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repetitive and transcribable sequences with tRNA-like structures
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ABSTRACT Total DNAs from various animals were tran-
scribed in vitro in a HeLa cell extract, and it was found that one
to several discrete RNAs were transcribed by RNA polymerase
III. With tortoise (Geockmys reevessi) and newt (Cynops
pyrrhogaster), distinct 6.5S and 8S RNAs were transcribed
from these respective DNAs. Representative phage clones
carrying the 6.5S and 8S RNA genes were isolated from
genomic libraries of these animals, and the sequences of these
genes were determined. The 5' parts of highly repetitive and
transcribable sequences oftortoise and newt were found to have
close resemblance to tRNA LYs (rabbit) gene (78% homology)
and a tRNAGIU (Drosophila) gene (74% homology, not counting
the aminoacyl stem region), respectively. The homologies
extended to secondary structures, homologous nucleotides
being located on similar secondary structures. It is proposed
that many, if not all, highly repetitive and transcribable
sequences detected by total DNA transcription have specific
tRNA genes as their progenitors.

Interspersed throughout virtually all eukaryotic genomes are
families of repeated sequences. In higher eukaryotes, these
sequences have been classified into two categories based on
size: long interspersed repetitive families (LINEs), which
include proviral type sequences and LI sequences, and short
interspersed repetitive families (SINEs), such as the primate
Alu and rodent type 1 or 2 Alu families (for review, see ref.
1).

Usually, one animal species contains several kinds of
SINEs, however in one animal, there seems to be only one
kind of highly repetitive and interspersed sequences that are
transcribed by RNA polymerase III. Sakamoto et al. (2)
demonstrated that the rodent type 2 Alu family can be
detected as a distinct 6S RNA by total DNA transcription in
vitro. Although in vitro transcription of total DNA isolated
from a variety of animal species does not always result in a
discrete sized RNA, this procedure has been shown to be
very useful for detection and analysis of highly repetitive and
transcribable sequences in some animal species. We propose
to call the highly repetitive and transcribable sequences
detected by total DNA transcription Hirt sequences. Recent-
ly, Sakamoto and Okada (3) found that the rodent type 2 Alu
family, the rat ID sequences, the rabbit C family, and the
bovine or goat 73-base-pair repeat, have remarkable se-
quence homology with a few specific tRNAs, and we sug-
gested that these repetitive sequences may have evolved
from specific tRNA genes. These results raise the question of
whether the Hirt sequences that will be characterized have
sequence homology with specific tRNA genes. In this com-
munication, we present evidence that the newly sequenced
repetitive families in tortoise and newt have close structural
resemblance with a tRNAiLYs (rabbit) gene and a tRNAGIU

(Drosophila) gene, respectively. The results presented in this
paper were briefly described (4).

MATERIALS AND METHODS

Materials. High molecular weight DNAs were extracted
from several animals principally as described by Blin and
Stafford (5). DNAs were extracted from human placenta,
male BALB/c mouse liver, tortoise (Geoclemys reevessi)
liver, frog (Xenopus laevis) liver, newt (Cynops pyr-
rhogaster) whole body, lung fish (Lepidosiren paradoxa)
liver, coelacanth (Latimeria chalumnae) liver, salmon
(Oncorhynchus keta) sperm, and lamprey (Lampetra
japonica) liver.

Preparation of HeLa Cell Extract. HeLa cell extract was
prepared as described by Manley et al. (6) with a slight
modification according to Talkington et al. (7) to achieve a
more efficient extraction of RNA polymerases.
In Vitro RNA Synthesis and Fingerprinting of Oligonucleo-

tides. In vitro RNA synthesis was performed principally as
described by Manley et al. (6). The RNA was isolated by
phenol extraction and subjected to electrophoresis on an 8%
or a 10% polyacrylamide denaturing gel (8). Individual bands
were excised and RNA was extracted (9). Fingerprints were
prepared (10) using thin-layer homochromatography on
polyethylenimine (PEI) cellulose sheets for the second di-
mension (11).

Isolation of Phage Clones and DNA Sequencing. Phage
clones were isolated from a tortoise or newt genomic library
by hybridization by using as a probe 32P-labeled RNA
transcribed from respective total DNA. The region of the
tortoise or newt Hirt sequence was located by Southern blot
hybridization (12) and then restriction enzyme fragment was
subcloned in pBR322. The subfragment was ligated into
bacteriophage vector M13mp8, -mp9, -mplO, or -mpll
replicative-form DNA (13) and sequenced by the dideoxy-
chain-terminator method (14).

RESULTS
In Vitro Transcription of Total DNAs Isolated from Various

Animals. Sakamoto et al. (2) demonstrated that a discrete 6S
RNA transcribed in vitro from mouse total DNA (Fig. 1, lane
2) is identical to transcripts from the type 2 Alu family.
Therefore, products transcribed in vitro from total DNAs
seemed not to be artifacts but to reflect the repetitive
"genes" in the genome. We isolated total DNAs from a
variety of animals and these DNAs were transcribed in a
HeLa cell extract (Fig. 1). Total DNAs from some animals
(tortoise, newt, salmon, and lamprey) produce a very distinct
RNA with smeared background that varies in extent while
total DNAs from other animals (frog, lung fish, and
coelacanth) produce several distinct RNAs. Human total
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FIG. 1. Analysis of in vitro transcripts from total DNAs isolated from various animals. Total DNAs used as templates were isolated from
human (lane 1), mouse (lane 2), tortoise (lane 3), frog (lane 4), newt (lane 5), lung fish (lane 6), coelacanth (lane 7), salmon (lane 8), and lamprey
(lane 9). The size markers used were 32P-labeled rat snRNAs. The transcripts were analyzed by electrophoresis in 10% polyacrylamide denaturing
gel at 600 V for 3 hr. An arrowhead shows a major discrete transcript.

DNA produces a wide variety of transcripts. We focused our Characterization of the Tortoise and Newt Hirt Sequences.
attention on two animals that produce only one distinct A discrete 6.5S RNA was transcribed in vitro from tortoise
transcript, tortoise and newt. total DNA and a discrete 8S RNA from newt total DNA (Fig.
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FIG. 2. a-Amanitin sensitivity of the transcript and mapping of the transcriptional initiation site of cloned DNAs. (a) Total DNA of tortoise
was used as the template in the absence (lane 1) and presence of a-amanitin (2 pg/ml, lane 2 and 200 pg/ml, lane 3). For lane 4, the cloned
phage DNA designated as TE6 was used as the template. For lanes 5 and 6, the TE6 DNA digested with Ava II or Hinfl was used as template.
(b) Total DNA of newt was used as the template in the absence (lane 1) and presence of a-amanitin (2 pg/ml, lane 2 and 200 pg/ml, lane 3).
For lane 4, the cloned phage DNA designated as NE1 was used as the template. For lanes 5-7, the NE1 DNA digested with Hae III, Hinfl,
or Alu 1 was used as the template. The size markers used were the 32P-labeled Hpa II-digests of pBR322 DNA; the sizes in bases are indicated.
The transcripts were analyzed by electrophoresis in 8% polyacrylamide denaturing gel at 800 V for 7 hr.
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transcription, we digested the DNA with several restriction
enzymes and used the digests as templates. Fig. 2a, lanes 5

p and 6, shows the results. From these results, we tentatively
mapped the initiation site at about 10 nucleotides upstream
from the 5' terminus of the first promoter. The gene consists
of about 189 nucleotides including a TTTT oligonucleotide as
a transcriptional termination signal. As shown in Fig. 5, the
sequence from +11 to +64 in the gene has remarkable
homology with a tRNAiLYS gene (ref. 15; for compilation of
tRNA genes, see ref. 16), the homology between the se-
quences of the two being 78%. The homology starts from U8
and ends at C61 of the tRNA. The homology extends to
secondary structures, and homologous nucleotides are locat-

:c;p ed on nearly the same secondary structures. We also deter-
,,GP mined the sequence of newt clone NE1 (Fig. 6), and roughly

mapped the transcriptional initiation site at 10 nucleotides
upstream from the first promoter (Fig. 2b, lanes 5-7). As
shown in Fig. 7, the sequence from +13 to +68 has remark-
able homology with a tRNAGlu gene (74% homology).

FIG. 3. Tortoise and newt Hirt sequences are presumed to be
highly conserved from fingerprint analyses. Fingerprints of 6.5S
RNA transcribed from tortoise total DNA (a) and the phage cloned
DNA designated as TE6 (b). Fingerprints of 8S RNA transcribed
from newt total DNA (c) and the phage cloned DNA designated as
NE1 (d). Each gel-purified RNA species was digested with RNase
T1, and the digests were separated by electrophoresis on cellulose
acetate paper (horizontal dimension) followed by homochromatog-
raphy on PEI thin-layer plate (vertical dimension).

1, lanes 3 and 5). In view ofthe sensitivity ofthis transcription
to a-amanitin, it was concluded that RNA polymerase III
transcribes these RNAs (Fig. 2a, lanes 1-3, and b, lanes 1-3).
Fig. 3 a and c shows fingerprints of RNase Ti-digested
oligonucleotides of the 6.5S and 8S RNA transcribed from
tortoise and newt total DNA, respectively. A clear pattern of
oligonucleotides was obtained, suggesting that the nucleotide
sequences of the genes for the tortoise 6.5S RNA or newt 8S
RNA are highly conserved. Using 32P-labeled transcripts as
probes, we isolated and analyzed several phage clones
carrying a 6.5S RNA (phage clone TE6) or an 8S RNA gene
(phage clone NE1) from genomic libraries of these animals.
Fig. 2 a, lane 4, and b, lane 4, shows transcripts from the
cloned DNAs of tortoise and newt, respectively. Each
transcript has the same electrophoretic mobility as that of the
RNA transcribed from total DNA. The fingerprints ofRNAs
transcribed from tortoise and newt cloned DNAs are very
similar to those of RNAs transcribed from total DNAs of
these animals (Fig. 3), therefore, the RNA genes coded by the
respective cloned DNAs are presumed to be representative.
The 5' Parts of the Tortoise and Newt Hirt Sequences Have

Remarkable Resemblance to a tRNA Ly' Gene and a tRNAGlU
Gene, respectively. Fig. 4 shows the sequence of the tortoise
6.5S RNA gene. For rough mapping of initiation site of

DISCUSSION
To date, total DNAs have been extracted from about 30
species of animals including invertebrates and transcribed in
vitro in HeLa cell extracts. DNAs from some animal species
produced a discrete transcript with a varying extent of
smeared background (animals shown in this paper), however,
there are some other animals whose DNAs do not produce
any distinct RNA (for example, cat, dog, or pig; N.O.,
unpublished results). Since fingerprints of discrete RNAs
gave very clear patterns of oligonucleotides, the transcript
migrating as one band in a polyacrylamide was assumed to be
homogeneous. So, we examined animals whose total DNA
produce a discrete transcript. In this paper, we showed that
two of the Hirt sequences from tortoise and newt may have
evolved from specific tRNA genes.

Judging from the estimated frequencies of isolation of
phage clones, the Hirt sequences in tortoise and newt
comprise about 2-6% of the genomic DNA. Southern hy-
bridization experiments showed that the Hirt sequences in
tortoise and newt are dispersed among the genome (data not
shown). These properties are similar to those of the human
Alu family, which was recently demonstrated to have evolved
from 7SL RNA genes (17). From the close resemblance
between the rodent type 2 Alu family and tRNA Ys (3), and
the results presented in this paper, we here propose that
many, if not all, highly repetitive, transcribable, and dis-
persed sequences in animals have evolved independently
from specific tRNA genes. In this respect, we presume that
the human Alu family is an exception.

Since the 32P-labeled 8S RNA probe did not hybridize to
DNA of Xenopus laevis, sequences homologous to the 8S
RNA gene family ofnewt seem to be restricted to the Urodela
(unpublished results). Moreover, the facts that a discrete
RNA is produced by total DNA transcription (Fig. 1) and that
a fingerprint of the transcript gives a very clear pattern of
oligonucleotides (Fig. 3) strongly suggest that amplification
of the tortoise or newt repetitive family is evolutionarily a

+1

CCTCTTTGTGCCAGCCATTG'nGGAGGGkTAGCTCAGTGGTTTGAGCATTGGCCTGCTAAACCCAGGGTTGTGAGTTCAATCCTTAAGG 70
Ave 11 Hi" I

GGGCCACTTAGGGATGTGGGGCAAAAAATTGGTCtTACTAGTAAAGGCAGGGGGCTGGACT1AATGACCTTTCAAGGTCCCTTCCAGTTC16O

TAGGAGCTTGGTATATCTCCAATTALCTTTTTCTTTTCATCTATCAGCTCAGACAGC

FIG. 4. The nucleotide sequence of tortoise Hirt cloned DNA in phage TE6. The presumed initiation sites of transcription are shown by dots
above the nucleotides. The region of Hirt sequences transcribed is shown by a dotted line under the nucleotides. The region homologous to tRNA
is indicated by a thick line under the nucleotides. The two recognition sites of restriction enzymes used for Fig. 2 are indicated. The presumed
termination site of transcription is indicated by an open box.
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Hirt sequence in tortoise

A

G
G

tRNA'Y8

Ao.
C

C

G
pG *C
C eG
C eG
C oG
G . U

G
G
G
G
G

C
C

FIG. 5. Sequence and structural homologies between the 5' part of the tortoise Hirt DNA cloned in phage TE6 and a tRNAIIYs (rabbit).
Identical sequences are boxed. The sequence of the tRNA is from ref. 15. Arrows indicate the sites of start and end of homology.

relatively recent event. Furthermore, we suggest that the 8S
RNA family in newt, which gives a much more discrete
transcript than the 6.5S RNA family, was amplified more
recently than the 6.5S RNA family in tortoise. However,
since the extents of homology between the two repetitive
families and the two tRNAs are roughly the same, a
recombinational event with atRNA gene to yield an ancestral
unit of the repetitive family may not always be immediately
followed by amplification: amplification may sometimes
occur coincidently with recombination and sometimes long
after depending on the animal species.
That these animal species have so many tRNA-like struc-

tures in their genomes is surprising. Recently, Ames et al.
(18) demonstrated that the leader mRNA of the histidine
attenuator resembles tRNAHiS and suggested that tRNA-
modifying enzymes or the histidyl-tRNA synthetase might be
involved in regulation of expression of the histidine operon
by interacting with the tRNA-like structure. Furthermore,
these authors proposed that a variety of modifying enzymes
in both prokaryotes and eukaryotes might play a role in the
regulation of gene expression (18). In this context, it is
interesting to speculate that the expression of repetitive

families originating from specific tRNA genes may be regu-
lated by tRNA-modifying enzymes or an aminoacyl-tRNA
synthetase. Many kinds of modified nucleosides and modi-
fying enzymes have been characterized (19, 20). Matsumoto
et al. (21) recently demonstrated that a 6S RNA transcribed
in vitro from salmon Hirt sequences contains pseudouridylic
acid residues. The possible involvement of tRNA-related
enzymes in the expression of some repetitive families is
under study (23).
We proposed that six repetitive families known at present,

that is, the rodent type 2 Alu family, rat ID sequence, rabbit
C family, bovine or goat 73-base-pair repeat (3), tortoise Hirt
sequences, and newt Hirt sequences have structural resem-
blances to specific tRNAs. Interestingly, in all these cases,
they lack an aminoacyl stem region. Furthermore, in all cases
but one, the homology starts from the site of U8. U8 is an
invariant site in all tRNAs (16) and is supposed to be involved
in transient covalent interaction with aminoacyl-tRNA syn-
thetase in the aminoacylation reaction (22). Thus, it is
tempting to speculate that cognate aminoacyl-tRNA synthe-
tase played some role in a recombinational event to generate
an ancestral unit gene of Hirt sequences.

ATTTGATAAGTTTCTAAAAGG GCCAGTGJGGTCCAGTGGGTAAGGtCCCGACTTCdACCCAGACAACCAGGGTTCAAATCCCGGbA 70

TCGGCACCA6GTGATGGAT6ATGGCGAGA6AGGTAAGTT6GAGGTCG&CtTGCATGGTAAGAAATGT6TGTGTGCCGtGTAAGAGTG 160'

AG~TATGAAtGGTGATTGcAGAGTGGTTG6TAAGTGACAtGGGTGTGGTGAGAGCAAGGGGCAGGATCAGTGACAGGTG;TAAGTGAGTT2 5 °

GGAGTGGTGGAGTCAGGGGTAGGTGTAGGGGGAGTGCAGGGTTAGATGGGTGGGGAGAGGGGGAGTGCAGGGTAGGAGAGTGGAGGAT34°

TGGGACAGAGAGGAGGTGTGTCAGAGCAGAGGGTGGGGCTGTATGTGTGCACAAGTGGGGTGGGTGGAGTCAGGGGATAGGGGGAGGGG430

AGTGCAGGCATAAGCGGGTGGGATACTAGGGACAAAGAAGGGGGTCATAGAGGGAGGAGGAGCCTGGAGCAGAGTGGGGCCCGATGTGGG520

CACTCATGCAGTGGTTCTCTAGCCCACAGTAGGATGTGGGGTACCCCAATTCTTTTCCTACACTCTCTGATTTGGGGGGG6GGGGGTGGCA

FIG. 6. The nucleotide sequence of newt cloned DNA in phage NEL. The presumed initiation sites of transcription are shown by dots above
the nucleotides. The region of Hirt sequences transcribed is shown by a dotted line under the nucleotides. IThe region homologous to tRNA is
indicated by a thick line under the nucleotides. The three recognition sites of restriction enzymes used for Fig. 2 are indicated. The presumed
termination site of transcription is indicated by an open box.
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Hirt sequence in newt tRNAGlU
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FIG. 7. Sequence and structural homologies between the 5' part of the newt Hirt cloned DNA in phage NE1 and a tRNAGlU (Drosophila).

Identical sequences are boxed. The sequence of the tRNA is from ref. 16. Arrows indicate the sites of start and end of homology.

Note Added in Proof. Daniels and Deininger (24) have recently
reported that the highly repetitive sequences in the Galago genome
are derived from a tRNAMet gene.
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