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ABSTRACT
A rat genomic DNA fragment containing a tRNA gene cluster was iso-

lated from a lambda phage library. HybridizatUa and nucleotide sequenie
analysis revealed the presence of a 83 bp tRNAC gene and a 72 bp tRNA P
gene. Both genes possessed intact coding regioCii and putative trans- GUG
cription termination signals at their respective 3' ends. In vitro
transcription analysis of the two subcloned genes in a HeLa cell S-100
system demonstrated the specific synthesis of a number of RNAs by RNA
polymerase III. Studies carried out in the presence of a-amanitin showed
that the larger RNAs are precursors for the final processed transcripts of
the tRNALeu and tRNA P genes, respectively. Further pucleotide se8 ence
analysis of the cluster revealed the presence of tRNA Y and a tRNA
pseudogenes with missing areas within their coding regions which are
essential for transcription by RIA polymerase III. Within the region of
DNA between the tRNALe and tRNA P genes is a sequence which is 65%
homologous to a region of the rat Bi element. The significance of this
latter structure within the gene cluster is unknown.

INTRODUCTION

The combination of molecular cloning, rapid DNA sequence analysis and

in vitro transcription techniques has led, in the past few years, to a

better understanding of the chromosomal arrangement and mechanism of

expression of transfer RNA genes in a number of cell types. Those tRNA

genes analyzed so far have been found to possess two properties: reitera-

tion and dispersion throughout the genome. Although most eukaryotes

contain approximately 40 to 60 major tRNA species, the reiteration fre-

quency of each unique tRNA gene has been found to vary between about 10

copies per cell per tRNA in yeast and Drosophila (1,2) to about 200 copies

per cell per tRNA in Xenopus laevis (3). It has been determined that

members of reiterated tRNA gene families are either dispersed throughout

the genome, as in yeast ( 4,5) or clustered at different chromosomal loci,

as in Drosophila (6). Frequently, several different tRNA genes (some

present in multiple copies) are present at one locus, often having
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opposite polarities (for a review of tRNA gene structure in eukaryotes,

see Reference 7).

Much information has accumulated on the structure, arrangement and

expression of eukaryotic tRNA genes from yeast, nematode, silkworm, fruit

fly and frog, but little is known about the tRNA genes of vertebrates. To

date, transfer RNA genes have been isolated from the genomes of humans

(8), mice (9,10), and different rat strains (11-14). Data obtained from

analysis of these cloned DNAs has not led to the formulation of any rules

for either the mechanism of generation of these gene clusters or their

organization within the vertebrate genome. In this study, we screened a

rat genomic DNA phage library with total tRNA isolated from rat liver and

obtained a 3.2 kb cluster which, after partial DNA sequencing, revealed

the presence of tRNACUG and tRNAGAC genes and tRNAGlu and tRNAGly pseudo-

genes. In vitro transcription generated tRNA precursors which were

processed into the 86 and 75 base final transcripts of the tRNALeu and

tRNAAsP genes, respectively.

MATERIALS AND METHODS

Bacterial strains, bacteriophage and plasmids

All plasmids were maintained in E. coli HB101. Lambda phage was

propagated in E. coli LE392 or DP50 supF. M13 phage clones were grown in

E. coli JM103 obtained from BRL Inc. (Gaithersburg, MD). Plasmid pACYC177

was kindly supplied by Dr. David Figurski. Lambda phage Rt-61 and sub-

cloned plasmid DNAs pRt-61, pRt-870 and pRt-460 were isolated and

constructed as described in the text. Clones pRt-61, pRt-870 and pRt-460

are derivatives of plasmid vectors pBR325, pACYC177 and pBR322, respec-

tively. The genomic library of Sprague-Dawley rat DNA was constructed as

described (15) and generously provided by Drs. T. Sargent and J. Bonner.

Replicative forms of M13mp7, mp8 and mp9 DNA were obtained from BRL, Inc.

Enzymes and Radioisotopes

Restriction enzymes were obtained from BRL, Inc. or Boehringer

Mannheim (Indianapolis, IN). Calf intestine alkaline phosphatase, DNA

polymerase I and its derived Klenow fragment, and T4 polynucleotide kinase

were all obtained from Boehringer Mannheim. The exonuclease Bal-31 was

obtained from New England Nuclear, (Boston, MA). All radioisotopes were

obtained from Amersham Corp. (Arlington Heights, IL), with specific

activities as indicated.

8610



Nucleic Acids Research

Isolation of tRNA

Crude rat liver tRNA was prepared from male Sprague-Dawley rat liver

and separated from ribosomal RNA as previously described (16). Labeling

at the 5' -end of the tRNA was accomplished by the use of T4 poly-

nucleotide kinase and [r-32P]-ATP (spec. act. 3,000 Ci/mmol) (17).

Specific labeling at the 3' -end of the tRNA was obtained by using a crude

preparation of E. coli tRNA nucleotidyl transferase, prepared as described

(18). The labeling reaction was carried out (19) using ta-32P]ATP (spec.

act. 300-400 Ci/mmol).

Isolation of phage clone Rt-61 and subcloning of tRNA genes

Approximately 75,000 individual clones from the Eco RI phage library

(15) were screened by the method of Benton and Davis (20). The strongest

hybridizing clone, named Rt-61 was purified by subsequent rounds of plaque

purification and restriction mapped by standard techniques. Regions indi-

cated in Figure 2 were subcloned into appropriate plasmid vectors (21) and

identified by the colony screening technique of Grunstein and Hogness (22)

using nick-translated fragments isolated from low melting point agarose

(21,23).

Chemical cleavage sequence analysis

DNA fragments were treated with calf intestine alkaline phosphatase

at 650 for two hours, extracted with phenol and precipitated with three

volumes of absolute ethanol. Radiolabeling was achieved by either treat-

ment with T4 polynucleotide kinase and [br-32PJATP (spec. act. 3,000

Ci/mmol) (24) or Klenow fragment and [a-32P]dNTP (25). Chemical cleavage

reactions and denaturing gel electrophoresis were performed as described

(24,26).
M13 Phage cloning and dideoxy sequence analysis

M13 phage clones were generated by the methods of Messing et al. (27,

28). Deletion clones were generated as outlined (21) using the enzyme

Bal-31 and ligated into the Hinc II site of M13 mp7 RF DNA. The pre-

paration of ssDNA from M13 phage particles was done by the method of

Anderson (29). Sequencing of M13 phage ssDNA was accomplished essentially

as described (30) with some modifications (27). Regions with significant

secondary structure were resequenced by the dITP substitution method (31).

Secondary structure analysis of some of the DNA sequence data was

analyzed by the use of two programs called BASEPR and OVRLAP (32) run on a

VAX 11/780 system. The rest of the sequence information was processed on
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a Hewlett-Packard HP9845C graphics computer (M. McLaughlin, unpublished

results).

In vitro transcription

A cell-free extract was prepared from HeLa cells (33). Supercoiled

plasmid DNA (final concentration 50 ig/ml) was incubated at 300 for 1 or 2

h in a mixture containing 50% (v/v) HeLa extract, 50 IM (each) GTP, ATP,

32~~~~~~~~~~~~~UTP, and CTP, iOiiCi of [a-3 P)GTP, 10 mM creatine phosphate, 7mM MgCl2, 75

mM KCl, 15 mM HEPES (pH 7.9). Reactions were terminated by addition of an

equal volume of 0.1 M EDTA, phenol extraction and ethanol precipitation

(34)). RNA transcripts were analyzed on 8% polyacrylamide gels as

described above using single-stranded DNA size markers.

RESULTS

Isolation and characterization of lambda phage clone Rt-61

By screening the Eco RI lambda phage library with 5' -end labeled rat

liver tRNA, we isolated and purified a recombinant bacteriophage which

hybridized strongly to the radiolabeled tRNA. DNA of this bacteriophage,

termed Rt-61, digested with Eco RI, showed that the total phage insert is

approximately 13.2 kb long and possesses two internal Eco RI sites, thus

generating the three bands of 8.0 kb, 3.2 kb, and 2.0 kb seen in lane 2 of

Figure 1. Probing with 3' -end labeled tRNA indicated that all tRNA-

hybridizing ability was present in the 3.2 kb fragment (Figure 1, lane 3).

Digestion of the DNA with Kpn I localized the 3.2 kb fragment to the left

arm of the Charon 4A phage vector (Figure 2). This Eco RI fragment was

subcloned into the plasmid vector pBR325 to generate clone pRt-61 (Figure

1, lane 4). Data obtained from digestion of pRt-61 DNA with a number of

different restriction enzymes followed by analytical gel electrophoresis

was used to construct the restriction map at the bottom of Figure 2. The

pattern of hybridization obtained with the enzymes Ava I (Figure 1, lanes

8 and 9) and Pst I (data not shown) demonstrated the presence of two dis-

tinct tRNA hybridizing regions within the clone. These two regions were

subcloned as indicated at the bottom of Figure 2 to facilitate further

analysis. The Pst I fragment was cloned into the unique Pst I site of

pBR322, and the larger hybridizing Ava I fragment was cloned into the

unique Sma I site of plasmid pACYC177.

Nucleotide sequence of clone pRT-61

The nucleotide sequence of the DNA in and around the the tRNA genes

was determined by a combination of chemical cleavage (24) and dideoxy
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Figure 1. Southern blot analysis of clone Rt-61. Lanes 2 and 4 are Eco
RI digests of phage RT-61 and the 3.2 kb RI fragment subcloned in pBR325.
Lane 6 is a X cloq1 containing rat rRNA gene sequences as a negative
control for the [ PI-labeled tRNA probe. Lane 8 is an Ava I digest of
the pBR325 subelone. Lanes 1 and 10 are Hind III digested X DNA and Hae
III digested 0X174 RF DNA, with corresponding sizes of fragments to the
left and right, respectively. Lanes 3, 5, 7, and 9 are the autoradio-
graphs of a Southern blot of lanes 2, 4, 6, and 8, respectively,
hybridized with 3' end-labeled tRNA from rat liver. Exposure time is 16
hours.

methods (30). Figure 3 delineates the starting points and the major
routes covered for sequencing by the two techniques. The nucleotide

sequence of the two genes, tRNALG and tRNA Asp, the two pseudogenes,
Gly ~ Glu CGGAC' h w

tRNAGY and tRNA and their flanking regions is presented in Figure 4.

By viewing the genes on the map in Figure 3 in their proper orientation,

it can be seen that the tRNAAsP gene and both pseudogenes utilize one

coding strand of the DNA and the tRNALeu gene the other DNA strand.

The 83 bp tRNALeu and 72 bp tRNAAsP genes are typical of eukaryotic

tRNA genes characterized to date. Neither gene codes for the terminal C-

C-A sequence usually found in the final tRNA transcript, nor does either

possess any intervening sequences. At the 3' -end of each gene is a tract

of T residues, 9 bp from the coding region of the tRNALeu gene and 10 bp

from the coding region of the tRNAAsp gene. These sequences have been

implicated in the termination of RNA polymerase III transcription (35).
The proposed cloverleaf structure of each of these genes is shown in
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Figure 2. Restriction map of clone Rt-61. The upper line represents the
structure of lambda clone Rt-61 with Eco RI sites as indicated. A size
bar above the line shows the scale. The 3.2 kb Eco RI fragment was
subeloned into pBR325 as described in Materials and Methods. The map of
this subelone is shown on the lower line. The scale for this map is on
the bottom of the figure. The two regions hybridizing to tRNA as shown
in Figure 1, were subeloned and designated pRt-870 and pRt-460 as shown
on the bottom of this figure.

Figure 5. It can be seen that the structures are consistent with the

consensus features derived from the tRNAs and tRNA genes analyzed to date.

Each gene is capable of generating a transcript which folds into a

cloverleaf containing a 7 base aminoacyl stem, 5 base anticodon and

pseudouridine stems and 3 or 4 basp dihydrouridine stems. Both genes

possess A and B block sequences, the split promoter elements of tRNA genes

(36), which are localized around their dihydrouridine and pseudouridine

arms.

The proposed cloverleaf structures for the tRNAGly and tRNAGlu

pseudogenes are similarly presented in Figure 5. The actual backbone

sequences presented in the figures are those of two functional genes

isolated from the Donryu rat genome (11). In the tRNAGlY sequence, the

boxed nucleotides in the D arm are the 7 bp which are missing in our

pseudogene. The two boxed bases at the 3' -end of the gene have been

replaced by two bases (A and T) which lower the stability of the

pseudouridine stem. In the same figure, the 17 bp of sequence missing
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Figure 3. DNA sequencing strategy. Vertical lines depict the sites for
radioactive labeling for Maxam-Gilbert sequencing. The arrows indicate
the direction and extent of sequencing from a particular restriction
fragment. The dotted line to the right of the Kpn I site represents a
region whose sequence was not determined. Each numbered horizontal line
in the M13-dideoxy section depicts a portion of an individual M13 clone
that was sequenced. At the top of the figure, the locations and
orientations of the genes and pseudogenes is shown.

from the 3' -end of the isolated tRNA pseudogene are also indicated by

a box, and the C to T transition is similarly indicated at position 4. It

can be seen that the 7 bp deletion in the tRNAGly pseudogene results in

removal of 7 bp (of a total 11 bp) from the A block promoter sequence.

Similarly, the truncation present at the 3' -end of the tRNAGlu pseudogene

removes 6 out of 11 bp of that gene's B block promoter section. One would

predict from these data that neither of these genes are capable of serving

as templates for RNA polymerase III transcription. However, both pseudo-

genes possess transcription termination signals (TQ4) at their 3' -end, 12

bp away from the coding region of the tRNAGly pseudogene and 88 bp away

from the coding region of the tRNAGlu sequence. This latter distance is

not unprecedented in a eukaryotic tRNA gene (7). In addition, the tRNAGly
pseudogene possesses a potential secondary termination site 120 bp

downstream from the first, similar to those found for human tRNALeu
tRNA Y , and tRNA genes (8).

Analysis of the region surrounding the tRNALeu and tRNAAP genes

revealed the presence of a region possessing weak homology to the rat Bi
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A
10 20 30 40 SO 60

aaactcccga ggcctctccg aaacgacctc tgataggggc tcgcgggctg acgtgggtct
tttgagggct ccggagg99c tttgctggag actatccccg agcgcccgac tgcacccaga

70 80 90 100 110 120
gggtctgcgc gtggggcgtg ggtggaaggc taggccccgg cggccaccta ggtgtccaaa
cccagacgcg cacc0cgcac ccaccttccg atccggggcc gccggtggat ccacaggttt

130072140 150 160 170 xxx
aaggacatca t 0c0ccgtc ggggatcga accccggtct cc9c9t9ac a gggga
ttcctgtagt 4aggggag cccttagct tggggcaga ggg9 g 9actg tccgc0090

190 200 210 220 230 Acc I 240
rctcaccact aatactaacgaggacgacgac ag9cacaaac acaaccgtcc gtgccqigtot
tgagtggtga t tgattgctc ctgctg tcggtgtttg tgttggcagg cacgggcaga

250 2bO .1 270 280 290 300
acc0cgccag gg0ag9acca caggcgtccg tctcccccaa cgaccacctc ttgctctgca
tggtgcggtc ccttcttggt gtccgcaggc agagggggtt gctggtggag aacgagacgt

310 320 _ 330 340 350 360
ctgcaccgca acccaaaaga ccc94aaacc cggcgtcaac accaggaccc cgacccgcag
gacgtggcgt tgggttttct ggggctttgg gccgcagttg tggtcctggg gctgggcgtc

370 380 390 400 410 420
ccccgccaga ccacctgtcg ccggacsccct gtccccgccg ggctgagacc cggcctctaa
ggggcggtct ggtggacagc ggcctgggga caggggcggc ccgactctgg gccggagatt

430 440 450 460 470 480
gcaccgtgcc gagtgcgatg tggttgcggg caacactcgc cgtgtcagga cgagaggctg
cgtggcacgg ctcacgctac accaacgccc gttgtgagcg gcacagtcct gctctccgac

490 SfMl I 500 510 520 530PSt I 540
gtgccacaca cc4iggcgcc cctgcgtgct gtggggtgca gacaggcgct gca4gCgcgg
cacggtgtgt gggcccgcgg ggacgcacga caccccacgt ctgtccgcga cgtccggccc

BQmH Isso rnaI 560 570 580 590 600
'gatccggccc gggcctagag gt.ctctg9c gcctagcagc gtcccgtcgt cggtgctctt
ctaggccggg cccggatctc catgagaccg cggatcgtcg cagggcagca gccacgagaa

__ 00 6___20__ 630 Xho .1640 650 660
ctggcaaggt aagtt4ggcgggcg0g9gccc gcatg at 400acgca49cg cggccagacc
gaccgttcca ttcaagccgc ccgctccggg cgtcgagctc gtgcgtctgc gccggtctgg

670 680 690 700 710 720
aggccagacy ggcgcctacc ccggcgcgcc gtccgctgaa gcccgcttgc gggccgggcg
tccggtctgc ccgcggatgg ggccgcgcgg caggcgactt cgggcgaacgcccggc0cgc

730 740 750 760A$c 1 770 780

cggttcgcc3 gtcgccggtc ggccggtcgc ctccag3gag c9t0tacgcc ccagacctgc
gccaagcggc cagcggccag ccggccagcg gaggtcgctc gcagatgcgg ggtctggacg

41 790 800 810 820 830 840

tgtcaggag 9gccgagcggt ctaaggcgct gcgttcaggt cgcagtctcc cctaga9 9
agtcctatc cggctcgcca gattccgcga cgcaagtcca gcgtcagagg ggatctclcgc

850 860 Hirld]E70 XXX 880 890 900
tgggttcgaa tcccactcct gcagcttg ccttttgaca ctccactcca icccacc9cg
tacccaagctt agggtgagga ctqcgaac ggaaaactgt gaggtgaggtagggtggcgc

94Q 920 483 930 940 950 960
aaagaccccg catetccttc atccttcctc aatctgtcca gagcctccgc tcccctcgac
tttctggggc gtagaggaag taggaaggag ttagacaggt ctcggaggcg aggggagctg

970 980 990 PSI I 1000 1010 1020
cc99a.9cct tccctcacag actgggatct gcaggagagc ctccttcaac acaactactt
ggccttcgga agggagtgtc tgaccctaga cgtcctctcg gaggaagttg tgttgatgaa

10 3U
gcgttggatc
cgcaacc tag

B
10 20 30 40 50 60

tgagagcaga acgacgccaa gaagctgaag taagcccctg agcagaaccq aagagagcct
actctcgtct tgctgcggtt cttcgacttc attc9gggac tcqtcttggc ttctctcgga

70 80 90 100 110 120
gtttcggggt tggcgqtccc gtggtgcggc qtagcgcagg caaqtaaqtg qtaggcgcgt
caaagc0ccaaccgccaggg caccac9ccg catcqcgtcc gttcattcac catccgcgca

130 140 050 160 170 180
cgaggcgctg gcgcctgtgt qgcagtcggc ggogacgtqg qggtgtgggt ccggctgtgc
gctccgcgac cgcggacaca ccqtcagccg ccgctqcacc cccacaccca qgccgacacg

090 200 210 220SmaI UTaqI 240
9gttggtg gtatagtggt gctqccttcc aagcagttga cccgggttcg attccta4cc

cgcgaaccac catatcacca cgacggaagg ttcgtcaact gggcccaagc taaggatcgg

250 x 270 280 290 300
raTacgtagct gcccaacttt gccaaggtc ctcacccaaa acgcccgac cgggaccctq
ttgcatcgca cgggttgaaa acggttccag gagtgggttt tqcgoggctq gccctgqgac

310 320 330 340 350 360
cgtggagccg cggagcttgg gcccaggctc tactaggcgg gqaagatcgq aaagcgccag
gcacctcggc gcctcgaacc cgggtccqag atgatccgcc ccttctagcc tttcgcgqtc

370 380 390 400 410 420
accttttcag gtagtgqgca c9gggtggag aagcggcagg ggcaaqtttc taqtccccga
tggaaaagtc catcacccgt ggcccacctc ttcgccgtcc ccqttcaaag atcaggggct

430 440 450 460
agtcgcacgg tgctggctgt ggaagcggca gaggccaggg g90aa9t
tcagcgtgcc agacccgaca ccttocqcgt ctccggtccc ccgttca

C
10 20 30 40 50 60

qgt9gccqag aq9qtqtgtg tccqtctqtt tctaqgagtt qatagccqtg aqcatqqqac
ccacc9gctc tcccacacac40 9cagacaa a9atcctcaa ctatcqacac tCqtaccctq

70 80 90 000 000 S mpl.20
ccacg o tggtgqtc gqtgqttagqa ttcggcqctc tcaccqcCqc acqccqqqtt
g9tqca1999 accaccagat caccaatcct aagccgcqag agtq9cggcg cCqggcccaa

130 140) 150 160 177) 180
00tcca0c tccqaagccc tcqcctcctc qaaaaaccct0t0ctcaqcc tacaacaagc

b 99agqt9g aggcttcggq a4qcqOa990 Otttttgqqa cacqaqc0 nat4ttttctto

090 200 210 xxx 220 230
tctcctcgctc0ctc9ctct c0ccac9agt tttcacacaca0acac0cacactcat0
aqa94a9c9a acga0cga9a qqagt3ctca aaaatatoSt tctaticta9 tqaqtac

Figure 4. Nucleotide sequence of tRNA genes, pseudogenes and
flanking regions. tRNA gene coding regions are enclosed in
boxes, putative transcription termination signals are marked by
X's, a 10 bp direct repeat is overscored by arrows above and a
sequence bearing homology to the rat Bi element is denoted by a
dashed line above the sequence. (A) This DNA sequence contains
the tRNAASP gene (from nucleotide 203 to nucleotide 132) and
the tRNALeu gene (from nucleotide 782 to nucleotide 8644). The
Pst I sites at nucleotides 529-534 and 989-994 define the
insert used in constructing subelone pRt-460. (B) This DNA
sequence contains the tRNAGlY pseudogene (from nucleotide 182
to nucleotide 246). (C) This DNA sequence contains the tRNAUlu
pseudogene (from nucleotide 67 to nucleotide 121).

element (37). This sequence is overlined by hatched lines in Figure 4 and

the homology is depicted in Figure 6. The possible function of this Bi-

like sequence in the genome is unclear (38).

In vitro transcription products from pRT-61

Size fractionation of the radiolabeled RNAs synthesized by a HeLa

cell S-100 in the presence of clone pRt-61 revealed the specific synthesis
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Figure 5. Cloverleaf structures of the non codiRgDNA strand
for the two genes and two pseudogenes. (A) t I gene. The
uncoded 3' -CCA end has been added. (B) tRNA Agene. The
uncoded 3'-CCA has been added. (C) pseudogenJ!G Differences
between the sequence reported previously (14) and that reported
in this communication are depicted. Nucleotide differences
found in our sequence are drawn outside the cloverleaf with
arrows to their corresponding positions. Bases enclosed in
boxes with no corresponding base outside the cloverleaf are
deleted in our Deudogene but are those found in Sekiya et al.
(14). (D) tRNAGJIY pseudogene. As in (C), the deletions are
enclosed in boxfiAwith no corresponding bases and substitutions
have our results drawn outside the cloverleaf.

of a numzber of transcripts, ranging in size from 108 bases down to 75
bases (Figure 7A). At this point, the 3.2 kb insert was subeloned as dia-

grammed in Figure 2 to generate pRt-460, containing the tRNALeu gene, and

pRt-870, containing the tRNAAsP gene. Separate transcription analysis of

these two plasmids gave us the results shown in Figure 7B, lanes 1 and 3.
A number of larger RNAs and a transcript of 75 bases were synthesized

in the presence of pRt-870 DNA (Figure 7B, lane 1). Incubation of this

mixture of another hour in the presence of high enough levels of a-aman-

itin to inhibit de novo RNA polymerase III transcription resulted in the

disappearance of the higher molecular weight RNAs (Figure 7B, lane 2).
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Figure 6.
the 3.2 kb
The rat Bl

TG
C T

AC G T
97 T A C T A G A 142
TCTGGC AAG AAGrT AG GCAGC C AG CACAGA Rat Bi
TCTGGC AAG AAGTC AG GCAGC C AG CA CAGA pRt-61
600 GT G GG C TG CG 648

G CCC
C G
GG

Sequence homology between a rat B1 element and a portion of
Eco RI insert sequenced in Figure 4A, nucleotides 600-648.
element sequence is that reported by Blin et al. (36).

A.1 2 3 4 5 6 7 B.1 2 3 4 C. 1 2

o104
s103

100_ii

_ -86

75- _ q_q__

Figure 7. In vitro transcription analysis of pRt-61 and subclones. (A)
Time course of in vitro transcription of pRt-61 by HeLa cell lysate S-
100. Reactions (50 4) were incubated at 300 for varying periods of
time. Lanes 1-4: 40, 60, 90, and 120 minutes in the absence of a-

amanitin; lane 5: 120 minutes (1.2 }4g/ml a-amanitin); lane 6: 120 minutes
(243 1,ig/ml a-amanitin); lane 7: minus DNA control. (B) In vitro
transcription of subcloned tRNA genes. In lanes 1 and 2, the DNA
template is pRt-870 {containing the tRNA Sp gene); lane 3 and 4, pRt-460
(containing the tRNA eu gene). Synthesis was carried out for 1 hr at
300, then a-amanitin (final concentration = 200 ug/ml) was added (lanes 2
and 4) and incubation continued at 3D° for an additional 1 hr. (C) In
vitro transcription of pRt-460 (tRNAeu gene). Lane 1: 300, 1 hr, then
a-amanitin (200 ug/ml final concentration) added and incubation continued
at 300 for 4 hr. Lane 2: 300, 2 hr, no a-amanitin.
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This result led us to conclude that the 99 to 101 base RNAs were precursor

transcripts which were being processed to the 75 base RNA. The addition

of a C-C-A sequence to the 3' -end of the anticipated 72 base tRNAAsP
transcript would yield this size product (Figure 4).

A similar pattern of RNA transcripts was obtained utilizing pRT-460

as the template DNA (Figure 7, lane 3). Further incubation of the trans-

cription reaction mix for one hour with high levels of caamanitin, how-

ever, did not result in a disappearance of the higher molecular weight

RNAs (lane 4). However, transcription for one hour followed by the

addition of high levels of a-amanitin and a further incubation for four

hours, left no detectable amount of the higher molecular weight RNAs

(Figure 7C, lane 1) but a comparable amount of 86 base RNA (lane 2).

representing the processed tRNALeu gene transcript.

DISCUSSION

Nucleotide sequence in and around the reiterated gene cluster

Examination of the structure of our gene cluster demonstrated that it

resembled that of a number of similar clusters isolated by Sekiya et al.

(14). A comparison between these sequences revealed that although the

sequence homology was high (comparable to the values obtained between

their gene clusters), our clone was yet another member of this multicopy

family, of which there are approximately ten copies in the rat genome

(14). The most conserved coding region out of all four genes is the

tRNAAsP gene. The sequence obtained by us is identical to all seven of

the other tRNAAsP genes isolated frcm the rat. This high sequence con-

servation is maintained in the tRNALeu genes. One of the other two

characterized tRNALeu genes (Rosen et al., Intern. tRNA Workshop, Hakone,

1983) has three nucleotide changes at positions 48, 54, and 76 (C to A, G

to A in the extra arm and T to A at the base of the aminoacyl stem. The

other tRNAL sequence possesses solely the G to A transition in the extra

arm (Sekiya et al., Intern. tRNA Workshop, Hakone, 1983).
This sequence conservation breaks down upon analysis of the other two

coding regions. RTldge, the gene cluster isolated from the Donryu strain

of rat (11) contains intact tRNAGly and tRNAGlu genes. All four of the

clusters isolated from the Sprague-Dawley strain of rat (three from the

same laboratory and ours) possess tRNAGlY pseudogenes, and two out of four

possess tRNA pseudogenes (14). All five tRNAGlY pseudogenes are mis-

sing the same bases at the 3' -end of the A box. Both clone RT1-2 and
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Rt-61 have the C to T transition at position 61, whereas only Rt-61 has

the G to A transition at position 62. Three out of five of the tRNAGly
pseudogenes (including Rt-61) has a change of C to T at the top of the

aminoacyl stem. The variation in structure, however, is most dramatic in

the tRNAGlu sequences. Two out of four of the tRNAGlu pseudogenes from

Sprague-Dawley rat isolated by Sekiya et al. (14) are missing 11 bp of the

3' -end. The pseudogene isolated in our laboratory is missing this 11 bp

and an additional 6 bp (shown in Figure 5). All five tRNAGlu sequences

from Sprague-Dawley rat have a T to C transition at position 4. In

summary, out of the five copies of the reiterated cluster isolated from

the Sprague-Dawley rat genome, three possess tRNAGlu pseudogenes, whereas

all five possess tRNAGly pseudogenes.

An analysis of all the available sequences for 5' and 3' flanking

regions in this reiterated gene cluster allowed us to come up with a few

generalizations. The homology in the non-coding regions is highest within

the first 100 bp or so on either side of the genes. Beyond this point,

homology starts to decline. In addition, the 3' non-coding region of the

genes is more highly conserved than the 5' non-coding region. This trend

for preferred 3' non-coding region conservation has been seen in another

multi-copy gene family, the primate globins (39).

Comparison of the 5' and 3' flanking regions of all four tRNA genes

within the cluster failed to reveal any large degree of homology between

them. The G-C content of these flanking regions, 68%, is much higher than

the average for the genome, 43% (140). As a result, there are a number of

small direct and indirect repeat sequences within the DNA surrounding the

genes. The largest direct repeat sequence is 10 bp long and is indicated

by arrows in Figure 4A.

Certain areas of the gene cluster possess DNA sequences which consist

of simple nucleotide repeats. For example, in three different positions

in and around the two pseudogenes, there are regions of alternating pur-

ines and pyrimidines. At the 5' -end of the tRNAGlY pseudogene at posi-

tion 136 (Figure 4B) lies a (TG)3 sequence. At position 14 just 5' to the

tRNA pseudogene (Figure 4C) is the sequence (GT) At the end of the
Glu 41"

tRNA pseudogene at position 214 is the sequence (CA)4(GA)(CA)(CG)(CA) 2-

(CT)(CA)(TG). These types of sequences all have one feature in common;

they are all capable of forming a left-handed helix, or Z-DNA structure,

under suitable conditions (41). A 9 bp tract of alternating

purine/pyrimidine residues has been found at the 5' -end of an inactive X.
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laevis tRNA gene (42) which was later shown by deletion analysis, to

play a role in the inactivity of the gene (43). Retention of the poten-

tial Z-DNA-forming alternating purine-pyrimidine sequences within the

other sequenced Sprague-Dawley clones was not found to be the rule. Point

mutations at the 5' -end of all four of the other tRNA ly pseudogenes

resulted in a loss of the 6 bp tract of alternating (TG) sequence (13).

However, the (GT) sequence at the 5' -end of the tRNA sequence was

conserved in both genes and pseudogenes. Point mutations in the region of

the DNA which contains the largest tract of alternating purines and pyrim-

idines, the 3' -end of the tRNA gene, have obliterated this sequence in

the other four sequenced clones at the 3' -end of the tRNAGlu pseudogenes

or genes.

In vitro RNA synthesis

The sizes of the processed RNA transcripts obtained upon prolonged

incubation of the tRNALeu and tRNAAs genes in the presence of HeLa S-100

and a-amanitin are consistent with the predicted final products as deduced

from their respective coding regions. The tRNAAsp and tRNALeu gene

sequence have a 72 and 83 base coding region, respectively (Figure 4).

The addition of a C-C-A triplet at the 3' -end of the processed tRNA

transcripts has been seen in in vitro transcription directed by X. laevis

oocyte cell extracts (42). The presence or absence of this activity in

HeLa cell extracts remains undetermined to date (44). Assuming that the

ssDNA markers used to determine RNA transcript size were accurate, this

would indicate that C-C-A addition does take place in HeLa cell S-100

extracts.

The longer chase requirement for processing of the tRNALeu precursors

as opposed to the tRNAAsP precursors under the same conditions indicates a

much slower rate of processing for the former. Although it has been sug-

gested that a perfect base pairing of the 5' and 3' ends of the precursor

tRNA may be involved in the reduced rate of processing (45), it is not the

case here, since neither tRNALeu nor tRNAAs precursors possess perfect

base pairing in the aminoacyl stem. Thus, another mechanism must be

involved in the processing cleavage reactions.

Analysis of the data seems to indicate that neither tRNA pseudogene

is capable of in vitro transcription. This result was expected since data

obtained in other laboratories indicate that in vitro transcription is

critically dependent upon intact A and B box structures (46,47). In each

of the pseudogenes isolated here, fully one-half of either the A box or B
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box of the promoter has been deleted (Figure 5). However, since we have

not proven the identity of the transcripts by RNA sequence analysis, we

cannot rule out the possibility that the pseudogenes are transcriptionally

active.

Taken together, the results presented here are in agreement with

previously obtained data on the structure and in vitro transcription of

eukaryotic tRNA genes. As more tRNA gene clusters will be analyzed, one

might expect that certain general rules in the organization and expression

of the mammal ian genes will emerge.

Acknowledgments: The authors wish to thank Drs. T. Sargent and J. Bonner

for the generous donation of the rat Charon 4A phage library, Dr. R.

Unterman and Ms. M. McLaughlin for help in DNA sequencing, Dr. P.

Feigelson for facilities critical to the completion of this work, and Ms.

S. Allen for her assistance in the preparation of this manuscript.

Present Address: Institute of Cancer Research, Fox Chase Cancer Center,
Philadelphia, PA 19111.

2Present address: Dept. of Biology, New York University, New York, N.Y.
10003

3To whom reprint requests should be sent. This investigation was
supported by Grant CA31696 and F32 CA06897 from the National Institutes
of Health, DHHS, and CU 50180301, the National Foundation for Cancer
Research.

Abbreviations: tRNA, transfer RNA; RF, replicative form; bp, base pairs;
kb, kilobase pairs; ssDNA, single-stranded DNA.

REFERENCES
1. Feldmann, H. (1976) Nucl. Acids Res. 3, 2379-2386
2. Weber, L. and Berger, E. (1976) Biochemistry 15, 5511-5519
3. Clarkson, S.G., Birnstiel, M.L. and Serra, V. (1973) J. Mol. Bol. 79,

39 1-4 10
4. Beckmann, J.S., Johnson, P.F., and Abelson, J. (1977) Science 196, 205-

208
5. Olson, M.V., Hall, B.D., Cameron, J.R., and Davis, R.W. (1979) J. Mol.

Biol. 127, 285-295
6. Yen, P.H., and Davidson, N. (1980) Cell 22, 137-148
7. Clarkson, S.G. (1983) in Eukaryotic Genes: Their Structure, Activity

and Regulation, Butterworths Press, London
8. Roy, K.L., Cooke, H., and Buckland, R. (1982) Nucl. Acids. Res. 10,

7313-7322
9. Han, J.H., and Harding, J.D. (1983) Nucl. Acids Res. 11, 2053-2064
10. Hu, J.C., Cote, B.D., Lund, E., and Dahlberg, J.E. (1983) Nucl Acids

8622



Nucleic Acids Research

Res. 11, 4809-4821
11. Sekiya, T., Kuchino, Y. and Nishimura, S. (1981) Nucl. Acids Res. 9,

2239-2250
12. Lasser-Weiss, M., Bawnik, N., Rosen, A., Sarid, S. and Daniel, V. (1981)

Nucl. Acids Res. 9, 5965-5978
13. Shibuya K., Noguchi, S., Nishimura, S., and Sekiya, T. (1982) Nucl.

Acids Res. 10, 4441-4448
14. Sekiya, T., Noguchi, S., Shibuya, K., Kuchino, Y., and Nishimura, S.

(1982) in Primary and Tertiary Structure of Nucleic Aci ds and Cancer
Research, pp. 53-62, Japan Sci. Soc. Press, Tokyo

15. Sargent, T.D., Wu, J.-R., Sala-Trepat, J.M., Wallace, R.B., Reyes, A.A.
and Bonner, J. (1979) Proc. Natl. Acad. Sci. USA 76, 3256-3260

16. Weinstein, I.B. and Fink, L.M. (1971) in M-Iethods in Cancer Research Vol.
6, pp. 311-342, Academic Press, NY

17. Maizels, N. (1976) Cell 9, 431-438
18. Muench, K.H. and Berg, P. (1966) in Procedures in Nucleic Acid Research,

pp. 375-383, Harper and Row, NY
19. Heckman, J.E. and RajBhandary, U.L. (1979) Cell 17, 583-595
20. Benton, D.W. and Davis, R.W. (1977) Science 196, 180-182
21. Maniatis, T., Fritsch, E.F., and Sambrook, J. (1982) in Molecular

Cloning, pp. 390-402, Cold Spring Harbor Laboratory, Cold Spring Harbor,
NY

22. Grunstein, M. and Hogness, D.S. (1975) Proc. Natl. Acad. Sci. USA 72,
3961-3965

23. Maniatis, T., Jeffrey, A. and Kleid, D.G. (1975) Proc. Natl. Acad. Sci.
USA 72, 1184-1188

24. Maxam, A.M. and Gilbert, W. (1980) in Methods in Enzymology Vol. 65, pp.
499-560, Academic Press, NY

25. Unterman, R.D., Lynch, K.R., Nakhasi, H.L., Dolan, K.P., Hamilton, J.W.,
Cohn, D.V. and Feigelson, P. (1981) Proc. Natl. Acad. Sci. USA 78,
3478-3482

26. Barnes, W.M., and Bevan, M. (1983) Nucl. Acids Res. 11, 349-368
27. Messing, J., Gronenborn, B., Muller-Hill, B. and Hofschneider, P.H.

(1977) Proc. Natl. Acad. Sci. USA 74, 3642-3646
28. Messing, J., and Seeburg, P.H. (1981) in Developmental Biology Using

Purified Genes, ICN-UCLA Symposium on Molecular and Cellular Biology
Vol. 23, pp. 1-11, Academic Press, NY

29. Anderson, S., Gait, M.J., Mayol, L. and Young, I.G. (1980) Nucl. Acids
Res. 8, 1731-1743

30. Sanger, F., Nicklen, S., and Coulson, A.R. (1977) Proc. Natl. Acad. Sci.
USA 74, 5463-5467

31. Mills, D.R. and Kramer, F.R. (1979) Proc. Natl. Acad. Sci. USA 76,
2232-2235

32. Staden, R. (1977) Nucl. Acids Res. 4, 4037-4051
33. Weil, P.A., Segall, J., Harris, B., Ng, S.-Y., and Roeder, R.G. (1979)

J. Biol. Chem. 254, 6163-6173
34. Manley, J.L., and Gefter, M.L. (1981) in Gene Amplification and

Analysis, pp. 369-382, Elsevier, Amsterdam
35. Birkenmeier, E.H., Brown, D.D., and Jordan, E. (1978) Cell 15, 1077-1086
36. Hall, B.D., Clarkson, S.G., and Tocchini-Valentini, G. (1982) Cell 29,

3-5
37. Blin, N., Weber, T., and Alonso, A. (1983) Nucl. Acids Res. 11, 1375-

1388
38. Schmid, C.W., and Jelinek, W.R. (1982) Science 216, 1065-1070
39. Martin, S.L., Zimmer, E.A., Davidson, W.S., Wilson, A.C., and Kan, Y.W.

(1981) Cell 25, 737-741
40. Shapiro, H.S. (1970) in Handbook of Biochemistry, Selected Data for

8623



Nucleic Acids Research

Molecular Biology, H97, The Chemical Rubber Co., Cleveland, Ohio
41. Wang, A.H.-J., Quigley, J.G., Kolpack, F.J., Crawford, J.L., vanBoom,

J.H., van der Marel, G., and Rich, A. (1979) Nature 282, 680-686
42. Clarkson, S.G., Koski, R.A., Corlet, J., and Hipskind, R.A. (1981) in

Developmental Biology Using Purified Genes, ICN-UCLA Symposia on
Molecular and Cellular Biology, Vol. 23, pp. 463-472, Academic Press, NY

43. Hipskind, R.A., Mazabraud, A., Corlet, J., and Clarkson, S.G. (1983)
Cold Spring Harbor Symp. on Quant. Biol. Vol. 47, pp. 873-878, Cold
Spring Harbor Laboratory, Cold Spring Harbor, NY

44. Standring, D.N., Venegas, A., and Rutter, W.J. (1981) Proc. Natl. Acad.
Sci. USA 78, 5963-5967

45. Castagnoli, L., Ciliberto, G., and Cortese, R. (198?) Nucl. Acids Res.
10, 4135-4145

46. Sharp, S., DeFranco, D., Silberklang, M., Hosback, H., Schmidt, T.,
Kubli, E., Gergen, P., Wensink, P., and Soll, D. (1981) Nucl. Acids.
Res. 9, 5867-5882

47. Ciliberto, G., Castagnoli, L., Melton, D.A., and Cortese, R. (1982)
Proc. Natl. Acad. Sci. USA 79, 1195-1199

8624


