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Two different cloned human DNA segments encompassing

transfer RNA gene and pseudogene clusters have been

isolated from a human gene library harbored in

bacteriophage lambda Charon 4-A. One clone (designated

as AhVal7) encompassing a 20.5-kilobase (Kb) human DNA

insert was found to contain a valine transfer RNA gene
AAC

and several Alu-like elements by Southern blot

hybridization analysis and DNA sequencing with the

dideoxyribonucleotide chain-termination method in the

bacteriophage M13mp19 vector. Another lambda clone

(designated as AhLeu8) encompassing a 14.3-Kb segment

of human DNA was found to contain a methionine elongator

transfer RNA pseudogene and other as yet unidentified
CAT

transfer RNA pseudogenes.
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CHAPTER I

INTRODUCTION

Transfer RNA (tRNA) functions primarily as an adaptor

molecule in the translation of mRNA into protein (Sharp

et al., 1985; Rich and Kim, 1978). Besides the role in

protein synthesis, other functions of tRNAs have also been

delineated. For example, several different types of

repetitive elements called retroposons in higher

eukaryotes may ultimately have been derived from tRNA

(Weiner et al., 1986). In addition, tRNA may serve as

primers for the reverse transcription of RNA viral

genomes (Harada et al., 1979). Furthermore, tRNA is also

involved in bacterial aminoacyl-phospatidyl glycerol

synthesis (Nesbitt et al., 1968; Gould et al., 1968), in

the role of tryptophan tRNA as a regulatory molecule in

the translation of the trp operon by RNA polymerase in E.

Coli (Oxender et al., 1979), in bacterial cell wall

synthesis (Stewart et al., 1971), and in the post-

translational addition of amino acids to proteins (Kaji

et al., 1965). Recently, a histidine tRNA has been

implicated as.a necessary component for ubiquitination of

specific proteins, suggesting an involvement of tRNA in

the ATP-dependent protein degradation pathway (Ferber and

1
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Ciechanover, 1986).

In order to have such diverse functional roles, tRNA

molecules must possess a number of different secondary

and tertiary structural features. The secondary

"cloverleaf" conformation formed by the secondary stem-

and-loop components, the L-shaped tertiary structure

formed by the tertiary base pair interactions between

the dihydrouridine (D)- and ribothymidine (T)-loops,

and the base stacking interactions in the tRNA

molecule enable it to have sufficient structural

features to allow the tRNA molecule to interact with a

diverse number of macromolecules involved in protein

synthesis (Rich and Kim, 1978). These structural

features include: (1) the recognition of a particular tRNA

for esterification with its cognate amino acid by the

specific aminoacyl-tRNA synthetase; (2) a specific

anticodon-codon interaction; and (3) the binding of the

aminoacyl-tRNA to the ribosomal peptidyl (P) and

aminoacyl (A) sites (Lake, 1981, 1985). High resolution

X-ray crystal structures have been proposed for several

tRNA molecules (Westhof et al., 1985), suggesting that a

similar tertiary structure exists for all tRNAs. This

tertiary structural conformation is recognized by a wide

variety of enzymes that post-transcriptionally process

the 5- and 3'-termini, remove the introns from the tRNA
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precursors to produce the spliced mature tRNAs, and

modify a large number of base and sugar moieties.

Each cell in every known organism contains about

60-100 different tRNA species, including several tRNA

isoacceptors for each of the 20 amino acids (Lin and

Agris, 1980). The total number of tRNA genes has been

estimated to be about 300 to 400 in yeast (Beckman et

al., 1977), about 600 in Drosophila (Weber and Berger,

1976), and about 1300 in humans (Hallen and.Attardi,

1971), whereas in Xenopus, the reiteration frequency

has been shown to be is about 200 for each tRNA gene

(Birnstiel et al., 1972; Clarkson et al., 1973). Thus,

the existence of multiple copies of tRNA genes for each

individual tRNA species (Sharp et al., 1985) can

definitely be inferred.

The organization of tRNA genes in both prokaryotes

and eukaryotes has been investigated. In Gram-positive

bacteria such as Bacillus Subtilis, tRNA genes exist

either as a cluster of 21 distinct genes or as individual

tRNA genes in the spacer regions between ribosomal RNA

genes (Green and Vold, 1983). Reiterated tRNA genes are

found to occur within the genome either clustered or

singly in Drosophila melanogaster and Xenopus laevis,

respectively (Beckman et al., 1977; Yen 'and Davidson,
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1980).

The current knowledge regarding the organization

and regulation of expression for mammalian tRNA genes is

fairly limited. Some of these mammalian tRNA genes

occur individually and are widely dispersed throughout

the genome (Santos and Zasloff, 1981), while others are

found in small clusters (Roy et al., 1982; Shortridge et

al., 1985; Pirtle et al., 1986; and Chang et al., 1986).

In the rat genome, two types of tRNA gene clusters have

been reported. One cluster contains a reiterated 3.2-Kb

EcoRI DNA fragment encompassing leucine, asparte, glycine,

and glutamate tRNA genes (Shibuya et al., 1982; Makowski

et al., 1983). The reiterated EcoRI fragments are

believed to be part of a larger 13.4-Kb repeating unit

which has a reiteration frequency of 10 per halpoid

genome. Another cluster contains three proline and three

lysine tRNA genes in a 11.9-Kb DNA fragment (Sekiya et

al., 1982; Looney and Harding, 1983).

In the human genome, the present level of knowledge

about tRNA gene organization and expression is extremely

limited. The first example of a tRNA gene cluster in

the human genome is one that contains lysine, glutamine,

and leucine tRNAs separated by about 0.5-Kb in a 1.7-Kb

DNA fragment (Roy et al., 1982). Shortridge et al.

(1987) characterized a cluster of three tRNA genes
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encompassed in a 6.0-Kb human DNA insert. In this

cluster, a proline tRNA and a valine tRNA gene were found

to have the same polarity and to be separated by 368 bp,

while a threonine tRNA gene is about 2.6-Kb from the

proline and valine genes. Pirtle et al. (1986) found a

glycine tRNA gene, 758 bp from a glycine tRNA pseudogene

contained in a 20.1-Kb human DNA fragment. In addition,

Chang et al. (1986) reported a cluster of four human tRNA

genes in a 20-Kb DNA insert which are arranged in two

tandem pairs. The first pair (proline and leucine tRNA

genes) and the second pair (proline and threonine tRNA

genes) are separated by about 3-Kb, and the leucine gene

is of opposite polarity from the other three tRNA genes.

Transfer RNA genes from a number of eukaryotes have

been found to have several common structual features:

(1) the structural genes do not encode the CCA

nucleotides at the V-terminus of the mature mRNA

(Sprinzl et al., 1985a); (2) transcription initiates at

a purine residue typically three to ten nucleotides

upstream of the coding region in the sequence Py-Pu-Py

(Ciliberto et al., 1983); (3) transcription of the tRNA

gene terminates in four or more consecutive thymine

nucleotides on the non-coding strand of DNA (Bogenhagen

and Brown, 1981); (4) the internal split promotor for
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RNA polymerase III occurs within the coding region,

containing the A-block (corresponding to the D-loop

region of the mature tRNA) and the B-block (corresponding

to the T-loop region of the mature tRNA), and such that

the consensus sequences for the A- and B-blocks are 5'-

TPuPuPyNNAPuPyGG-3' and 5'-GGTTCGANTCC-3', respectively

(Sharp et al., 1985; Ciliberto et al., 1983); and (5) the

tRNA genes are all transcribed by RNA polymerase III.

The presence of Alu-like elements (Schmid and

Jelinek, 1982; Kariya et al., 1987), the name Alu being

derived from the fact that they contain a single site of

cleavage by the restriction enzyme AluI near the middle

of the sequence, has been described in the vicinities

of human tRNA genes (Pirtle et al., 1986; Chang et al.,

1986; Shortridge et al., 1987). The significance of

this close association of Alu-elements and tRNA genes

in the genome is unknown at this time. However, since

Alu elements are the most abundant family of middle

repetitive DNA sequence, consisting of about 300,000 to

500,000 copies per halpoid human genome and occurring

approximately every 5 Kb of genome (Schmid and Jelinek,

1982; Weiner et al., 1986), the fact that Alu elements

are found near tRNA genes may simply be coincindental.

Sequences equivalent to the Alu-elements found in

the human genome have been reported in the genomes of
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other primates and rodents (Schmid and Jelinek 1982;

Kariya et al., 1987). The human Alu-elements are about

300 bp in length, consisting of two directly repeating

monomeric units (about 120 bp and 150 bp in length)

separated by an A-residue rich region. Alu-elements

may be derived from a defective 7SL RNA molecule which

was reverse-transcribed and re-inserted into the genome

(Ullu and Tschudi, 1984; Chen et al., 1985). Several

possible functions for Alu-elements include acting as (1)

inhibitors of gene conversion (Hess et al., 1983) or that

the Alu-transcripts act as mRNA stabilizers in the

cytoplasm (Calabretta et al., 1981), (2) start sites in

cellular DNA replication (Jelinek et al., 1980; Agriga,

1984), (3) hot spots in DNA recombination (Jagadeeswaran

et al., 1982), and (4) modulators of chromatin structure

(Duncan et al., 1981). Many Alu sequences are

transcribed by RNA polymerase III from a polymerase III

promotor inside the Alu-element (Duncan et al., 1981;

Allan and Paul, 1984; Perez-Stable et al., 1984; Hess et

al., 1985). In addition, some Alu-elements are also

transcribed by RNA polymerase II colinearly with the

protein-coding sequences (Allan et al., 1983), and are

then removed in the splicing event during the maturation

of mRNA (Sharp, 1983).
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Although transfer RNA pseudogenes have been reported

in the human genome, their origin and significance are still

unknown. Pirtle et al. (1986) described a glycine tRNA

pseudogene which has two base substitutions. One of

these mutations is a C to T transition in the invariant

sequence 5'-GTTC-3' in the ribothymidine (T)-loop

region of the mature tRNA shown in Figure 1. Another

substitution is an A to G transition at the aminoacyl

(AA) stem region. In addition, a human leucine tRNA

pseudogene reported by Chang et al. (1986) contains

three base substitutions in the D-stem, D-loop, and T-

loop (Figure 1). The substitution in the D-stem is a G

to A transition, that in the D-loop is a T to C

transition in the A block of the internal split promoter

sequence, and that in the T-loop is a C to T transition

at an otherwise invariant position of the consensus

sequence 5'-GTTC-3' within the B block of the internal

split promotor. Both of these tRNA pseudogenes have been

shown to be transcriptionally inactive (Pirtle et al.,

1986 and unpublished results), and the mutations in the

internal split promoter is the most likely structural

features of the pseudogenes to cause the observed lack of

transcription by RNA polymerae III.

The purpose of this study was to continue to

investigate the structure and organization of human
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transfer RNA genes, and to provide further information

in order to relate human tRNA gene organization with

the regulation of tRNA gene expression. Despite the

availability of modern recombinant DNA technology,

relatively few human tRNA genes have been isolated and

sequenced (Sprinzl et al., 1985a, 1985b). Therefore,

the further isolation and characterization of human

tRNA genes and tRNA gene clusters may provide valuable

insight into the organization and expression of human

tRNA genes.

In this study, two clones have been isolated from

a human gene library harbored in bacteriophage lambda

Charon-4A. The cloned human DNA fragments were

characterized by restriction endonuclease mapping and

Southern blot hybridization analyses. The primary

structure and the flanking regions of the tRNA genes

and tRNA pseudogenes were determined by DNA sequencing.

One clone (XhVal7) was found to contain a potentially

functional valine tRNA gene and putative Alu-like
AAC

elements. Another clone (AhLeu8) was found to contain a

cluster of potential tRNA pseudogenes, including an

elongator methionine tRNA pseudogene and other as yet
CAT

unidentified tRNA pseudogenes. The valine tRNA gene

and the methionine tRNA pseudogene were found to contain
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characteristic transcription termination sites of four

consecutive T nt, but they neither contain intervening

sequences nor the CCA trinucleotide sequence found in the

3'-end of the mature tRNA. In addition, the coding

region of the valine tRNA gene contains a characteristic

internal split promotor sequence, and the invariant and

semi-invariant nucleotides described in Figure 1. The

elongator methionine tRNA pseudogene contains the

aberrant 5'-GCTT-3' sequence that would correspond to the

5'-GTUC-3'sequence in mature tRNAs (Rich and RajBhandary,

1976), and it also lacks several normal base pairings

found in the D- and T-stems, rendering it to be a non-

functional pseudogene.



CHAPTER II

EXPERIMENTAL PROCEDURES

Materials

Restriction enzymes and T4 DNA ligase were purchased

from International Biotechnologies Inc., New England

Biolabs, or Bethesda Research Laboratories (BRL). T4

RNA ligase and polynucleotide kinase were obtained from

Pharmacia-PL Biochemicals. Enzymes and synthetic

oligomers used for producing unidirectional deletion

subclones by the method of Dale et al. (1985) were

obtained from International Biotechnologies, Inc. T4

DNA polymerase was also purchased from Promegatech, Inc.

The Klenow fragment of E. coli DNA polymerase I and

the universal sequencing primers for the M13mp18 and

M13mp19 vectors were purchased from New England BioLabs.

Dideoxyribonucleo tides and deoxyribonucleo tides were

obtained from Pharmacia-PL. Radioisotopes were

purchased from ICN Radiochemicals. Agarose (LE and

NuSieve) was obtained from FMC Corp. Acrylamide, N,N'-

methylenebisacrylamide, N,N,N'N'-tetra-

methylethylenediamine (TEMED), and ammonium persulfate

were purchased from Bio.Rad. Host E. coli JM101

13
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cells, E. coli TB1 cells for M13mp18 and M13mp19 phages

and the plasmids pUC18 and pUC19 were all obtained from

BRL. E. coli strain HB101 harboring plasmid pBR322 was

purchased from American Type Culture Collection.

Nitrocellulose membrane filters were obtained from

Millipore Corp. Various other chemicals and reagents

were obtained from Kodak, Fisher, Aldrich Chemical Co.,

Boehringer-Mannheim Biochemicals, or Sigma Chemical Co.

Screening a Human Gene Library
32

Bovine liver valine and leucine tRNAs were P-
32

labeled at the Y-end using [5'- P]pCp and T4 RNA

ligase (Pirtle et al., 1980), and were used as

hybridization probes to screen a human gene library

harbored in lambda bacteriophage Charon-4A, provided by

J.L. Slightom and 0. Smithies (Blattner et al., 1978;

Slightom et al., 1980). A number of plaques that gave

positive signals upon autoradiography were identified

by the plaque-hybridization method (Benton and Davis,

1977), and subsequently plaque-purified. The cloned

DNAs of these positive plaques were prepared by a mini-

lysate procedure (Zehnbauer and Blattner, 1982), and

were analyzed by restriction endonuclease digestion and

Southern blot hybridization techniques (Southern, 1979).

Two plaque-pure clones which gave very intense positive
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signals upon autoradiography were selected for further

characterization, and designated as AhVal7 and AhLeu8.

Characterization of Cloned Human DNA Fragments
Harbored in Lambda Bacteriophage

Milligram quantities of DNA were prepared from

hVal7 and hLeu8 using modifications of the method of

Tiemeier et al. (1977). A culture of E. coli DP50supF

was inoculated with phage at a M.O.I. (multiplicity of

infection) of 0.1 and grown overnight in 500 ml of 2X
0

NZCYM-DT medium at 37 C by a method modified from that

of Blattner et al. (1978) and Maniatis et al. (1982).

The cell debris was precipitated by I M NaCl. The

phages in the supernatant were precipitated by 50 gm of

polyethylene glycol (Fisher PEG 6000), banded by CsCl

gradient ultracentrifugation, and then extracted with

phenol and phenol:octanol (24:1). The phage DNAs were

subsequently subjected to single and double restriction

endonuclease digestions. The resulting fragments were

then fractionated by agarose gel electrophoresis and

subjected to Southern blot hybridization analysis using
32

either bovine liver valine and leucine [3'- P]tRNAs or
32

unfractionated [3'- P]tRNA as hybridization probes.

The unfractionated tRNA was utilized to determine if the

clones had tRNA genes other than valine or leucine tRNA
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genes.

Construction of Subclones and Purification
of Plasmid DNAs

From the various restriction enzyme mapping and

Southern blot hybridization analyses using the

unfractionated bovine tRNA as probe, several restriction

fragments derived from ?'\hVal7 and AhLeu8 hybridized to

the tRNA probe. The lambda DNA of AhVal7 contains four

BamHI fragments (7-, 4.7-, 2.1-, and 1.5-Kb) which

hybridize to the tRNA probe. Similarily, the lambda DNA

of AhLeu8 contains a 7.8-Kb BamHI fragment which

hybridizes to the unfractionated tRNA probe.

Because of their large sizes, the 7-Kb BamHI

fragment of AhVal7 and the 7.8-Kb BamHI fragment of

AhLeu8 were isolated by electrophoresis on 1% agarose

gels, with sub-sequent electroelution from the gel slices

into a cushion of 3 M sodium acetate. The respective 7-

kb and the 7.8-kb BamHI fragments were ligated into the

BamHI site of the vector pBR322, and the resulting

recombinant plasmid DNAs were used to transform E. coli.

HB101 cells. These subclones were designated as phVal7

and phLeu8, respectively.

Large quantities of the plasmid DNAs were prepared

from 500 ml cultures of phVal7 and phLeu8. The yield of

plasmid DNA was amplified by the addition of
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chloramphenicol to a final concentration of 170Aug/ml to

the cultures at the logarithmic growth phase (Maniatis

et al., 1982). Crude plasmid DNA was isolated by the

SDS-lysis procedure of Godson and Vapnek (1973), and

digested for several hours with RNase T and heat-

I
treated RNase A. After complete digestion of cellular

RNA, the RNases were removed by phenol:chloroform (1:1)

and chloroform extractions. The crude plasmid DNA was

then purified on a 200 ml Sephacryl S-300 column

(Bywater et al., 1983) equilibrated in 10 mM Tris-HCl,

pH 7.5, 200 mM NaCl, and 0.5 mM EDTA. The first peak of

A -absorbing fractions was pooled and ethanol-
260

precipitated.

Restriction Enzyme Mapping

Fine restriction enzyme mapping of the DNAs from

phVal7 and phLeu8 was done by Southern blot hybridization

analysis (Southern, 1979), using bovine liver unfractionated
32

[3'- PJtRNA as hybridization probe. The hybridization

solution contained 50% deionized formamide, 5X SSC (1X

SSC is 150 mM NaCl and 15 mM sodium citrate, pH 7.0), 1

mM EDTA, 0.1% SDS, 2 ug/ml E. coli carrier tRNA, and
32

P-labeled tRNA probe. The hybridization was performed
0

at 42 C overnight. The filter was washed twice in 250

ml of hybridization solution with neither carrier tRNA
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0

nor tRNA hybridization probe at 42 C for 30 minutes,

followed by washing in 250 ml 5X SSC for another 30

minutes, and in 250 ml 2X SSC at room temperature for 20
0

minutes. The washed filter was dried at 42 C for one

hour and autoradiographed.

DNA Sequence Analysis

Subclone Cons truc tion

The 2.1-Kb and 1.5-Kb BamHI fragments from AhVal7

were isolated and subcloned (Messing, 1983) into the

BamHI site in the polylinker region of M13mp19

replicative form (RF) DNA. The resulting recombinant RF

DNAs were used to transform competent E. coli JM1OI

cells (Messing, 1983) prepared by a 50 mM CaCI
2

treatment. Colorless plaques, containing those with the

recombinant DNA inserts, were picked from YT agar plates

(with the top agar containing 0.33 mM IPTG and 0.03% X-

gal) and inoculated into 2 ml YT media. After
0

incubation for 8 to 10 hours at 37 C with vigorous

shaking, the RF DNAs were isolated from the cell pellets

of 2 ml mini-cultures of these colorless plaques by a

SDS-alkali method (Maniatis et al., 1982), and were

subsequently digested with the appropriate restriction

enzymes to confirm that the human insert was present.
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Further confirmation was done by Southern blot

hybridization analysis using unfractionated bovine liver
32

[3'- P]tRNA as hybridization probe. The positive

clones were designated as M13mpl9Y (with an insert of

the 2.1-kb BamHI fragment) and M13mpl9X (with an insert

of the 1.5-kb BamHI DNA fragment). The clones of the

human DNA inserts subcloned in the two different

orientations were identified by the C-test (Messing,

1983), and designated as M13mp19-1X, M13mpl9-2X and

Ml3mpl9-1Y, M13mpl9-2Y. A 1.5-kb Xbal fragment and a

1.0-Kb PstI-HindIII fragment of phLeu8 that hybridized
32

to unfractionated bovine liver [3'- P]tRNA were

isolated from phLeu8 and subcloned into the corresponding

sites in the polylinker region of the M13mpl9 or M13mpl8

vectors. The resulting subclones were designated as

M13mpl9E and M13mpl9G, respectively. All the subclones

generated in this study are listed in Table 1.

Deletion Subcloning DNA Fragments
into M13mpl8 and M13mpl9

The supernatants of the above 2 ml mini-cultures of

positive clones in the M13mpl8 or M13mpl9 vectors were

stored as phage stocks. Fifty microliters of an overnight

culture of E. coli JM1OI was inoculated into 12 ml of
0

YT medium and grown in a shaker-incubator at 37 C for

one hour. Fifty microliters of each phage stock were
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0
then added, and the cultures were incubated at 37 C with

further shaking for 6-8 hours. The phages were

precipitated from the supernatant of the 12 ml culture

by 20% polyethylene glycol in 3 M ammonium acetate.

The ssDNAs were prepared from phages by phenol and

chloroform extractions, and then ethanol-precipitated.

Using the 3'-exonuclease activity of T4 DNA

polymerase, the ssDNAs were subjected to partial processive

digestion, and the deletion fragments were transformed into

competent E. coli JM101 cells in order- to produce a

sequential series of overlapping clones for DNA sequencing

(Dale et al., 1985) as shown diagramatically in Figure 2.

A specific oligodeoxyribonucleotide was annealed to

ssDNA at the V-end of the polylinker region of the

M13mp18 or M13mp19 vector. For the primer reaction, 5'-

CGACGGCCAGTGAATTCCCCCC-3' (a 22-mer) was annealed to the

ssDNA of M13mpi9 subclones, and 5'-CGACGGCCAGTGCCAAGCTTT

TTTTTTTT-3' (a 29-mer) was annealed to the ssDNA of

M13mpl8 subclones. The annealed circular ssDNA of an

M13mpl8 or M13mp19 subclone was subsequently linearized

by EcoRI or HindIII digestion, respectively, both at

the corresponding restriction sites of the double-

stranded hybridized regions. The linearized ssDNA was

degraded- at the rate of approximately 50 nt per minute
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Figure 2. Schematic diagram of the unidirectional

deletion and single-stranded cloning procedures for

M13mp18 and M13mp19 (Dale et al., 1985). The thick

line represents the human DNA insert and the thin line

represents the single-stranded vector DNA.
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from the 3'-end using the V-exonuclease activity of T4

DNA polymerase. A series of overlapping deletion

subfragments of the human DNA insert were generated and

were subsequently tailed at the V-ends, forming an

oligo(dG) stretch (for M13mpl9 subclones) or an oligo(dA)

stretch (for M13mpl8 subclones), using terminal

deoxyribonucleotidyl transferase and the appropriate

deoxyribonucleotide triphosphate. The 22-mer or 29-mer

was annealed to the deletion subfragments, joining the

two ends of the ssDNA molecule, and the nick was ligated

with T4 DNA ligase. The resulting circular DNAs were

transformed into competent E. coli JM101 cells.

Routinely, 50 plaques were randomly picked and

inoculated into 2 ml of YT media. The cultures were
0

grown for 6 to 8 hours with shaking at 37 C. Forty

microliters of each supernatant were mixed with 7 ul of

an SDS-loading dye (250 mM EDTA, pH 8.0, 1% SDS, 0.1%

bromophenol blue, and 50% glycerol), and the mixtures

were loaded on 0.7% TBE agarose gels (90 mM Tris-HCl, pH

8.0, 90 mM boric acid, 2 mM EDTA), and electrophoresed

in the TBE buffer. Appropriate-sized deletion sub-

clones were selected for the preparation of ssDNA

templates for use in DNA sequence analysis by the

dideoxyribo-nucleotide chain-termination method of

Sanger et al. (1980).
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Dideoxy Chain-Termination DNA Sequencing

The supernatants containing the M13 phage with the

inserts of various sizes were precipitated with 20%

polyethylene glycol (1.2 ml of supernatent per 3 00 ul

of PEG) in 3 M ammonium acetate, and incubated on ice

for 30 minutes. The precipitated M13 phage particles

were recovered by centrifugation at 15,000 Xg for 15

minutes. The phage was then resuspended in 100 ul

water and extracted once with 50 ul phenol, and twice

with 50 ul chloroform. The aqueous phases of the

chloroform extractions were precipitated with ethanol,

and the DNA sequencing templates were resuspended in 10

ul water for the subsequent dideoxy sequencing described

by Sanger et al. (1980). Two microliters of reaction

mixture containing the radioactive DNA fragments were

applied to 8% thin denaturing sequencing gels (Sanger et

al., 1980) for appropriate time intervals before they
0

were removed and dried for 1 hour at 80 C in a Bio.Rad

slab gel dryer prior to autoradiography. The DNA

sequences were then read directly from the autoradiograms.



CHAPTER III

RESULTS

Isolation of Lambda Phage Clones Encompassing
Human tRNA Genes and Pseudogenes

Using purified bovine liver valine and leucine
32

[3'- P]tRNAs as hybridization probes, a number of

plaques that gave positive hybridization signals upon

autoradiography were identified by screening a human

gene library harbored in lambda Charon-4A bacteriophage

(Blattner et al., 1978; Slightom, 1980). These plaques

were selected by the plaque-hybridization procedure of

Benton and Davis (1977). Specifically, one plaque
32

which hybridized strongly to the valine [3'- P]tRNA

probe and another plaque which hybridized intensely to
32

the leucine [3'- P]tRNA probe were plaque-purified,

and these two clones were designated as ahVal7 and AhLeu8,

respectively. Large preparations of these lambda clones

resulted in miligram quantities of the two hybrid DNAs,

which were subsequently used for preliminary Southern

blot hybridization analysis and subclone construction.

26
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Characterization of the Cloned Human DNA Segments

Characterization of AhVal7

The size of the human DNA insert harbored in 2AhVal7

was estimated to be 20.5-Kb, based on the analysis of

the sizes of the EcoRI-derived fragments (Figure 3) and

the restriction information on the lambda Charon-4A arms

(De Wet et al., 1980). Specifically, the 9.5- and 11.0-

Kb EcoRI fragments depicted in Figure 3 constitute the

entire 20.5-Kb human DNA insert. The 18-Kb EcoRI

fragment (approximate size) is thought to be a partial

digestion product consisting of both the 11.0- and 9.5-

Kb EcoRI fragments. The 20.5-Kb insert of AhVal7 was

deduced to have four or more potential human tRNA genes,

since digestion of AhVal7 DNA with BamHI and subsequent

Southern blot hybridization with the unfractionated
32

bovine liver [3'- P]tRNA indicated that four different

DNA fragments hybridized as shown in Figure 3. The 7-Kb

BamHI fragment was subsequently subcloned into pBR322

and designated as phVal7 for further restriction analysis.

The subcloning of the 4.7-Kb BamHI fragment into pBR322

is currently in progress. The 2.1 and 1.5-Kb BamHI

fragments were subcloned into the replicative form (RF)

of M13mpl9 dsDNA for DNA sequence analysis, and the

subclones were designated as M13mp19Y and M13mp19X,
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Figure 3. Hybridization of unfractionated bovine
32

liver [3'-- PItRNA to restriction endonuclease digests

of AhVal7 DNA. Right lanes: EtBr-stained, 1.5% agarose

gels. Left lanes: autoradiograms of nitrocellulose-

filter replica (Southern, 1979). Sizes of the DNA

fragments (in kilobases) which hybridized to the

tRNA probe are shown. DNA fragments used as

standards to establish the relative sizes of the DNA

fragments in AhVal7 were obtained from a HindIII

digest of lambda DNA and a HinfI digest of pBR322 DNA

(not shown).
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respectively. The 2.1-Kb BamHI fragment was found to

contain a potential human valine tRNA gene by DNA
AAC

sequence analysis, and the 1.5-Kb fragment may contain

an as yet unidentified tRNA pseudogene. From the data

derived from restriction enzyme digestion and Southern

blot hybridization analysis similar to those shown in

Figure 3, a restriction map for NiVal7 was deduced as

shown in Figure 4.

Characterization of AhLeu8

The size of the human DNA segment harbored in AhLeu8

can be estimated to about 14.3-Kb from the sizes of the

two EcoRI fragments (10.0- and 4.3-Kb in size) which

constitute the entire insert, as previously shown by Y.

N. Chang and I. L. Pirtle in this laboratory (unpublished

results). Using the unfractionated bovine liver [3'-

32P]tRNA as hybridization probe, an EcoRI/XbaI double

digest of AhLeu8 indicates the presence of at least four

potential tRNA genes or pseudogenes (Figure 5). From

restriction enzyme mapping and Southern blot hybridization

analyses, a restriction map for 7,hLeu8 was deduced by Y.

N. Chang and I. L. Pirtle of this laboratory, as shown in

Figure 6. The 1.3-Kb fragment derived from the EcoRI/XbaI

digest of AhLeu8 (Figure 5) was found to contain XbaI

sites at both the 5'- and 3'-termini. This fragment was
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Figure 4. Restriction map of a 20.5-kb segment of

XhVa17 potentially encompassing a cluster of tRNA genes.

The thin solid line represents human DNA. The valine

tRNA structural gene (not drawn to scale) is

represented by the black rectangle. The hatched areas

(not drawn to scale) reprsent the lambda Charon-4A

left (A ) and right (A ) arms. The arrow above the
L R

valine tRNA structural gene would indicate the

direction of transcription from 5' to 3'. The

vertical dashed lines demarcate the locations of the 7-

Kb (7), 2.1-Kb (2.1), and 1.5-Kb (1.5) BamHI fragments,

respectively, in the human DNA insert.
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Figure 5. Hybridization of unfractionated bovine

liver [3'-32P]tRNA to restriction endonuclease double

digests of phLeu8 DNA with BglII/SstI and ;hLeu8 DNA

with EcoRI/XbaI. Right lanes: EtBr-stained, 1.5%

agarose gels. Left lanes: autoradiograms of

nitrocellulose-filter replica (Southern, 1979).

Sizes of the DNA fragments (in kilobases) which

hybridized to the tRNA probe are shown. Size standards

were obtained from a HindIII digest of lambda DNA and a

HinfI digest of pBR322 DNA (not shown). The letters

E, F, G and H next to the bands depicted the

arbitrary designations of the putative tRNA genes or

pseudogenes until the DNA sequences could be determined.
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shown to encompass an elongator methionine tRNA
CAT

pseudogene designated as E in Figures 6 and 7 by DNA

sequence analysis. Similarly, the 1.8-Kb EcoRI/XbaI

fragment of MhLeu8 (Figure 5) contains a 1.4-Kb SstI/BamHI

subfragment which was sequenced, and the identity of the

potential tRNA gene or pseudogene designated as H in

Figure 6 has not as yet been determined. Most likely,

the tRNA gene designated as H is a pseudogene that has

undergone drastic structural alterations, such that many

invariant or universal nucleotides are deleted or have

undergone substitution. This would make the identifi-

cation quite difficult, since computer programs

(Shortridge et al., 1986a) written to recognize the

structural attributes of tRNA genes would default

pseudogenes with major structural aberrations. A 1.0-Kb

HindIII/PstI subfragment of the 2.6-Kb EcoRI/XbaI fragment

was also sequenced, and the identification of a potential

tRNA gene or pseudogene designated as G in Figures 6 and

7 is also equivocal at this time. Again, the identifi-

cation by computer analysis (Shortridge et al., 1986a) is

difficult, lending credence to the working hypothesis that

G is also a tRNA pseudogene with major structural

aberrations. Furthermore, the 3.8-Kb EcoRI/XbaI fragment

of AhLeu8 was found to contain a 1.3-Kb PstI/SstI sub-

fragment which has a leucine tRNA pseudogene
AAG
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Figure 6. Restriction map of a 14.3-kb segment of

human DNA (designated AhLeu8) encompassing a cluster of

four potential tRNA genes or pseudogenes. The line

represents the human DNA. The hatched areas represent

the lambda Charon-4A left (A ) and right (\ ) arms.
L R

The black rectangles (not drawn to scale) represent the

potential structural genes or pseudogenes designated from

right to left, E, F, G, and H. This restriction map was

determined by Y. N. Chang and I. L. Pirtle (unpublished

results).
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Figure 7. Restriction map of a 7.8-kb segment

of human DNA (designated as phLeu8) encompassing three

tRNA genes (M. M. Lee, Y. N. Chang, I. L. Pirtle, and

R. M. Pirtle, unpublished results). The line

represents the human DNA. The black rectangles (not

drawn to scale) represent the locations of the potential

tRNA structural genes or pseudogenes which are

designated from right to left as genes E, F, and G,

respectively. The hatched areas represent pBR322

vector DNA.
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designated as F in Figures 6 and 7 (M. M. Lee, Y. N.

Chang, I. L. Pirtle and R. M. Pirtle, unpublished

results). The 7.8-kb BamHI fragment of \hLeu8

encompassing only genes E, F and G (Figure 6) was

subcloned into pBR322 and the subclone was designated

as phLeu8 (Figure 7).

Restriction Endonuclease Mapping of phLeu8

The recombinant plasmid phLeu8 was obtained in

milligram quantities through the purification procedures

described in the Methods section. The Sephacryl S-300

column chromatography step has resulted in DNA prepara-

tions essentially free from bacterial RNA and chromosomal

DNA contamination, and the preparations were sufficiently

pure for restriction endo- nuclease digestion and

Southern blot hybridization analysis. At least three

potential tRNA genes or pseudogenes were thought to

occur in the 7.8-kb BamHI insert of phLeu8, which

correspond to the hybridizing bands observed from the

BglII/SstI double digest of phLeu8, using unfractionated
32

bovine liver [3'- PJtRNA as hybridization probe as

shown on the left side of Figure 5. The 2.6- , 3.1- and

6.9-Kb fragments derived from the BglII/SstI digest of

phLeu8 in Figure 5 contain the potential tRNA genes or

pseudogenes F, G and E, respectively. From the various

restriction enzyme digestions and Southern blot hybridi-
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zation analyses of phLeu8, similar to the.-BglII/SstI

digest shown in Figure 5, a restriction map for phLeu8

was deduced as shown in Figure 7, indicating the relative

positions of the putative genes or pseudogenes E, F

and G.

DNA Sequence Analysis

Sequence Analysis of tRNA Genes of AhVal7

The 2.1-Kb and 1.5-kb BamHI fragments of XhVal7 were

subcloned into the BamHI site of M13mpl9 RF dsDNA for DNA

sequence analysis. Deletion subclones were generated by

the method of Dale et al. (1985). The deletion sub-

fragments generated by the 3-exonuclease activity of

T4 DNA polymerase were sequenced in the direction and to

the extent shown in Figures 8 and 9. Both strands of

the 2.1-kb and 1.5-kb BamHI fragments were sequenced in

order to ensure the accuracy of the DNA sequences, and

the nucleotide sequences are shown in Figures 10 and 13,

respectively. A computer search for tRNA genes

(Shortridge et al., 1986a) revealed that the 2.1-kb

fragment encompassed a potential valine tRNA gene, and
AAC

the cloverleaf secondary structure of the noncoding strand

of the valine tRNA gene is shown in Figure 11. The

valine tRNA gene contains characteristic internal split

promoter sequences (the A box being 5'-ARYXXGGNXXA-3',
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Figure 8. Sequencing strategy to determine the DNA

sequence of the 2069-bp BamHI fragment isolated from

AhVal7. Both strands of the subfragments isolated from

deletion subclones were sequenced in the direction and to

the extent indicated by the arrows. The thin solid line

represents human DNA. The sawtooth lines represent the

M13mp19 vector DNA. The black rectangle (not drawn to

scale) represents the valine (Val) tRNA structural

gene. The arrow immediately above the valine tRNA gene

indicates the possible direction of transcription from 5'

to 3'. The open rectangle represents the relative

location of the Alu-like element (designated as Alu;

Kariya et al., 1987). The arrow immediately below the

Alu element indicates its polarity from 5' to 3'.
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Figure 9. Sequencing strategy to determine the DNA

sequence of the 1477-bp BamHI fragment isolated from

AhVal7. Both strands of the subfragments isolated from

deletion subclones were sequenced in the direction and

to the extent indicated by the arrows. The line

represents human DNA. The sawtooth lines represent

the vector DNA. The open rectangles represent the

relative positions of the Alu-like elements (designated

as Alu-1 and Alu-2; Kariya et al., 1987). The arrows

immediately below the Alu elements indicate their

polarity from 5' to 3'.
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Figure 10. Nucleotide sequence (continued to the

next page) of the 2069-bp BamHI fragment of AhVal7

containing a potential valine (Val) tRNA gene. The
AAC

nucleotide sequence of the gene is enclosed within the

rectangular box on the next page with the arrow

representing the possible direction of transcription

from 5' to 3'. The potential Alu-like element

designated as Alu; Kariya et al., 1987) is underlined

and appears on the lower strand on the facing page.

The arrow adjacent to Alu shows the polarity from 5' to

3'. The direct repeating sequence 5'-CTTCCA-3' with

sawtooth underline flank the Alu sequence. The A and

B monomer units of the Alu element occur from nt 942

to 824, and nt 818 to 668, respectively, on the lower

strand in the DNA sequence.
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10 20 30 40 50 60 70 s0
WGATCCCTATCASCAGOACTCrCCCTTCCAAOAATCCAOSTATTCOGAAATTAGGCGTCOMCGGCGGAAAAAC
CCT AGGOACT AOTCGTCCTOAC CGGGSTTC3TT ASGTCCA TAAS=CCTAATCCGCGCCCGCCTTT TTO

90 100 110 120 130 140 150 160
ATTTCACAATATTAA6CAATCCTACTACTTTTAAATTTATATArATCCTCCATATWAAGGCTTAA6CTATT
TAAAMTGTTATAATTC8TTACUATAT6AAAA ATTAATTATATACGTC ATA6CTTCCCAATTCAATAA

170 100 190 200 210 220 220 240
CCAACTCTACATACTACATACCTTSGATCTAGIATTGC iATTTTATTTTTATAAAAATACTTAAAATTTTTCATTS

UOTTGAGAT6TAT6CATGTATSAACCTACGATCCTAACCOCTCAAAATAAAAATATTTTTATGAATTTTAAAAAGTAAC

250 260 270 20 290 300 310 320
AACTTTTAAAAT1TAAAAAAATTTCAGATTTATCTTTAAAACCSACTTAAAATTTTSATATTCATTAATTTATATTTT
TTGAAAA7ITACATTTTT AAATCTAAATAGMATTTTTGCT5AATTTTAAAACTATAAGTAATTAAATATAAAA

220 340 350 30 370 30 390 400
.CCVTTTATTTAATACTTATCATAATTCATAGAAATAAATTTTTSAAASACATAASAA I'TTCACTTTrTGATTT
CSCAAATCAATTAT1AMTACTATTAATATCTTATTTAFAACTTTIIT ATTCTTATTAASTAAAACTAAA

410 420 430 440 450 460 470 40
TTAT0 1ACTTAATTTACATTTTAACAAAATATATTTAAATATC UTSTSCT CTAAATATCATITTIIAAITC

AATACAAATOAATTAAATGTAAAATTGTTTTATATAATTTATC TTTACSTAMACTAAAATTTA

490 500 510 520 520 540 550 560
CTCTCTTCATTACTTCCGTAGAGCACAAATCATTGTAAAATTAAACCTCTGCTOTCTTCTGGAAGAAAAGAAC
SAGAGACAGTAATACAGCATCTCGTQTTTAGTACACTTTTAATTTTSGOAACCWACAGAAGG8 CIC1 TTI'CTTS

570 560 590 600 610 620 630 640
CACT AGOSAASCOT ATCCAGT CT TAAGCCT TGAAGGT ACA TTTOCCT TTCCTCCCOGA TGCTCSCrATT TTTTOTTTT

TrGATCCCTTCGCATAGOTCAGAATTCsGA cA TGTAAACGAAAGGA6GCCTACAGC5ATCAAAAAACAAAA

650 660 670 680 690 700 710 720
OT TTTT A TT TA TTA TTA TTA TTCOAGACOGAOTCTCGCTOTOTCOCCCAGGCTOGAOTGCAOTOWCCOCATCTCOOCTC
CAAAAATAAATAAAATAATAGCTCTCCTCA6AGCACACAGCCCCTCACCACC56COCTAGAGCAG

730 740 750 760 770 760 790 00
ACT SCA AGCTCC3CA T CCGGGT TCAC3CCA TTCTCCTOCCT CAGCCTCCCMAGTGGACT ACAGOCOOCCOCCACCACGC

TOACGTTCGAGC-SCTACSGCCC-AATGCGOT AAGAGACOGA3TCGWAGGCTCACCTGA TOTCCGCCSSCOGTGGTGCG

610 620 630 640 650 660 670 60
CCOGA TAA i FIT T TAT TT TTASTAGAGACGGGGGTTTCACCATTTT AOCCASWATOOTCTC3ATCTCCTGACCTCOT

GGCCTATTAAAAAAACATAAAAATCATCTCTCCCCAAA6TIGTAAAATCS6TCCTACCAGAGCTA6AGGOACTGACA

690 900 910 920 930 940 950 960
SA TCCCCAGCCTCGGCCTCCC:AAAGTGCTGGA TTACAGGC3TGAACCACCSCGCCCGGCCTTITTTTG3CTTTTAA TT3
CTAGGCGGTCGGAGCCOGAGGGTTTCACOACCCTAATGTCCOCACTTOGTGCGCMGGCCOSAACAAAACOAAAATTAAC

4---Alu
970 "o "o 1000 1010 1020 1030 1040

CTSMAAGTACTGOTACCCTTAAGTCACCTTACATTTGACAAACWGCATTACOCAGGOCCACAAGGAGACT0
45 LCACTOACCCCATSGG"ATCTCCAGTGCGAAATSTCAAACTGTTTGCCOTAATSC3TCCCOGTOTTCCTCTGACC

1050 1060 1070 1060 1090 1100 1110 1120
TTTCTGGI AAGAACTGGATCTAAAGSCCAT3ACTCCAT0NGTGAAGCCACACCTGATOTTCACTATAACACTTATG
ACAASACCCCTTCTTGACCTAGATTTCCGGTACTGAGGTACCCACTTCS=CTTGGACCTACAATGATATTGTGAATAC
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Figure 11. Human valine tRNAAAC gene arranged

in the cloverleaf conformation. The ribothymidine (T)

stem-and-loop (positions 49-65) potentially contains an

extra A-T base pair involving nt 60 and 54. The presence

of this extra base-pairing was detected in a valine

tRNA by Jank et al. (1977). The conventional T-stem

contains five base pairs as shown in Figure 1.
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Figure 12. Comparison of the sequence homology

between the Alu-like element (upper strand) in the

2069-bp fragment and the consensus sequence of the

Alu-like elements (lower strand) reported by Kariya et

al. (1987). The numbers 942 (adjacent to the 5'

terminal) and 656 (adjacent to the 3'-terminal) on the

upper strand correspond to the same numbering system

shown in Figure 10, such that the sequence is written

in an opposite manner for convenience. The numbers

(increasing from the 5' to the 3'-termini) on the

lower strand correspond to the numbering system for the

consensus sequence reported by Kariya et al. (1987). A

and B monomeric units of the Alu-like element are

enclosed within rectangular boxes. The asteriks

represent identical nucleotide residues that are

homologous between the Alu element and the consensus

sequence, and the extent of homology is 88%. X denotes

either nucleotide insertions or deletions, as appropriate.
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Figure 13. Nucleotide sequence of the 1477-bp

BamHI fragment of \hVal7. Two Alu-like elements

are on the lower strand from nt 1275 to nt 987

(designated as Alu-1) and from nt 331 to nt 49

(designated as Alu-2) and are underlined. The arrows

represent their polarities from 5' to 3'. The A

monomeric units of Alu-1 and Alu-2 occur from nt 1275

to 1152 and from nt 331 to 219, respectively. The B

monomeric units of Alu-i and Alu-2 occur from nt 1138

to 987 and from nt 206 to 49, respectively. The direct

repeats for Alu-1 occur from nt 1283 to 1278 and nt 930

to 924, and the direct repeats for Alu-2 occur from nt

362 to 357 and nt 26 to 21, as shown by the sawtooth

underlining.
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10 20 30 40 s0 40 70 s0

.TCAGMACTCCG1TCTCC"AACAAACAAACA&ATATATATrACATTT1AGAC3GA3CGGATTTCMCTCTTUTCGCc

=TSAGrMGC II' 73 NeGL;GTGTTTBTTTATATATATSTAAACTCOCCTCMCCTCAAAGCOASAACASC3

90 100 110 120 130 140 10 160

CCGSCT=PaGTGCMTraC=CATCTCGGCTC=CACCmM=6613GHM AAGCTIfCiM CCAG

GGT=CACCTCACTT ACC=CGT AGAGCCAGCGA T011 AAMUOT-AT=TAAGAOCACGORTCGG

170 to 190 200 210 220 220 240

TC=CCMTAGCTVQGATTACAGGCA 3G CCCaMCwS=AGCTAAT1M TTT T TI Se TGA i ww ii GCCCG

GSMrCTCZAC=''AA TMTCC3TIACAC3GT3GC3C,'ol3TCATTAAC~rATAAA CA TICTACCCAAGTrATGCA

250 260 270 230 290 300 310 220

C.CGWTGo IC;TC3 C6CCI GCCTCASGTGATCCACCACC SG=CTCCAAAGTGCTArTTACAGGC*TGCAACG3

A G-ATC=ACCAGAGCTTfCGACTGGAGTCCACTAGWGTGSSACCGAGSTTTCACSACT AATGTC 16a aM.

220 340 220 30 370 30 .390 400

C3CCWGCCC3 TAAAA TTAAi TC AAC COAG STTT= T ACA TCTTf IT CCCC T CCCAGC

IC2GCV3G=GAAGGA ITIITIACATTAAGCTTTAT ~ $7TTS:AGICTGTAGAACAAC3MAC63TCG

- - 420 4 440 420 440 470 40

TAGCT--SC3TC~lACTvTai~Giu.io3AamG-yCjiCTsOTCT=.ACAAGGAASACCAATMCMAAC'iTTnACT
A TCACC3ACTWCAACTSAC- ASAATAAvCOGATGACAGA6GTMTT 33CT 17 ACMCTTACAGA"TSCA

490 200 210 220 .2200. ... 240 0 60

TAGCTSAG3CACAGASCAAAATATACTTASAMAGTSACAAAGGACTOAST3ATGGTCCTSOCC, C".CMGT.As

ATCGACTCCGTGTCTCGTTTTATATGAA ~uTTA~io 6 #CACTACCAGACGAGCCAGC

570 am 590 boo 610 420 '630 . 640

T3CCAAGGA1TCAOCTTA"GMGGATGCAGAAGOCACTCCGTCASCAAAGTACAGACTCACTTCAAC'*,-TAGTAA
ACLC--TTCCTCCGTCGAATCTC CTACGTCTTCCI 3AfGCAGTC3TrrCAT2TCT SATGAAGTTT36TCMGTCArTT

630 6"O 670 kilo 690 700 7 10' r"2

ACAC-aACAGGAGGAWTGC3AGGOGGGGTCOSC336GAAGGGGTAGGAGAAm T IGGC'%23GA T I 16 GAGAA

TGTGCTGTCCC =1CAC3CT=C=CCCCAGCCSCCCCTTCCCCACTCCTCTTCAACCCGGCCC=TCTTAAAGZ'C=C"a

"00 740 730 760 770 70 79VC goo

C*CTCC*GA TGGGT'GTGGrTCAGGC'GACT AC=33ACTTCCT3A TGC, AAG -JC =MGACSrA TAA TT AC

GAGAGGACMT AC=CCAGACACTCAAGGTC'%'3ACTOA TGGCCTSAAGOAC. AC3CA TTCAASACCCTGCC. SA TATTTAA TS

sic 820 830 w 90 0 960 970 age
AA TT AA63T T3AAAGAGCZGTSTTGAtAGAAA TAGCA TOACA TTGA TA TTT"TCTST3GACOTT AT3CT AACGCT =C=A

TTAA TTCACAC I ==3CCACAACT TCT TATCCGTACTST AACT A TAAPAGACACTTOCAA TAC3ArTTGCGCAGGGT

99f0 900 910 920 930 940 9SO 960

ACAAGTTTCCACCACMGGAC',CTIC ITTI A TT ACSCTTTCTGCAmT AAAA TST A GAAACZTTMAGAGA I TITG

TGTTCAAA336TOGTGCCCETSAGACOAAAC~tAAT=CAAACAG TTTTACATACTTTGCAA TI rsT AAAC

970 990 99" 1000 1010 1020 1030 1040O

GTTT*TSGCCACrT TCIC.6II IifT II ;IAGACSQCTC3GG'3C==AQGC* 3QAGT3CAGT3GC=ATCArGGC',C=

CAAAAAC= TSAAAAGOAAAAAAMAA 'r= 3A=AGG 3CTC3A33- GTCA

logo 1060 1070 logo 1090 1100 . ilia 1120

L"TSCAGCC-C=CAC=TAGOOT AGTAACTSGAACT=CtIST A TCACCAc,.-ACrGCTCGar-C-TTAAMAAATATAT ATATT

GAC3TCSGAGC-, 3ATCO.=ACA TTOACO.*."AC04TCCA TAC3T33T33'3C3AGC: G9rA AT T T IATAT ATA TA

1130 1140 Lisa 1160 1170 11910 O 1190 . t:100

r r nu.; TAGAGATOBOBCOGOGGCGGGGGCGGGGmGC3GArGGrGACAoTCTr.ACT A T3T TCT AGC-, WTCTCA ACT

AAAAGGA TCT CTAC=C.CC C-.ft=- CM CCECC=. CTC CAQAGT3A TACA ACSGAr=C3ACCAMAGCTT A

17.10 1=20 1230 1240 1230 1260 1270 120

CTTAAGC"-"33iI CC'jAGTCGCi SOGCTACASTAG=CGCCTOACACG='.3ACCCTTSL; CTGCACTTAGATGTTOC

S"I IC 6G=C''MCTCASC3ACCCES.'ATMTrATCGCGCGACTSTGCGGGCT360AACm"AcaACGTrAATTACAAf--1

129 1:300 1310 1320 1=30 11340 l=OAI 136=&

iTArrTC-QACrrCAC3TCGGGCAGAGGTSCTGGGAAAGAGGC36CCTI CCCC 4 TAAGTSGTGAGGSTCSTST3

TAAATAAGCTSAA"GCAGC3TTA==CTCT=C*.C .3WCCGGWGCMCATTCACACTCCCA==CACAC

1370 I3mm 13va 1400 14to 1420 1430 1440

AGAAAGCTSGAOABCC, TTCTAGGC=GGGAAGC6, sCa6 CICTSCCGGGCCGCA TCATGQCACGTGGGTTTC13G
e aWACTTCG iAAAMATCCGC=I CCTTCTC-AC3C3ACGCCCCtGCTAOTACC3TCACCCAAAWG=GC

t45O 1440 1470 1460 149" 1500 Isla 1320

OGiCom.=CT AGCGCT3TCCT*AGGGA=C
C3"TGASAGQACWGTCATCGCGACA6GATCCCI AM
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from nt 1163 to 1170 in Figure 10, and the B box being

5'-GTTCRANYC-3', from nt 1202 to 1210 in Figure 10) and

does neither encode an intervening sequence nor the CCA

trinucleotide found at the Y-ends of the mature tRNAs.

The 3'-flanking region of the valine tRNA gene has a

typical RNA polymerase III termination site of four

consecutive T nucleotides (from nt 1231 to 1234 in

Figure 10). The 1.5-Kb BamHI fragment may contain an as

yet unidentified tRNA gene or pseudogenes.

In addition, potential Alu-like elements were found

in both the 2.1- and 1.5-Kb BamHI fragments as depicted

in Figures 10 and 13, respectively. For the 2.1-Kb

fragment, an Alu-like element with 291 nucleotides in

size was found from nt 942 to 651 on the lower strand in

Figure 10. The polarity of the Alu element is from nt

942 ('-terminal) to 651 (3'-terminal) which is of

opposite polarity from the coding strand of the valine

gene with its 5'- terminal at nt 1150 and the 3'-

terminal at nt 1222 shown in the upper strand of Figure

10. The 5'-terminal of the Alu element is 208

nucleotides upstream from the 5'-end of the valine

structural gene. In addition, a direct repeat of 5'-

CTTCCA-3' was found about 20 nucleotides upstream and 60

nucleotides downstream from the 5'- and Y-termini of

the Alu sequence. Figure 12 shows a comparison of
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nucleotide sequences between the Alu element found in

the 2.1-Kb fragment and the consensus sequence for Alu-

elements reported by Kariya et al. (1987), and a homology

of 88% can be calculated. The A monomer unit starts

from tt 942 to 824 (corresponding to nt 1 to 120 of the

Alu consensus sequence), and the B monomer unit starts

from nt 808 to 656 (corresponding to nt 134 to 282 of

the consensus sequence).

Similarly for the 1.5-Kb fragment, two Alu-like

elements were present from nt 1275 to 987 (designated as

Alu-1) and from nt 331 to 49 (designated as Alu-2) on

the lower strand of Figure 13. Both of these Alu-

elements, 288 and 282 nucleotides in size, respectively,

have the same polarity with the 5'-termini starting at

nt 1275 and nt 331, respectively, and the 3'-termini

ending at nt 987 and nt 49, respectively. A direct

repeat of 5'-AAATGCA-3' occurs 2 nucleotides upstream

and 57 nucleotides downstream from the 5'-end and 3-end

of the Alu-1 sequence (Figure 13). Similarily, a direct

repeat of 5'-TTGGAG-3' occurs 25 residues upstream and

22 residues downstream from the 5'- and 3-termini of

the Alu-2 sequence (Figure 13). Figures 14 and 15 show

comparisons of Alu-1 and Alu-2 elements of the 1.5-Kb

fragment with the consensus sequence for Alu elements

reported by Kariya et al. (1987). Homologies of 43% and
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Figure 14. Comparison of sequence homology between

the Alu-1 (upper strand) of the 1477-bp BamHI fragment of

;hVal7 and the consensus sequence (lower strand) of Alu-

like elements described by Kariya et al. (1987). The

numbers 1275 (adjacent to the 5 -terminal) and 987

(adjacent to the 3 '-terminal) above the upper strand

represent the same numbering system for the 1477-bp

fragment in Figure 13, except the 5'- and J'-termini

are reversed. The numbers (increasing from 5- to

3 '-termini) below the lower strand indicate the

numbering system for the consensus sequence of Alu

elements. The A (A) and B (B) monomer units are

enclosed within the rectangular boxes. The asterisks

represent identical nucleotides residues between Alu-1

and the consensus sequence, and an extent of 43%

homology was calculated. X represents nucleotide

insertions or deletions.
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Figure 15. Comparison of sequence homology

between Alu-2 of the 1477-bp BamHI fragment of AhVaI7

and the consensus sequence of Alu-like elements

described by Kariya et al. (1987). The numbers 331

(adjacent to the 5-terminal) and 49 (adjacent to the

3'-terminal) above the upper strand represent the same

numbering system for the 1477-bp fragment in Figure 13,

except the 5'- and 3-termini are reversed. The

numbers (increasing from 5'- to 3'-termini) below the

lower strand represent the numbering system for the

consensus sequence. The A (A) and B (B) monomer units

are enclosed within the rectangular boxes. The

asterisks indicate identical nucleotides residues

between Alu-2 and the consensus sequence, and a

homology of 81% was calculated. X represents

nucleotide insertions or deletions.
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81% were found for Alu-1 and Alu-2, respectively.

For Alu-1, the A monomer unit ranges from nt 1275 to 1152,

and the B monomer unit occurs from nt 1138 to 987 as

shown in Figure 14. For Alu-2, the A monomer unit

occurs from nt 331 to 219, and the B monomer unit occurs

from nt 206 to 52 as shown in Figure 15.

Sequence Analysis of the potential tRNA Genes in AhLeu8

The 1.3-Kb Xbal (E) fragment of AhLeu8 was subcloned

into the corresponding site of M13mp19 RF dsDNA for DNA

sequence analysis. In addition, the 1.3-Kb PstI/SstI (F),

1.0-Kb HindIII/PstI (G), and 1.4-Kb SstI/BamHI (H)

fragments of AhLeu8 were subcloned into the corresponding

sites of both M13mp18 and M13mp19 RF dsDNAs. The ssDNA

fragments surrounding the potential tRNA genes or

pseudogenes E, G and H were sequenced by the strategy of

Dale et al. (1985) to the extent and direction indicated

by the arrows in Figures 16, 17 and 18, respectively,

with their nucleotide sequences shown in Figures 19, 22

and 24, respectively. Gene E is an elongator methionine

tRNA pseudogene, from nt 515 to nt 588 in Figure 19
CAT

with its cloverleaf secondary structure shown in Figure

20. The coding sequence of the methionine pseudogene

was compared with the mouse myeloma elongator methionine

tRNA sequence (Piper et al., 1974) shown in Figure
CAU
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Figure 16. Sequence strategy to determine the

nucleotide sequence of the 1319-bp XbaI fragment isolated

from AhLeu8. The XbaI fragment was subcloned into

M13mp19 RF dsDNA (sawtooth lines), and the sequence

determined. Both strands of the XbaI subfragments

isolated from the deletion subclones were sequenced in

the direction and to the extent indicated by the

arrows. The line represents human DNA. The elongator

methionine tRNA pseudogene (designated as J Met) is
CAT

represented by the black rectangle with the arrow

showing the polarity of the pseudogene from 5' to 3'.
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Figure 17. Sequencing strategy to determine the

941-bp HindIII/PstI fragment of AhLeu8. The fragment

was subcloned into M13mp18 and M13mp19 RF dsDNA

(sawtooth line), and the sequences of both strands of

the fragment were determined in the direction and- to

the extent indicated by the arrows. The line

represents human DNA. The relative location of the

hybridizing region which could be an extremely

abberrant human isoleucine tRNA pseudogene (J Ile)
GAT

is represented by the black rectangle with the arrow

showing its polarity from 5' to 3'.
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Figure 18. Sequence strategy to determine the

sequence of the 1434-bp SstI/BamHI fragment isolated

from AhLeu8. The fragment was subcloned into M13mp18

and M13mp19, and both strands of the fragment were

sequenced in the direction and to the extent indicated

by the arrows. The line represents human DNA. The

sawtooth line represents the M13 vector DNA.
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Figure 19. The nucleotide sequence of the 1319-bp

fragment containing an elongator methionine tRNA
CAT

pseudogene designated as J Met. The structural gene is

contained within the rectangular box with the arrow

indicative of its polarity from 5' to 3'.
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10 20 30 40 50 60 70 90
TCTA9ACCTSTAAAATCCTTCAGBTSACATOTTGACACTATTTTAAGSAGAACTTTGCAGCAAM3SAGOT A
AGATCTOACAMCTAGAATCCACTSTACCAATCC CTACTAAATTCCTCTT AAACCTCCGTTCCfTACAT

90 100 110 120 130 140 150 160
SCTTCAACCCAGTAAACCT8CA6CTATWATCTCATTAG AACTTATC CTCGCTTCATTCTTCCGGCTGC
CGAAITCTbTCCATTT 7CGTCSATACTAGAM TAATCTTWMTAGAC AACOCAGACAOTAACAASGCCACG

170 10 190 200 210 220 230 240
AATITTCAG9CTSTSACCCA6CTCAcTCCCCTTGCcTCTATAT9TCACCTTCTAMTTACATAATTTACACATTTTSTG

CTTASAATCCCACCT Ws6TCgA6TCAggmgA ATATACAcTGAAGATCAAATcTAA9ATnTTACCAC

250 260 270 290 290 30o 310 320
CTGGWT AGTGTGCAATCTAATGAAGTCTAACATCTCCCAGGASAAAGTGGTSTTI AAGGCACAGTGOAAATCCAC
.ACCCCCCATCACAC9TTAGATTACTTCAATT9TABAG 6GTCCTCTTTCACCACAfTTCCGTlTCACCCTTTTAII TG

330 340 350 360 370 390 390 400
TGTOrTTTACATTTATTTAAACAAGGGSAATCCCGAGATGATTTTTCAA3TCATACOACATACTTSSAAGGACAGITA
ACACAACATOTAAATAAATTTo I ICCCTTTCASBOCTCTACTAAAACM ITiCAGTATGCTSTATGAACCTTCCTGTCAT

410 '420 430 440 450 460 470 460
AACACAT9ACATAGCATACATTCTCATTTTACACTCTATTTTTAAAATCTAACTTTTCAAAAGTTCACATAAACTTM
TT9T9TACTGTATC9TAT9TAA.AGTAAAAT9TSATAA TTTTAeATT9AA ATCTTTC TcSTATTTMTT

-- M et
490 -500 510 52030 .400

AGAGTATAATTAACGSATTTCTAAGCCAA6 ,.TTACTGASCAGCACATCAOTCTCATAATCTGAAGG
TCTCATATTAATT3CCTAAACOATT CTC*GGAASAATCGOGACCTCCOTCGTGTASTCASASTATTAGC"=C

970 522 M 90 600 610 620 630 640
TCCCGAGCTTGAACCTCAGAGAOGGC SGTGATTTTGTACTTTCCATATACTTTTCTTGAGAAAGAAATATCCCACCC
AGGGCTCGAACTTGASTCTCT IpCC CTAAAACATGAAAGOTATATGAAAACAACTCTTTCTTTATAG6TOGU

650 660 670 630 690 700 710 720
AT T ACTTTTCOSTATOAAATCTGOATTCCTGGATCACTGACABACAACACAACT3AA AAA TAGOCTGCATCCTCA
TATGAAAAGCCA TACTTTAGACCT AAACCTASTOACTGTCTGTTGTOTTOACTTTTTACTCGACOTCAGGAT

730 740 750 760 770 700 790 00
AGAACCCTACCAACTTCCTTTTGACTAGATCTATTTAATCCCTGACTGCAGTATTATACAATACCACAATCTACA
TCTT GGATGGTTGAAGGAAACACTCATCTACATAAAATTAC9GGACTACTCATAATATSTTATSGTSTTAGATST

910 920 930 840 850 960 970 90
CCAAATACCATAAATCT TATCAGTTGCCTA TGGCAGCTTGAAATTACCA TAATTT TTGGCTTAAAATAATACAA
GGTTTATGGTATTTAGACATATCAACOATACCTCAAAACTTTTAATSOTACTTAAAACACCGAATTTTATTATSTT

990 900 910 920 930 940 950 960
ArTC:ATTATCTTAAATTTTT999bACAGAAfTTTAAAA7TGGTCTTAGGAOCTATAATCAACAGTSGCAACTGAT
TACGTAATAGAATTTAAAAACCCTSTCTTCAAATTTTACCCAGAATCCCTCSATATTAGTTGTACACCBTCTCGACTA

970 90 990 1000 1010 1020 1030- 1040
TTCCTTCTGOAGGTTCTAGGAAGAATCCATTCCTTOCCACATTSTCGGCTCATOGCTSCATCATTGATCTCTBMCT
AAGCAAACCTCCAAGATCtTCTTAGTAA6AAC9ST5TAACGA6CCGAGTACCTACTATAACTAGATACGABAA

1050 1060 1070 100 1090 1100 1110 1120

9CTCrTTACATCTTCTCCAACTCTG9GASTCTCATGCAGCCTGGTTGATGCATCT8TTTGGTGACGGGAGTGCAAACTC
CGACAATGTA6AAGG TGAACCCCTCAGATACTCGGACCAACTACUTAGACAAACCACTCCCTCACGTTTGA

1130 1140 1150 1160 1170 1180 1190 1200
AATSTCACCCGACTGSGCOCAGTTTBAGAAAACTGACCATAACTCTGGTGTTSCAGCTCTAGTTTTGCCTTCACCCAATGA
TTACAGTSSGCTGACCSCGTCAAACTCTTTTGACTOSTATTGABACCACAACGTCSAGATCAAAACGGAAGTGGGTTACT

1210 1220 1230 1240 1250 1260 1270 1290

CAGAACCAGCAGGACAGGOATCSAGATAAACCTATCCCATTCTTAGTTTSTSTTGATAGGAACAAGAGGGCTOTAfTTCCC
9TCTTG9TC9TCCT9TCCCTA6CTCTATTT69ATAGGTAA9AATCAAACACAACTATCCTT9TTCTCCCGACATAAOG

1290 1300 1310 1320 1330 1340 1350 1360
TACTGCAGGAG CTTCCCCAAGAGGAAGACCCTCTAGA
ATSACUTCTCCSAAGGSOTTCTCCTTCTTSGGAGATCT
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Figure 20. Human elongator methionine tRNA
CAT

pseudogene arranged in the cloverleaf conformation.

The numbers (increasing from 5' to 3') represent the

nucleotide residue number. The dots represent the

Watson and Crick base pairs.
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Figure 21. Comparison of the sequence homology

between the human elongator methionine tRNA gene
CAT(found in the XbaI fragment of AhLeu8) and the mouse

elongator methionine tRNA (lower sequence)
CA U

reported by Piper et al. (1974). The upper numbers

correspond to the numbering system of the 1319-bp XbaI

fragment in Figure 19. The lower numbers represent the

nucleotide positions of the 73-bp mouse methionine

tRNA with the corresponding parent tDNA sequence
CAU

shown. The asterisks represent identical nucleotide

residues between the human and the mouse genes, and a
78% homology can be calculated.
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Figure 22. The nucleotide sequence of the 941-bp

HindIII/PstI DNA fragment isolated from AhLeu8

encompassing the potentially aberrant human isoleucine

tRNA pseudogene ( Ile) represented by the black
GAT

rectangle with the arrow showing its polarity from 5'

to 3'.



10 20 30 40 50 40 70 10
CAAGCTTTT1rT'CCTAAGTCTSTCAATTACCAACACATTTTTAATAATCTSCCTATTTCTATTATTTAA
9TTC - AAAGAAMATTCACCACAGBTTAATCSISTTBTSTACAMACTTATTABACGATAAAGATAACTMATTC

90 100 110 120 130 140 150 160
TTGCCAATGATTACAOTCTTACCATTTTTTTCTCTCAACTTTTUASTSTTTCCATTSSAGAAAAAACTATTTTSSTS
AACSTTACTAATSTCAGAATTOSTAAAAA-AAS T .T.tCACAAAGSTAACCTCTTTTTTTTSATAAAACCAC

170 180 190 200 210 220 230 240
CCTAACAATSOTIuTTCACTCTCTCATAATACCTGACATGTCATTTACTCAAGGCATACATTSACAGAAATTCAAG

CSGATTSTTACCAAACAAGTU&GA6TATTATOACTCGTACASTAATGATTCCSTATUTAACTSTCTTCTAASTTC

250 . 260 270 280 290 300 310 320
TSTQAATTCTTATSCCCCTAATSCCCAGATC CCATACCASCCAACTCCCAAACCCTAACCCTCCASGTCC
ACACCCTTAAAATACSB6STTACUOSCTAAAGOTMOTATBSTCCSTTGAW ISTTTSG6ATTCUU6ACSTCACS

330 340 350 340 370 0 3 400
CACACCT9GCASCCTCATACTTTTCACATCAT CTISCT CCATGTCTT35TA=A G5TAT5CTANA
RTST6GACC9TCSGAGTATWACAA6TTCASTACAC $AAGTACCAGAACCAC166TTACACAACTAC5ATCTC

410 420 430 440 450 460 470 460
ACAROr I T rN5 CTCCCCATTCTTCATATAST'TTCTTOTCTC CATTSTACCAAATTC
TO CTTCflA OCCAGATCSC2C6uS TA6A AACSTATATCAAASACACAGAGACTAACATCS6TTTAA6

490 * 500 510 520 530 540 550 560
CTCCTGAG;CASAASSGAG6AACAGACCTTGAATAACACTCCCTACCTACTSA4CTTAGAGCCTTCATTCCCCTC
SAGGACTCCCSTCTTCCCTCCTTOTCTSGAACTTATTOTGAGGSATOGACTGACTTCBACATCTCGGAAGTAASSOGAG

570 '580 590 600 610 620 630 640
CTCCCCGGGGAGOACACAGCCAGCAAAACTSGAACAACCAAGGACTSCCTCCAGCAAGCTCTCTTAGCCWGAAAGTTAG
SAGGSOCCCTCCTSTCGTCTTTTGACCTTGTTTCCTGACGAGTCGTTCCAAGAATCSGCCTTTCAATC

650 660 670 60 690 700 710 720
TGGSATCACCCTWWWATACCTSG6STAGSAATGTGSTGGTGGCATTCTTOGSTAAGTTCACAAGACTOAACASTCT
ACCTAGTGS6ACCCCTAT wACCCCATCCTTACACCCACCACCCSTAAGAACCCATTCAABTSTTCTSACCTTSTCASA

730 740 750 760 770 760 790 00
GAGACTAGTSSCAAGCAGSASUGGCTCTUATTAGSCTAGCACGAAGCATTCTCCASTCAGAAGOSGTTA
CTCTCGATCACACCGTTC 4lTCCCCTCCCCAGACTAATCCSACTCSTSCTTCCGTAAGAGGSTCACGTCTCTCCCCAAT

610 20 830 340 950 640 870 - 800
TTTUTOAGCACCTASI7TSCCCCCTCCCCCACCCCTCCAACTTCTOACCTCTGTACAAACCCTT AGGCTSCCTCCAC
AAACACTCCGTGATCACACGBUU1AG TGTSSSGASGTTGAAACCTSGAGACATSTTTGGAATCCGACSUAGGTS

990 900 910 920 930 940
ASGTGAGSTCTSCTSSGQGTASSCTGGCCCACCTGAGGSSTTCTCCCTTGUCTCAG
TrnACTrACRnfAC-C&effrCATCeSe3aCr nTBBACT eIZAA A-fA*Ar eACTC

950 960

75



Figure 23. Potential aberrant human isoleucine

tRNA pseudogene arranged in the cloverleaf
GAT

conformation. The numbers (increasing from 5' to 3)

represent the numbers of nucleotide residues. The dots

represent Watson and Crick base pairs. This is the

only potential structure thus far found that could be

responsible for the observed hybridization of the 941-

bp HindIII/PstI DNA fragment from hLeu8 with the
32

unfractionated bovine liver [3- P]tRNA probe.



T
T C OG

TG

Gr

'p

T

cc

GA A

A

T

G

TG
30

768

T -G
c c
T -G

T -A
d' C
C G
A A

T C., C-*T C

AG A A G
A
A

A

G

C
G

A

C

T

77

C.

A

C
T5



78

Figure 24. The nucleotide sequence of the 1434-bp

SstI/BamHI fragment isolated from AhLeu8 emcompassing

the as yet unidentified tRNA gene or pseudogene.
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10 - 20' 30 40 50 60 70 90
SA9CTC9GT5TCAAGCTGB8CACACASCGCTGAAGCAGATTCTGTCATCCWATTAGTAGACCAACAGAATCACS
CTCGABCCACCACGTTCSACCC9TGTTTCSC9ACCTTCGTCTCAAACA6TAGSCTAATCATCTGGTTGTCCTTCASTGC

90 100 110 120 130 140 150 160

CASCT9AGAGAAAAGGG9ACCACAAACTCAGCGATAAGGCCCCACACTTCTAGTCAAG9TCGCSCCGCCCAAAGTTTC
OTCGACTCTCTTTTCCCCCTGGTSTTTGASTCOCTATTCCCSGGGOTTGAAGATCAGTTCCASCOCBSCSSOTTTCAAAG

170 10 190 200 210 220 - 230 240

CCAG9CCCGCCGCCATA9CCC9AAGTTTCCAGCCCTCAAATCCCT96CCCTGTGGGGTTCCCGCGATOTSTGCAGGAAT
GGTCCGOCOCGGTATCGGCTTCAAAGTCGGASTTTA88ACCGGACACCCCAAGGOCOCTACACACGTCCTTA

250 260 270 280 290 300 310 320

GCGAGCT9AAC8TCTS9CCTCGAAACGACTTAGTTCTCACTTACGTTTC6CA9TTGCTGTT0CTGCT8CTCGT8CCGCTC
CGCTCGACTTCAACCGGACTTTCTAATCAAGATGAAT6CAAACTCAAC3ACACACCASCACGGCGAG

330 340 350 360 370 380 390 400

CATCACGCCACCGSCASCATSCGCTACBCACTTCC9TTTCAGCTTCTCGGTGCC3CCCCSGAAGTAACCTCTCGCTSATC
GTAGTSCSGTSOCCGTCGTACWCSATGCGTGAAGGCAAAGTCGAAGA8CCACSGCSGGGCCTTCATTGGAGAGCGACTAG

410 420 430 440 450 460 470 40

TCGAGAGCTAGCTCGAGTATCGCCCTSCCCTS8CTGCGACGTCA9CTCC9CCCTTATAATCTGACGACGTGSCC8GCTTC
AGCTCTC8ATCOASCTCAT4C8GOACG9ACCACGCTCATCGAGC8GGATATTAGACT8CTGCACC9SCC9AAG

490 500 510 520 530 540 550 560

TTCTSCCCGAGASACGTCATTTCCGCCASTCCCTGACCTOCTGCTAG9ATCSCBACGSGAACTGOAGCCCGAGGTCC
AAGAC3GCCTCTCCTOCAGTAAA89CGCTCAGGACTGGAC9ACMATCCTA9CGCTGCCCTTGACCTCGOCTCCAGG

570 -590 590 600 610 620 630 640

CC6CGC3GCCCGGCCTGGC3CCCT7AGGGGAAGAGCSGCCCGGCCCSAG9TGAGAGGAACATSCTT9SGCSACGGAAS
BGCSCGCCGGGCCC8ACC6C9GGACTCCCCTTCTC6CCGGGCCGGCTCCACTCTCCTTSTACGAACCCSCTGCCCTTC

650 660 670 690 690 700 710 720

TTAACGCACAAACCTGTCCAGAGGSCAAGATGCCCGAGCCCCGGGAAGGATGAGGACACACCTGATGTCCAGSTWTAT
AACTT6C&TGTTTGOACAGGTCTCCCSTTCTAC&G9CTCGGGGCCCCTTCCTACTCCTGT6TGGACTACAGGTCCACATA

730 740 750 760 770 790 790 00

OG9GGTGGGGGCGGGACTCACACACCTGGGAGACATAACTGACTGTSGAAGGGTCACC3ATATCCTGG9AGAGAGAGOC
CCCCCACCCCCCCCCTGAGTGTSTGGACCCTCTGTATT9ACTGACACCTTCCCAGTS6CTATAGSACCCTCTCTCTCC3

910 920 930 840 950 860 970 90

TTTTACCAGAGACTGGAACATACACCCACTATCTAACTAAGGCCTGGTGGGGAGGGCCCGAGGAAGACGAGGTGTATG

AAAATGGTCTCTGACCCTTSTAT6TGGTGACTAGATTGATTCCGGACCACCCCTCCCGGCTCCTCTCTCCACATAC

890 900 910 920 930 940 950 960

AGACGAGGAGSGGAGACCCCCT9AAGGAAGGGGAAGAAACGCTAAAGGAAT9TGAAAGGCCAA9CAATO9A9AACAAA
TCT9CCTCCTCCCCTCTOGGGACTTCCTTCCCCCTTCTTTGCGATTTCCTTACACTTTCCGGTTCOTTACCTCTT6TTT

970 990 990 1000 1010 1020 1030 1040

CCT8AATAG9GGTGAAGACCTGACCCTSAAAGGGTTCATCTCCTCA9CATAAACACGCCTGCATGGAGATAAGTTC
OGACTTATCCCCCCACTTCTGSACTCGGGACCTTTCCCAAGTAGAGGASTCGTATTTSTOCSGACSTACCTCTATTCAAG

1050 1060 1070 100 1090 1100 1110 1120

T AAGAGAGCAGACTTTCCCTCTTCACTGTT6TATTTTCATTGTCACAAATAGTGCCTGACACATAGTASGCACTCACTAA
ATTCTCTCSTCTGAAAGGGAGAABTGACAACATAAAAGTAACAGTGTTTATCACGGACTGTSTATCATCC3TGAGTGATT

1130 1140 1150 1160 1170 1190 1190 1200

ATGTCTSCTGAATGASTSTAGAAATAATCACCAGAGTCCTGGTGAGGTTGGSGGCTTGTGAGAAGACACCGTGCTTTGGT
TACAGACGACTTACTCACATCTTTATTAGTGSTCTCAGACCACTCCAACCCCCSAACACTCTTCTGTGGCAC

9
AAACCA

1210 1220 1230 1240 1250 1260 1270 1290

9TSCCTGTTTCAAATGTGCGTTTTGGAGG9GAGAAATACATATATCTGAAGAAAGGAATGATOCCAAACGCTGGGACAC
C:AC8ACAAATTTACACGCAAAACCTCCCCTCTTTATSTATATAGACTTCTTTCCTTACTACCG9TTT CGACCCT TG

1290 1300 1310 1320 1330 1340 1350 1360

TCAAACCCTGG5ACAGCCTTTAAAGAAATBACAGAGGAGGCCTCCTTCTTCTAGAGT6CTGGCCAGTGTCCAAACTTCT
AGTTTGGGACCCTGTCGGAAATTTCTTTACTSTCTCCTCCGGAGGAAGAAGATCTCACGACCGTCACAGGTCTTGAAGA

1370 1380 1390 1400 1410 1420 1430 1440

GTGTTGGGCTTTCAGGGT&CT6GGSTGGAGAGTTTTACTCCAATACCTTTCCTAGCCATUACG
6
ACGGGATCC

CACAACCCGAAAC6TCCCACGACCCCACCTCTCAAAAT9AGGTTATG3AAAGGATCGGTACTOCCTGCCCTAGG
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21, and a homology of 78% was found between the human

methionine pseudogene and the mouse methionine tRNA.

Gene F is a lecine tRNA pseudogene determined by Y.
AAG

N. Chang and I. L. Pirtle in this laboratory (unpublished

results). Gene G in nt 361 to 429 in Figure 22 was

found to be a very aberrant potential human isoleucine

tRNA pseudogene with significant structural
GAT

alterations, when the cloverleaf structure (Figure 23)

is compared with that of the generalized cloverleaf shown

in Figure 1. Gene H most likely contains an as yet

unidentified tRNA pseudogene since a computer analysis

did not reveal the presence of any potential bona fide

tRNA genes.



CHAPTER IV

DISCUSSION

Characterization of the Putative Human
tRNA Gene and Pseudogene Heteroclusters

From a comparison of the sequences of all mammalian

tRNAs determined thus far (Sprinzl et al., 1985a),

mammalian tRNA isoacceptors have virtually identical

primary structures. Thus, both the unfractionated and
32

purified [3'- P1-labeled tRNAs from bovine liver can

be used as hybridization probes to screen for the

presence of tRNA genes from a human gene library. In
32

fact, such P-labeled bovine tRNA have been used

successfully to isolate a number of tRNA genes in this

laboratory (Shortridge et al., 1985; Pirtle et al.,

1986; Chang et al., 1986).

The recombinant DNA of AhVal7, containing both the

lambda Charon-4A vector arms and a 20.5-Kb human DNA

insert, was digested with the restriction enzyme BamHI,

and at least four BamHI fragments were found to
32

hybridize to unfractionated bovine liver [3'- P]tRNA

probe (Figure 3), suggesting that the 20.5-Kb insert

potentially contains four or more putative tRNA genes

81
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or pseudogenes. Similarily, the 14.3-Kb human insert

of NhLeu8 may also encompass four or more potential

tRNA genes or pseudogenes, since four fragments derived

from an EcoRI/XbaI double digest of AhLeu8 (Figure 5)
32

hybridize with the unfractionated [3'- P]tRNA probe.

Thus, both the 20.5- and 14.3-Kb human DNA fragments

harbored in the 2khVal7 and ;hLeu8 clones, respectively,

contain clusters of potential tRNA genes or pseudogenes

as shown by restriction endonuclease mapping and

Southern blot hybridization analyses (Figures 3 to 7).

Only three other human DNA fragments with clusters of

tRNA genes have been isolated and characterized thus

far. Roy et al. (1982) first described a tRNA gene

cluster within a 1.65-Kb human DNA fragment encoding a
Lys Glu Leu

tRNA , a tRNA , and a tRNA , which does not

appear to be tandemly repeated. Shortridge et al.

(1987) characterized another human tRNA gene cluster

within a 6.0-kb DNA fragment with the tRNA genes

arranged from 5' to 3' as proline, valine, and threonine

tRNA genes, such that the intergenic distances are 2.6-

Kb and 368 bp, respectively. Chang et al. (1986)

reported a third human tRNA gene cluster containing two

tandem pairs of tRNA genes separated by about 3-Kb from

each other within a 8.2-Kb human DNA fragment. The
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first pair contains proline and leucine tRNA genes,

whereas the other pair encompasses another proline tRNA

gene and a threonine tRNA gene. Therefore, the two

human tRNA gene clusters described in this study are

the fourth and fifth examples of such clusters so far

isolated and characterized.

Analysis of the Putative Human tRNA Genes in AhVal7

The Southern blot hybridization data in Figure 3

indicate that AhVal7 contains at least four BamHI DNA

fragments (7-, 4.7-, 2.1-, and 1.5-Kb in size) which

potentially harbor tRNA genes or pseudogenes. The 7-Kb

(approximate size) BamHI fragment was subcloned into

pBR322 for fine restriction mapping and Southern blot

hybridization analyses. The pBR 3 2 2 subcloning and DNA

sequencing of the 4.7-Kb BamHI of 'AhVal7 fragment are

currently in progress. Both the 2.1- and the 1.5-Kb

BamHI fragments were subcloned into the bacteriophage

M13mp19, and the nucleotide sequences of the 2.1- and

1.5-Kb inserts were determined by the dideoxyribo-

nucleotide chain-termination method. In addition to

BamHI, at least 20 other different restriction enzymes

in single or double enzyme digestions were used to

examine AhVal7 recombinant DNA, and the cleavage

products were subjected to electrophoresis on 1.5%
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agarose gels. The Southern blot hybridization data

were used to deduce a restriction map for AhVal7 shown

in Figure 4. The 7-Kb BamHI fragment, corresponding to

the largest BamHI fragment which hybridizes to the tRNA

probe in Figure 3, was mapped within the EcoRI and KpnI

sites, immediately adjacent to the lambda left arm (A )
L

as illustrated in Figure 4. The 2.1- and 1.5-Kb BamHI

fragments were mapped adjacent to each other toward the

right side of the human DNA insert.

The 2.1-Kb fragment was found to encompass a potential

valine tRNA gene. This tRNA gene neither contains
AAC

an intervening sequence nor encodes the CCA trinucleotide

found at the 3'-end of mature tRNAs (Sprinzl et al.,

1985a), as shown in Figures 10 and 11. The valine tRNA

structual gene has all the invariant and semi-invariant

nucleotides present in mature tRNAs (Rich and

RajBhandary, 1976; Singhal et al., 1983) as shown by

comparing the general tRNA cloverleaf structure in

Figure 1 with that of the valine tRNA gene shown in

Figure 11. The valine tRNA gene conforms to the A box

consensus seqence (5'-ARYXXGGNXXA-3', nt 1163-1170 in

Figure 10) and to the B box consensus sequence (5'-

GTTCRANYC-3', nt 1202-1210 in Figure 10) for the

internal split promotor sequences of tRNA genes

(Ciliberto et al., 1983; Sharp et al., 1985). The
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block A of a tRNA structural gene consists of that

region of the gene which encodes the dihydrouridine

(D)-loop and D-stem, whereas the block B corresponds to

the ribothymidine (T)-loop and T stem. The T stem-and-

loop contains potentially an additional T - A base
54 60

pair, as shown in Figure 11. The conventional T-stem

contains 5 base-pairs (Figure 1). This additional A-T

base pair was also found in a human valine tRNA

reported by Jank et al. (1977). Furthermore, the D

stem-and-loop of the valine tRNA gene (Figure 11) has a

pair of T residues at the top of the stem (positions 13

and 22), whereas the mammalian tRNA T-loop is flanked

by a pair of A residues as shown in Figure 1 (Sprinzl

et al., 1985a).

A transcriptional termination site of four

consecutive T residues (nt 1231-1234 in Figure 10),

which normally occurs at about 30 nt downstream

(Bogenhagen and Brown, 1981) from the B-block consensus

sequence (nt 1202-1210 in Figure 10), is also present

downstream from the valine tRNA gene reported in
AAC

this work. The valine tRNA gene is 100% homologous

with that sequenced by Shortridge et al. (1987), and

may potentially encode a valine tRNA that is 99% homo-

logous with the human placental valinertRNA (Chen
NAC
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and Roe, 1977). The difference between the valine

tRNA gene and that derived from human placenta is a
AAC

T to C base transition in the D loop at position 20 in

Figure 11. Furthermore, the sequence homologies of

this valine tRNA to other eukaryotic valine tRNAs
AAC

(Sprinzl et al., 1985a) or tRNA genes (Sprinzl et al.,

1985b) are: Drosophila tRNA (86%), mouse myeloma
AAC

tRNA (99%), rabbit liver tRNA (99%), rat tRNA
AAC AAC AAC

(99%), rat liver tRNA (99%), Saccharomyces tRNA
AAC AAC

gene (72%), Drosophila tRNA gene (68%), and
AAC

Drosoplhila tRNA gene (87%).
CAC

In addition to the putative valine tRNA structural

gene, the 2.1-Kb BamHI fragment also contains an Alu-

like element from positions 942 to 651 and of opposite

polarity upstream from the valine tRNA gene, as shown

in Figure 10. Because the tRNA gene and the Alu

element are of opposite polarity and separated by 208

nucleotides from each other, and since they are located

on different DNA strands, their promotor sites are

closely associated. Thus, it is possible that RNA

polymerase III or its associated transcription factors

may compete for the internal control sites of the tRNA

gene and the Alu-like element simultaneously. The

direct repeats 5'-CTTCCA-3' (from nt 967 to 962 and

from nt 596 to nt 591) flank the Alu element. This Alu
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element is 88% homologous with the Alu element

consensus sequence reported by Kariya et al. (1987).

Since there are 300,000 to 500,000 Alu-elements

dispersed throughout the human haploid genome (Kariya

et al., 1987; Schmid and Jelinek, 1982), occurring on

the average every 5 to 8 Kb in the genome, the

occurrence of Alu-like elements in the vicinity of the

valine tRNA gene may simply be coincidental.

The coding sequence of the valine tRNA gene is

99% homologous with the human valine tRNA gene reported

by Arnold et al. (1986). The transcriptional

termination site of four T residues occurs 8 to 10

residues downstream from the Y-termini of both valine

tRNA genes. However, the Alu-element is 208

nucleotides away from the valine tRNA structural gene,

whereas the Alu element described by Arnold et al.

(1986) is separated by 435 nucleotides from its valine

tRNA gene. In addition, the Alu-element and the valine

tRNA gene in this study have opposite polarity, whereas

the Alu-element and the valine tRNA gene sequences

reported by Arnold et al. (1986) also have opposite

polarity.

The 5'-flanking region of the valine tRNA

structural gene contains two potential GC boxes,
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located at nt 785-794 (5'-GGCGGCCGCC-3') and at nt 932-

943 (5'-CCGCGCCCGGCC-3') in Figure 10. The GC-boxes

may be capable of binding to the transcription factor

Spl, which is implicated in the enhanced expression of a

number of genes transcribed by RNA polymerase II, such

as the metallothionine and dihydrofolate reductase

genes (Kadonaga et al., 1986). Rhodes and Klug (1986)

reported that Spl, transcription factor IIIA (a RNA

polymerase III transcription factor), and other RNA

polymerase III transcription factors may possess

similar DNA binding sites which interact with about 5-

bp of DNA sequence. Whether these GC-boxes upstream

from the valine tRNA gene will bind with either RNA

polymerase II or RNA polymerase III transcription

factors, and consequently affect tRNA gene expression

is not known at this time.

The 1.5-Kb BamHI fragment may potentially

encompass at least one tRNA gene or pseudogene since

this fragment hybridized to the unfractionated bovine

tRNA probe as shown in Figure 3. However, after DNA

sequencing, no tRNA gene was found in this 1477-bp DNA

fragment. This observation could be explained by (1)

the presence of a small nuclear RNA (sn RNA) in the

1.5-Kb fragment which could hybridize to a trace amount

of snRNA found in the unfractionated bovine tRNA probe, or
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(2) by the presence of a putative tRNA pseudogene in

the 1.5-Kb fragment which has sufficient sequence

homology to hybridize with the tRNA probe, but which

lacks a large number of the invariant and semi-invariant

nucleotides that are useful for manual detection or by

computer analysis (Shortridge et al., 1986a), or (3)

the tRNA probe may hybridize to the A monomer and B

monomer of the Alu elements (Figures 14 and 15), and

the positive hybridization signal is indicative of the

presence of the Alu-element and not a tRNA gene within

the 1.5-Kb BamHI insert, possibly hybridizing to the

internal split promoter sequences within the Alu-elements.

The 1.5-Kb BamHI fragment contains two potential

Alu-like elements designated as Alu-1 (from nt 1278 to

nt 987) and Alu-2 (from nt 331 to nt 49) shown in Figure

13, both having the same polarity and on the same DNA

stand. The direct repeats are 5'-AAATGCA-3' (nt 1283-

1278 and 930-924) for Alu-1 and 5'-TTGGAG-3' (nt 362-

357 and 26-21) for Alu-2, respectively. These different

direct repeats may be the result of the retroposition

of Alu-like elements into the human genome with

subsequent DNA repair of the staggered cDNA breaks

(Kariya et al., 1987). The Y-end (nt 987) of Alu-1 is

556 nucleotides from the 5'-end (nt331) of Alu-2, as
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shown in Figure 13, such that this distance of about

0.5 Kb is significantly below the average of 5-8 Kb

expected for Alu-elements.

The sequences of Alu-1 and Alu-2 were compared

with the consensus sequence of the Alu elements

reported by Kariya et al. (1987), as shown in Figures

14 and 15, respectively. Alu-1 and Alu-2 are 43% and

81% homologous, respectively, with the Alu consensus

sequence, and both Alu-1 and Alu-2 contain the A and B

momomeric units described by Kariya et al. (1987).

Hammarstrom et al. (1984) proposed that Alu elements in

the vicinity of a U2 RNA pseudogene may have relaxed or

interfered with crucial cellular gene correction

mechanisms, thereby permitting base substitutions to

occur, such that a previously normal U2 RNA gene was

mutated into a pseudogene. It is possible that a

similar mutational event could occur for any potential

tRNA genes near the Alu elements within this 1.5-Kb

fragment. This may have resulted in a tRNA pseudogene

which lacks the conventional invariant and semi-

invariant regions and thus was not detected by the

computer analysis program (Shortridge et al., 1986a).

All the Alu elements described in this study

contain distinct flanking regions, including different

direct repeats for each one of the Alu elements. The



91

different flanking regions strongly suggest that the

Alu family arose as a result of random insertion of the

Alu-element cDNAs into the human genome (Schmid and

Jelinek, 1982; Kariya et al., 1987).

Analysis of the tRNA Pseudogene Cluster in AhLeu8

The clone AhLeu8 was found to encompass at least

four potential tRNA genes or pseudogenes since four

EcoRI/XbaI fragments of hLeu8 DNA hybridized to the

unfractionated tRNA probe shown in Figure 5. The four

sites that hybridize are shown in the restriction map

of AhLeu8 in Figure 6, with the 1.3-Kb XbaI, 1.4-Kb

PstI/SstI, 1.0-Kb PstI/HindIII, and 1.4-Kb SstI/BamHI

fragments emcompassing the arbitrarily designated genes

E, F, G, and H, respectively (the PstI/SstI sites for

gene F and the PstI/HindIII sites for gene G are not

shown). The 8.2-Kb BamHI fragment which contains genes

E, F, and G was subcloned into pBR322, and the subclone

designated as phLeu8 with its restriction map shown in

Figure 7.

The XbaI, PstI/SstI, PstI/HindIII, and SstI/BamHI

fragments which contain genes E, G, and H were

sequenced by the unidirectional deletion method of Dale

et al. (1985) as described in the Methods section.

Gene F was sequenced by Y. N. Chang and I. L. Pirtle
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(unpublished results) and was found to be a leucine

tRNA pseudogene. The DNA fragments encompassing
AAG

genes E, G, and H were sequenced in this study, and

gene E was found to be a methionine elongator tRNA

pseudogene. Gene G was hypothesized to be an extremely

aberrant isoleucine pseudogene. The identification of
GAT

gene H was found to be very difficult, and it may

correspond to a tRNA pseudogene with major structural

aberrations as hypothesized for gene G.

The noncoding strand (nt 515-586 in Figure 19) of

the methionine tRNA pseudogene corresponding to gene
CAT

E is particularly interesting. The methionine gene

arranged in the cloverleaf conformation is shown in

Figure 20. The methionine gene is 78% homologous

(Figure 21) with the nucleotide sequence of a mouse

myeloma methionine tRNA reported by Piper (1974),
CAU

which is implicated to encode tRNA that binds to

methionine in the elongation of protein synthesis.

However, several structural variations exist between

the human methionine tRNA pseudogene and the mouse

myeloma tRNA. First of all, the invariant nucleotides

5'-GTTC-3' (nt 53-56 in the lower strand of Figure 21)

in the region of the parent mouse myeloma methionine

tRNA gene which corresponds to the T-loop is replaced
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by 5'-GCTT-3' (nt 567-570 in the upper strand of Figure

21) in the human methionine tRNA pseudogene. Furthermore,

G to C, G to A, and T to C transitions also occur at

positions 12, 24, and 50, respectively, of the methionine

tRNA pseudogene cloverleaf (Figure 20) as compared to

that of the mouse myeloma tRNA. Both the human methionine

tRNA pseudogene and the mouse myeloma tRNA have an

identical anticodon (AC) stem-and-loop with four

unusual base pairs in the AC stem and a nine base AC

loop flanked by T residues. The conventional AC stem-

and-loop consists of a five base-pair stem and a seven

base loop size (Rich and RajBhandary, 1976). In addition,

both have identical variable arms of 5'-AGGTC-3'in

postions 44 to 48 (Figure 22, positions 44-48, and

Figure 19, positions 44-48 of the lower strand).

Since genes G and H only weakly hybridize to
32

unfractionated bovine liver [3'- P~tRNA as compared to

the hybridization intensity of gene E, the identification

of any putative tRNA pseudogenes corresponding to genes G

and H is equivocal. Furthermore, any potential tRNA

genes corresponding to G and H may lack most of the

conventional invariant and semi-invariant nucleotides

found in most tRNA genes (Figure 1), rendering their

identification extremely difficult.

Despite the potential difficulty to identify any
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putative pseudogene, a tentative human isoleucine tRNA
GAT

pseudogene with major structural alterations was

hypothesized as shown in Figures 22 and 23. Several

structural deviations exist between the the isoleucine

tRNA pseudogene and the conventional tRNA shown in Figure

1: (1) The invariant sequence 5-GTTCRA-3' of the T-loop

is replaced by the sequence 5V-GTTCRC-3' in the

pseudogene. (2) Many base pairs are lacking in the AA-

stem, D-stem, AC-stem, and T-stem in the pseudogene.

However, the pseudogene also has few structural features

which conform to those in Figure 1: (1) The AC-loop

contains 5'-TTGATGC-3' which conforms to the consensus

sequence 5'-YTGATRA/C-3' for the AC-loop. (2) The D-loop

has tandem GG nucleotides in positions 15 and 16. (3)

The T-loop has the invariant 5'-GTTC-3' sequence.

Conclusions

Two clones containing a putative human valine

tRNA gene, and an elongator methionine tRNA
AAC CAT

pseudogene are described in this study. The two clones

which encompass clusters of tRNA genes and pseudogenes

are the fourth and fifth such examples of human tRNA

gene clusters reported thus far. Roy et al. (1982)

first described a solitary tRNA gene cluster of three



95

Lys Gln Leu
genes encoding a tRNA , a tRNA , and a tRNA

which do not appear to be tandemly repeated. Shortridge

et al. (1987) reported another human tRNA cluster of
Val Thr

three genes encoding a tRNA , a tRNA , and a
Pro

tRNA . Chang et al. (1987) described the third such

tRNA cluster of four genes encoding a threonine, a

leucine, and two proline tRNAs. Whether the two

clusters described in this study are solitary clusters,

or represent two distinct members of reiterated tRNA

gene cluster families within the human genome is

presently under study. The functional significance of

mammalian tRNA gene clusters is still not clearly

understood. However, Sharp et al. (1985) have proposed

that such clustering may function as a mechanism for

the coordination or regulation of synthesis of related

gene products from a number of independent transcription

units. Until the organization and distribution of such

tRNA gene clusters in the mammalian genome can be fully

characterized, no definitive conclusions can be made

correlating tRNA gene organization with their regulation

of expression.
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