the case of a valine IRNA gene that was found
within a human (RNA gene heterocluster and was shown to be directly adjacent w an

Alu sequence (McBride et al., 1987) oriented in a tail-to-tail fashion.

4.3.3 Inverted PCR

A third strategy that was used to isolate human tRNA genes directly from the
human genome is “Inverted PCR”. The advantage of this method, in principle, is that it
should be possible to isolate novel flanking sequences from both the 5" and 3' regions
of any tRNA gene by using primers that are complementary to the consensus sequence
for the tRNA gene itself. This method should prove very useful in the study of human
tRNA genes, especiaily for transcriptional regulation studies and genome mapping
studies, where more extensive knowledge of flanking sequences is necessary.

Inverted PCR was performed using primers specific for the human t(RNAPhe
gene family. Human genomic DNA was digested with Cfol, Hacell, or HinPl. The
digested DNA was diluted serially tenfold (from 100 to 10-3) for use in a ligation
reaction to allow the circularization of this DNA, and the resulting templates were
subjected to PCR. After size fractionation of amplification products and ethidium
bromide staining of the agarose gel, the greatest number of fragments was observed for
the 109 dilution . Weaker amplification also occurred for the 10-1, 10-2, and 103
dilutions (data not shown). The weaker results for more highly diluted samples
probably represent the dilution of suitable template molecules below a critical level
required for detection by PCR (using the parameters in this study) rather than an effect
on circularization efficiency. Similar fragments appear to have been amplified in
reactions using the same primers on template DNA that had been digested with different
restriction enzymes. However, those fragments which hybridized most efficientlv to a

probe complementary to the tRNAPhe gene coding sequence (that is not found in either
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of the PCR primer sequences) were not the most intensely stained fragments. It is
possible that amplification had occurred directly from the genomic DNA between tRNA
gene sequences or gene-like sequences that are found clustered, and this non-inverted
PCR was responsible for some or all of the fragments generated. Therefore, inverted
PCR may have generated only some of the fragments. When inverted PCR was
performed on human genomic DNA digested with HindIll, the best amplification
occurred with the undiluted sample, however weak hybridization results were seen with
the sample that had been diluted 10-5 fold prior to ligation and PCR. Differences in the
apparent results (as determined by hybridization) may be due to differences in the
starting mass of DNA used or differences in the efficiency of restriction endonuclease
digestion. Examination of an aliquot of the human DNA that was digested with Cfol
indicated that only partial digestion had occurred and that most of the genomic DNA
after digestion was still very large. The effective concentration of DNA ends suitable
for ligation/cirularization must have been considerably reduced from that expected for
an equivalent mass of human genomic DNA that was completely digested.

The amplification products from inverted PCR for the tRNAPhe gene family
were cloned for sequence analysis. A total of 11 different fragments were characterized
and all were shown to contain regions complementary to the tRNAPhe 3'-gene probe
that was used for screening. Unexpectedly, many of the fragments that were
characterized were shown to contain tandemly repeated tRNAP genes. As the extent
of tandem duplication that was observed in these clones had not been previously
described in humans, the possibility arose that many (or all) of these fragments were
artifacts generated during the PCR process. Sequence analysis of the fragments
contained within pHae2, pHae19, pHae20 and pHae23 revealed that each intergenic
flanking sequence for DNA segments containing multiple tRNA genes was also
identical and was tandemly repeated for those clones derived from PCRs using the

same template DNA. Moreover, the smaller fragments containing G, 1, or 2 internal
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complete tRNAPhe gene sequences are identical to part of the sequence of a larger clone
containing 3 internal tRNAPhe gene sequences. The smallest of these fragments
analyzed was shown to represent the basic repeated unit consisting of uswilly ~90 bp
DNA segment that contains the 5' tRNA gene-specific primer binding site, an intergenic
flanking region of ~40 bp and the 3' end of the IRNAP gene coding sequence
containing the 3' primer binding site.

Many fragments failed to exhibit the restriction recognition site that would be
expected if inverted PCR was the mechanism by which these fragments were ampliticd.
PCR performed on undigested/unligated human genomic DNA resulted in the
production of a similar pattern of bands visualized by ethidium bromide staining as seen
for inverted PCR using the same primers. However, there * ras absolutely no
hybridization of the 3' tRNAPhe gene-specific probe to the amplification products in this
case (data not shown). It would appear, based on these results, that the tandemly
repeated organization of tRNAPe genes found in these clones is not found in the
human genome. Incomplete digestion by the restriction endonuclease used in the first
step would not explain the generation of the artifact sequences. A clear reconciliation of
these results is difficult. The terminal 16 bp sequence from the 3' end of the tRNA
gene must be template encoded since this is not found in the priiner sequences.
Additionally, the segment of DNA between the 5' ends of each of the inverted PCR
primers (~9 bp) must also be template encoded. Thus, any explanation invoking primer
artifacts cannot easily resolve the observed results. One explanation for the exact
tandem repeats of tRNA gene plus flanking sequence might be that PCR had occurred
from a circularized template containing a single tRNAPhe gene, For each cycle of PCR,
synthesis proceeded for multiple rounds around the circular template thus duplicating
the tRNA gene sequence plus flanking sequence (see Figure 50). Circular permutation
of the basic unit sequence could be avoided by performing a second restriction

endonuclease digestion after the ligation step, using an enzyme which cuts in the tRNA
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gene sequence between the primer binding sites (e.g. Bglll for tRNAPhe) However,
digestion with this second restriction endonuclease would also elim?-iate amplification
of tandemly repeated tRNA genes, if present. The absence of the expected restriction
endonuclease recognition site used in the original digestion suggests that the template
DNA was not circular and, therefore, weakens this explanation.

Sequence analysis of two other clones (pCfo2 - 145 bp and pCfo35 - 165 bp)
revealed a region of exact homology between the two fragments except for the deletion
of approximately 20 bp in pCfo2 immediately flanking the 5’ tRNAPhe sequence. The
sequence for pCfo2 is also devoid of the recognition site of the restriction endonuclease
(Cfol) used in the initial stages. A third recombinant, designated pCfol, was
sequenced and shown to contain an insert of 244 bp in length. This fragment contains
a single complete internal tRNAPhe gene with identical 5' and 3' intergenic flanking
sequences. The flanking sequence was also shown not to contain the restriction
endonuclease recognition site. There appears to very little flanking sequence homolog
between the sequences contained in pCfol and those of pCfo2 or pCfo35. None of
these sequences showed flanking sequence homology to the fragments contained in
pHae2, pHael9, pHae20 or pHae23.

A number of artifacts, generated either during the inverted PCR process or
dvriny, the clening of amplification products, were characterized. This includes “primer
dimer” where the IR-Phe primer was dimerized, unexpectedly, in a head to tail fashion
(data not shown), This primer dimer sequence was found incorporated into a larger
fragment (see Figure 40B). Sequence analysis of pCfo35, revealed that Tag DNA
polymerase had added “TATACGTATATA” to the end of the fragment, possibly in a
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Figure 50 - Schematic representation for the generation of “artifacts™ from inverted
PCR. The arrangement of PCR primers (arrows) relative to a tRNA gene is shown in
(A). The solid bars above the diagram indicate regions in the tRNA gene that are not
found in the primer sequences but have been found in amplification products from
inverted PCR for tRNAPhe, Djagram B shows a tandem duplication cf a tRNA gene
and some potential amplification products (solid bars) for PCR using the primers
shown in A. The intergeric flanking sequences represented here do not contain the
restriction endonuclease recognition site. Diagram C shows a circularized template,
containing a tRNA gene. The circular arrow represents a primer extension continuing
multiple times around the template, generating exact repeats of gene plus tlanking

sequence.
non-template dependent manner (data not showst). The sequence of pHnp!1 (Figure
40D) showed that the IL-Phe primer binding site was inverted. In this orientation,
amplification from this sequence should not be possible. Numerous other sequences
showed various degrees of truncation of the termini (see Figure 39 and Figure 40C).
These latter two artifacts (sequence truncation and primer inversion) were probably

generated during the cloning step, since the sequences characterized are not suitable
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templates for inverted PCR. Ligation of PCR generated fragments which have
experienced exonucleolytic degradatien may be selected for during cloning since these
fragments would have a 5 POy. Other potential artifacts, including the circular
permutation of sequences (Figure 39) and the lack of restriction endonuclease
recognition sites (Figure 38-40) have already been described.

Four different clones were recovered from the amplification products of
inverted PCR performed on human genomic DNA that was initially digested with
HinP! prior to ligation and PCR. The fragments contained within pHnp2, pHnp4 and
pHnp11, and pHap12 are approximately 1100 bp, 400 bp, 700 bp and 240 bp in
length, respectively. Partial sequence analysis of the fragments in these clones revealed
that each contains the restriction recognition site for HinPl. The complete sequence of
pHnp12 was determined. This fragment was shown to have the 5’ and 3’ tRNAPhe
gene-specific sequences at the fragment termini and was also shown to contain a single
internal tRNAPhe gene. However, unlike the sequences previously described (e.g.
pCfo and pHae) this fragment contains divergent flanking sequences in the 5'and 3'
flanking regions of this gene, Primers were designed for tRNAPhe gene flanking
regions that were also flanking the HinPI site in non-overlapping directions relative to
the sequence contained in the plasmid. In an attempt to reconstitute the correctly
oriented, contiguous sequence, PCR was then performed on human genomic DNA
using these primers. Ethidium bromide staining of the amplification products revealed
a strong fragment of ~800 bp in length. This result is unexpected since a fragment of
~250 bp length should have been produced. Nonetheless, this larger amplification
product was shown to hybridize to an oligonucleotide probe that was specific for the 3'
terminus of the tRNAPhe gene coding sequence, thus this fragment may contain at least
one tRNAPH gene, The amplification of a single fragment (probably containing a
tRNAPhe gene) directly from the human genome using primers that were designed to be

specific for a unique region of the human genome and that were oriented in non-
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overlapping directions, suggests the sequence contained within pHnp12 was produced
by inverted PCR. Despite problems with unexplained amplification products from
inverted PCR, the usefulness of this technique for the isolation of IRNA gene-
containing fragments has been demonstrated.

The results that were seen for inverted PCR performed for the tRNAHis and
tRNAT® gene families similarly demonstrated this dichotomy between ethidium
bromide staining of amplification products and subsegucnt results for hybridization of
the 3' gene-specific oligonucleotide probes to the immobilized DNA, Human genomic
DNA was digested with Hpall or HindllI prior to ligation and PCR. PCR was
performed and the amplification products separated on a 2% agarose gel. When
visualized using ethidium bromide, similar length fragments were observed for each
tRNA gene family regardless of which enzyme was used in the restriction digestion
step. The hybridization results, however, differed significantly between each of the
samples. Thus, it appears likely that multiple events are likely to occur during inverted
PCR when using human tRNA gene-specific primers. Because many of the strongly
staining fragments do not hybridize to tRNA gene-specific probes, the amplification of
these fragments must be due to PCR between incomplete tRNA-like sequences. The
number of fragments that are generated in each PCR also suggests that tirese incomplete
tRNA sequences are relatively common. Amplification between ‘imperfect’ tRNA gene
sequences or gene-like sequences, although potentially interesting, could possibly be
eliminated by increasing the annealing temperature used in these PCRs. This would
limit amplification to fragments which contained nearly perfect matches of the primer
binding sites.

The size of the hybridizing amplification products reflects the relative frequency
of cutting for each restriction endonuclease, as determined by the recognition sequence
of each enzyme. In the histidine tRNA experiment, a single large fragment was

amplified from human genomic DNA that had been digested initially with HindIIl



(AAGCTT) compared to the amplification of ~4 smaller fragments produced by PCR
from /[pall (CCGG) digested DNA. Because Hpall is expected to cut more frequently

in the sequence surrounding a tRNA gene, the average size of amplified fragments

should be correspondingly smaller.

4.3.4 Linker PCR
A fourth PCR strategy that was investigated for the amplification of tRNA gene

sequences is termed “Linker PCR”. This technique involves the ligation of linkers to
the ends of digested genomic DNA in order to provide a known ‘second site' that
would be suitable for PCR. When linker PCR was performed (using a tRNAPhe 5'
gene-specific primer plus a linker primer) on digested human genomic DNA that had
linkers ligated to the fragment ends, heterogeneous fragments of variable lcngths were
produced (data not shown). No detectable hybridization was seen when these
amplification products were probed. Similar results were seen when only the linker
primer was used in a PCR. The majority of amplification products are due to
amplification between linker primers that have been ligated to both ends of a variety of
DNA fragments. In principle, since the double stranded linkers used in the ligation
reaction are non-phosphorylated, ligation should only occur between the 3'-OH of one
strand of the linkers and the 5'-PO; of the digested DNA. Any single strand of DNA
should not have linkers ligated to both ends. Polymerase extension from the linker
primer should not result in the synthesis of a second linker primer binding site. One
likely explanation, however, is that the Tag DNA polymerase simply filled in the
complementary sequence of the ligated linker, prior to denaturation of the double
stranded template. This problem might be avoided by performing a “hot start” for the
PCR, whereby the enzyme is added when the template DNA is completely denatured.
Another possibility is that the linker primer was only ligated to one end of the digested

DNA, but the other end of the fragment terminated in a hairpin structure. Polyinerase
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extension using the hairpin structure as a primer would generate a second copy of the

linker primer site on the same strand of DNA.

A
Linker primer

— — )
( - Vv

Linker primer

B
Linker primer
= — - - — o . — — — — —— —— )

Figure 51 - Schematic representation of the generation of fragments containing

linker primer binding sites at both ends. Diagram A shows the enzymatic “filling

in” of the linker primer binding site, whereby the DNA polymerase utilizes one

strand of the duplex as a primer. Diagrum B shows the possible use of a hairpin

structure as a primer for the generation of a second linker primer binding site.

In order to overcome this high degree of background amplification, a two stage

PCR was utilized in which a first round of PCR was performed using a biotinylated
tRNA gene-specific primer and one of the linker primers. The amplification products
were then selected for sequences containing the biotinylated primer using streptavidin-
agarose. A second stage PCR was then performed using the same combination of
primers as used in the original PCR, except that non-biotinylated tRNA gene-specific
primers were used. The results of these PCRs again revealed that a high degree of
background amplification occurred. However, when the products of these reactions
were probed with a complete tRNAPhe gene sequence, strongly hybridizing fragments
were detected in those PCRs which used the 3' tRNAPhe gene-specific primer on
templates that had originally been digested with Sspl, Smal, Apal, or EcoRV. The
selection step appears not to have been completely successful. Because a relatively

high concentration of biotinylated primers was used in the first round of PCR, any

primers which did not initiate amplification products might be expected to compete for a
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limited number of binding sites on the streptavidin-agarose. Additionally, a significant
amount of contamination with amplification products containing linkers at both ends
must have occurred. It is possible that a limited amount of selection resulted, but this
was not as efficient as would have been achieved if a lesser concentration of
biotinylated primers was used initially and if the selection step was more stringent.

The number of genes coding for any given tRNA has been estimated to be in the
range of 10-20 per haploid human genome. Thus, more tRNA gene-containing
fragments were expected to be amplified. Non-specific background amplification might
have limited the amplification of these tRNA gene-specific sequences. In other
experiments where similar PCR techniques were employed, increased specificity of
amplification was achieved by using a two stage PCR in which an internal primer was
used in the second PCR (Fors et al., 1990). When this was applied to linker PCR
utilizing a tRNAPhe gene-specific primer, there was an increase in the intensity of the
discrete bands amplified and a corresponding decrease in the background amplification.
These products were fractionated on a 2% agarose gel and hybridized to a complete
{RNAPhe gene probe prepared by random primer extension. A number of strongly
hybridizing fragments were detected in those PCRs which used the internal primer (IR-
Phe) specific for the 3' region of the tRNAPhe gene sequence. Other PCRs clearly
resulted in the production of strongly staining discrete fragments but these hybridized
weakly to the tRNAPhe specific probe. The 5' tRNAFhe gene internal primer (IL-Phe)
is specific for the terminal 21 nt of the 5' region of the tRNA gene sequence and is
oriented towards the 5' flanking sequence, whereas the 3'-tRNAP gene internal
primer (IR-Phe) is specitic for the anticodon stem and TyC stem region of the tRNA
gene and is oriented through the gene towards the 3' flanking sequence. Thus,
amplification products from this primer probably contain ~40 nt of tRNA gene
sequence. The differences in hybridization intensity may simply reflect the unequal

proportion of the tRNA gene sequence contained in the final PCR product and a
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correspondingly less stringent hybridization may have yielded better results. In
summary, a number of discrete fragments were amplified by this technique and these
were shown to hybridize to a tRNAPhe gpecific probe. It should thus be possible to use
linker PCR for the isolation of tRNA gene flanking sequences for a number of gene
families. Additionally, it should be possible to apply this method for ‘walking’ from

any specific locus for the study of other DNA sequences.

4.4 Conclusions

A number of probe preparation methods were tested with the intention of
examining human chromosomal mapping panels. The results for hybridization of a 19
nt long tRNATYT specific oligonucleotide to human genomic DNA revealed that, under
the conditions used in these experiments, these probes would not be suitable for gene
mapping studies. Similarly, hybridizations using M13 primer extension probes were
also found unsuitable because of a high degree of non-specific hybridization, Other
conditions might improve the use of these methods for genomic hybridizations,
especially with oligonucleotides, but these were not examined. The random primer
extension method produced the best results for human genomic hybridizations. When
tRNAGIn gene probes containing various amounts of flanking sequence were
hybridized to human genomic DNA, strong specific signals were detected. Longer
probes, containing more unique flanking sequence, tended to provide better specific
hybridization. Human specific hybridization for seven probes, containing various
human tRNA genes was demonstrated. The chromosomal locations for four of thésc
probes (A\HtM2, AHtM6, AHt7, and AHt9) were determined. Lambda HtM2 and HIM6
both map to chromosome 14. Lambda Ht7 is located on chromosome 11, while AHt9
is found on chromosome 1.

In order to isolate novel tRNA genes for further study, various strategies based

on PCR were attempted. By using “tRNA PCR?”, five fragments containing ten tRNA
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genes or pseudogenes were isolated for the tRNAP' and tRNATYT gene families. One
fragment (pHy20) is the same as a human DNA segment previously isolated from a
human-A recombinant library. By the use of PCR, a second fragment (pHy6) was
shown to be found in the human genome. However, artifactual sequences were shown
also to be amplified for the IRNATYT gene family because amplified tRNA genes were
serving as primers. This was only detectable due to differences in their intron
sequences. For most human tRNA genes, which lack introns, this event would not be
noticeable. “tRNA PCR” depends on the fortuitous arrangement of tRNA genes (or
gene-like sequences) as direct or inverted repeats. As such, this procedure is unlikely
to give positive results for all tRNA gene families or all tRNA genes within a family.

Another procedure used to recover tRNA genes was “Inverted PCR”. This was
done for the tRNAPhe, (RNAHis, and tRNAT gene families. At least 11 different
fragments containing tRNAPhe genes were cloned and sequenced. Many of these
sequences were shown to contain multiple tRNAPhe genes, arranged as tundem repeats.
A number of inverted PCR amplification products were probably artifacts. Thase
artifacts, however, may reflect some unknown aspect of the genomic organization of
this gene family. Despite the isolation of these sequences, inverted PCR is likely to be
very useful for the recovery of novel tRNA gene sequences. To verify that some of the
sequences obtained by this method are representative of the actual sequences in the
human genome, amplification of tRNAPhe gene-containing sequences from genomic
DNA was performed using primers which were based on sequences found in two of
these clones. Fragments isolated in this manner are especially interesting since both the
5' and 3' flanking sequence for individual tRNA genes should be present.

Two other PCR strategies (“Alu-tRNA PCR” and “Linker PCR”) were
attempted in conjunction with streptavidin selection of tRNA gene sequences. By using
biotinylated tRNA gene-specific primers with streptavidin selection, it was possible to

increase the amount of specific amplification for those PCRs which generate significant
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amounts of non-specific background amplification. Human Alu repeat sequences were
demonstrated to reside in the flanking regions surrounding some t(RNA genes. Both
orientations of the Alu sequence, relative to the tRNA gene, were shown to exist.
Because Alu repeat sequences are often found surrounding human tRNA genes, “Alu-
tRNA PCR” will be moderately useful for the recovery of novel flanking sequences.
Despite the high degree of background amplification, “Linker PCR” should prove even
more useful, since it will be possible to ‘walk’ in both directions from a tRNA gene.

In all four PCR strategies it will be important to examine systematically,
variations in conditions to find the best, and most stringent parameters for tRNA gene
amplification. The number of artifact sequences recovered would probably be reduced
by increasing the temperature of the primer annealing during PCR, such that
amplification occurs strictly between well conserved tRNA gene sequences. Overall,
the use of these PCR strategies, individually or in combination, will allow an increased
rate of isolation of novel tRNA genes and their flanking sequences. Recovery and
analysis of tRNA gene loci is more efficient than current methods of gene isolation such
as screening human-A recombinant libraries, especially when large number of gene loci
are being examined. The time limiting factor in the characterization of amplification
products is often associated with cloning PCR products. Novel sequencing strategies,
such as direct sequencing, will increase the rate at which information can be obtained
and will also improve the results due to the reduction of errors due to cloning of
fragments containing incorporation errors, Fragments containing tRNA genes and
flanking regions isolated by PCR will be useful for chromosome mapping studies and

for experiments determining transcriptional regulation of tRNA gene families.
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