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ABSTRACT

We have sequenced mouse tRNA genes from two recombinant X phage. An
1803 bp sequence from one Ehage contains 3 tRNA genes, potentially encoding
tRNAASP, tRNAGlY, and tRNA lu, separated by spacer sequences of 587 bp and
436 bp, respectively. The mouse tRNA gene cluster is homologous to a rat
sequence (Sekiya et al., 1981, Nucleic Acids Res. 9, 2239-2250). The mouse
and rat tRNAAsP and tRNAGlY coding regions are identical. The tRNAGlu coding
regions differ at two positions. The flanking sequences contain 3 non-
homologous areas: a c. 100 bp insertion in the first mouse spacer, short
tandemly repeated sequences in the second spacers and unrelated sequences
at the 3' ends of the clusters. In contrast, most of the flanking regions
are homologous, consisting of strings of consecutive, identical residues
(5-17 bp) separated by single base differences and short insertions/deletions.
The latter are often associated with short repeats. The homology of the
flanking regions is c. 75%, similar to other murine genes.

The second X clone contains a solitary mouse tRNAAsP gene. The coding
region is identical to that of the clustered tRNAAsP gene. The 5' flanking
regions of the two genes contain homologous areas (10-25 bp) separated by un-
related sequences. Overall, the flanking regions of the two mouse tRNAAsp
genes are less homologous than those of the mouse and rat clusters.

INTRODUCTION

Analysis of DNA sequences indicates that mammalian tRNA genes are arranged

in two different configurations in the genome. Some genes are present in

clusters in which individual tRNA coding regions are separated by c. 100-500

base pairs of DNA (1-3). In contrast, several human tRNAiMet genes (4) and a

mouse tRNAHis gene (5) are apparently not closely associated with other tRNA

genes. These two types of tRNA gene organization are also found in other eu-

caryotes. M4any Drosophila tRNA genes are clustered similarly to the mammalian

examples (e.g. 6-10) and some are solitary (11). In yeast, most tRNA genes

appear to be solitary (reviewed in Ref. 12).
The differences in clustering of mammalian tRNA genes as well as the

exiistence of multiple copies of genes coding for the same tRNA raise many

questions concerning tRNA gene structure, regulation and evolution which are
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currently difficult to answer due to the relative paucity of sequence data.

A fundamental issue is the extent to which the sequences of tRNA coding and

flanking regions are conserved, both within a gene family in a particular

mammalian species and among different species.

We have recently isolated several clones containing tRNA genes from a

mouse recombinant DNA library in order to analyze in detail the sequence

organization of mammalian tRNA gene families (5,13). In this paper we present

DNA sequences from two different mouse genomic DNA clones. One sequence contains

a cluster of genes coding for tRNAAsP, tRNAGly and tRNAGlu respectively,

which is related to the rat clusters sequenced by Sekiya et al. (1) and

Shibuya et al. (14). This makes possible the first comparison, to our know-

ledge, of cognate tRNA gene clusters from closely related mammals. The

second clone contains a solitary tRNAAsp gene, the sequence of which we com-

pare to tiiat of the clustered tRiAAsp gene.

MATERIALS AND METHODS

Isolation of Mouse tRNA Genes

A DBA-2 mouse genomic DNA-XCharon 4A recombinant library was prepared as

described in Ref. 5. Phage (c. 6,000-10,000 per plate) were spread on 100 mm

square petri dishes (Lab Teck 4021) using 0.3 ml/plate of a concentrated

culture of E. coli DP50 SupF and incubated overnight at 37°. The phage plaques

were adsorbed to nitrocellulose filters saturated with E. coli DP5O SupF as

described by Woo (15). The filters were treated as described by Woo, (except

that the neutralization step with 1M Tris-HCl was omitted) and baked in vacuo

at 800 for 2 hrs. The baked filters were hybridized with 2 x 107 cpm of

iodinated mouse liver tRNA (2-5 x 107 cpm/ug), washed and autoradiographed
essentially as described in Ref. 5. Autoradiographs of duplicate filters were

compared to distinguish bona fide signals from background spots. Phage plaques

were picked and successively replated until more than 90% of the plaques hybri-

dized with the tRNA probe.

DNA Sequencing

A plaque purified A clone or a restriction fragment derived from it was

digested with a restriction endonuclease and the resulting fragments subcloned

into phage M13mp9, as described in Ref. 5. Blunt end fragments were cloned

into the Smal site, NarI and HpaII fragments into the AccI site and Sau3A

fragments into the BamHI site of M13mp9, respectively.
In some cases, (see Results) M13 subclones were screened for the presence

of tRNA coding regions with iodinated tRNA probe as described above for X
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phage. Use of the 4oo procedure (15) allows M113 phage particles containing

either the coding (tRNA-like) or non-coding DNA strands to be detected with

a tRNA probe. The two DNA orientations can be distinguished by the intensity

of the hybridization signal, as described in detail elsewhere (J. Looney,

J. Han and J. Harding, submitted).

DNA inserts in M13 subclones were sequenced by the dideoxy chain termination

procedure (16.).

RESULTS

Isolation and Sequence Analysis of Mouse tRNA Genes

We screened c. 100,000 plaques from a DBA-2 mouse DNA-A Charon 4A recom-

binant library witn iodinated tRNA. The first screening step yielded more than

50 areas on tihe phage plates that hybridized with the tRlNA probe, from 25

of which we plaque-purified individual recomiinant phage. DNA was isolated

from 21 cultures of individual plaque-purified phage and initially ciharacterized

by EcoRI digestion followed by Southern blotting (17) with iodinated tRNA.

Two of the clones whicih gave strong hybridization signals, terineae k4t2 and

XMt4, were characterized by DNA sequence analysis.

XMt2 contains 3 EcoRI mouse DNA fragments c. 7, 4.1 and 0.5 kb in size.

Iodinated tRliA hybridized to the 4.1 ko EcoRI fragment only. DNA sequencing

(see below) identifies 3 tRNA genes in this fragment. Other Southern blotting

experiments (not snow%n) suggest that the 4.1 kb fragment also contains at

least one other tRNA gene.

The sequence of an 1800 bp region of the 4.1 kb EcoRI fragment of XMt2

was obtained from 32 M13 subclones as shown in Fig. IA. The sequence of both

DNA strands was determined, except for c. 200 bp at each end, which were deter!

mined on one strand. The latter sequences were obtained at least twice from

independently isolated M13 subclones.

XMt4 contains a single 19 kb EcoRI mouse DNA fragment. A 639 bp sequence

was determined from 5 M13 subclones, as shown in Fig. 1B. 50% of the sequence

was determined on both DNA strands. The remainder of the sequence was deter-

mined on one strand from several independent sequencing reactions. The 639 lp

sequence contains a single tRNA gene (see below) which is present on a 306 bp
AluI fragment and a 350 bp Sau3A fragment. Southern blot analysis of XMt4 DNA

indicates that single AluI and Sau3A fragments of these expected sizes hybridize
withl iodinated tRNA. We therefore conclude that XMt4 probably contains a

single tRNA gene.
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Figure 1. Sequencing Strategies - XMt2 and XMt4.
Part A. The bar represents an 1800 bp sequence present in phage XMt2

which contains 3 tRNA genes, indicated by the filled in areas. The 5' end of
the sequence, relative to the non-coding (tRNA-like) DNA strand is to the left.

The M13 subclones used to determine the 1800 bp sequence are shown below
the bar. The beginning of the mouse DNA insert relative to the M13 sequencing
primer is indicated by a vertical line; the arrowhead indicates the end of the
sequence read from the gel. An arrowhead followed by a vertical line indicates
that the entire mouse DNA insert of the M13 subclone was sequenced. Arrows
pointing to the right indicate that DNA corresponding to the coding strand was

sequenced; arrows pointing to the left indicate that the non-coding strand was

sequenced.
Part B. The bar represents a 639 bp sequence in phage XMt4 which contains

a tRNAAsP gene, indicated by the filled in area. M13 subclones used to deter-
mine the sequence are indicated below the bar.

The first letter of each M13 subclone designation in Parts A and B indicates
the restriction digest of the lambda phage from which it was isolated. A, AluI;
H, HaeIII; Hp, HpaII; N, NarI; S, SmaI; Sa, SauIIIA; T, ThaI. The last letter
of each designation indicates the method by which the subclone was isolated. The
suffix a denotes clones isolated by plaque screening with labelled tRNA; b
denotes clones derived from a SmaI digest ofXMt2, picked at random and sequenced;
c denotes clones derived from two purified SmaI fragments of XMt2, picked at
random and sequenced.
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Nucleotide Sequence of the 1800 bp Fragment of AMt2

The nucleotide sequence of the 1800 bp fragment of XMt2 is shown in Fig.
2 (upper case letters). We searched the sequence for GTTC and GATC tetra-

iiucleotides, which are diagnostic for tRNA coding regions, and constructed

tRNA-like cloverleaf structures from the surrounding nucleotides. As indicated
in Fig. 1A and Fig. 2, the 1800 bp sequence contains 3 genes which can encode
tRNAAsP (positions 356-427), tRNAGlY (positions 1015-1086) and tRNAGlu
(positions 1523-1594), respectively. The 3 genes are present in the same

polarity and are separated by spacer regions of 587 and 436 bp, respectively.
The 3 tDNA cloverleaf structures encoded in the 1800 bp sequence are shown

in Fig. 3. Each tDNA exhibits a typical tRNA-like stem-loop configuration.
All of the residues present at potentially invariant or semi-variant positions
are characteristic of sequenced eucaryotic cytoplasmic tRNAs (18). As is

typical of eucaryotic tRNA genes, the 3' terminal CCA residues found in

mature tRNAs are not encoded in the DNA.

The tDNA structures are not precisely homologous to any sequenced tRNA.
The tDNAAsP structure (Fig. 3A) differs at two positions from sequenced rat

liver tRNAAsP (19). At position 32 in the anticodon loop the tDNA contains
a C residue and the sequenced tRNA, a U residue. At position 33, the tDNA

contains a T residue and the tRNA, a C residue. Sequenced bovine and rabbit

liver tRNAAsP contain the same residues at positions 32 and 33 as the mouse

tDNAAsP sequence, although they differ at some other positions (20, 21). To

our knowledge, mammalian tRNAGly and tRNAGlu species having the same anticodons
as the mouse tDNAs have not been sequenced. The tDNAGlY sequence is 93%
homologous to B. mori tRNAGlY (22).

As shown in Fig. 2, the 3' flanking regions of the tRNAAsP and tRNAGly
genes contain likely transcription termination sites (comprised of 4 or more

consecutive T residues on the non-coding DNA strand (23) 12 bp from the end
of the coding region. The tRNAGlu gene contains 4 consecutive T residues 63 bp

from the end of the coding region.

Sequences outside the tRNA coding regions are ratherly uniformly G-C rich
(average of 68% GC for the entire sequence). They contain numerous short
tandem and non-tandem repeats. Computerized dot-matrix analysis of the
sequence does not, however, reveal any predominant repeated sequence. The

only long segment of tandemly repeated sequence occurs between residues 1321

and 1362, in which the heptanucleotide AACGCCC occurs 6 times, with a one

base-pair mismatch in the last repeat.
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1: GCTTGAACGC
Ill (2] (3]

CAGAGCCCCT CCCGGTCCCG GTACCGGTAA GGCCCGCAGC CCAGCAGGCA GGCCCGCAGG
.. t.

--- ...c.tgc ---------- ........ ....- c..ag.gc.ctgtlctg'tC.....
(4) (5]

71: TCCAGGTGTG TGGCGCCAGC CGTCTGGTGA TGCCGTCGGC GAGTGATGCG GGCAGCCAGT CGTCAGCGCT
c..g .a. c..cc ..a.a- .. t...c c.. a.. c ..g. c

cact(8] ggCAg
(6] E71

141: CAGAGGCCGG GTCTCCAGGC CGGCGGGGTG GCAACGGTCC AGCCGCACGG
t................. c. 19 g-ga....

t81
TCCCCCAGGG CTGCGGGTCG
ggtctg'gc..aa ...

ggtc tdgc ggaa,
211t TCCTCCTGCT GTTGTCGCCG GGTCCCGGGG GCTTTTGGGT TGCGGTGGAG TGTAGAAGAA GAGGTGGACG

gag. g. ...aa.a... aa.tt ... a. t.c...c.c .. .gc. t..

(9]
281: TTGGGTGAGA CGGAGGTTGT GGGTCGTGTG TGTCGTCGTA GACGGTCGGG

..... ..... .......ccc .ag.. .g.-...

tRNAaSP
351: CGTTGTCCTC GTTAGTATAG TGGTGAGTAT CCCCGCCTGT CACCCGCGAG

(10] [11]
CGACGGTGCG TCGTAGTCGG

ag. gtgttt

ACCGGCGTTC CATTCCCCGA

421: CGGGGAGACG
* -...--..a

(121
TAGCGTCCTT TTTGGAAAGA CAAGTGGG.TG GCCCGCGGGG
.gat.. ;.----. .. .. cc.a ... ..........

TGCTGTCCCT TCCACCCCCG
c...ag..........a

(13] (14]
491: CCCCACACGC AGACCCAGAC CATCCAGCCC AGCAGGTGTC CTCCAGCAAA

................... ..cgt... c..........
cal -gccgagcclccataat

GCCGCCCCGA AGCTCTCAAA
...t.t...g ...c ......

561: CCCTTTTTCT GGCCCGTCGC CCAGCGCCTG GGGCCTGCCA ACACGCTCCC CGTCCGCCCC TAGCCCTAGC
...c ......

631: GAGCCCTCCC ATCCCGACCC..CAACCGCGGT GGGCTCCGGG TGTCCCGAAC GGCCGTGCGC CTGCCTCTCT

701: GGGCTGGAGC GGTGTGCCAG GCCTGTCGGG GTGGTGGCCC GGGGGCGCTG GCTGGCAGCA GGCAGGAGGC
.....c.t ... .c a.

771: GAGAGGCCCC AGAGGAAAGG CGTGTGCGTG
.9-g - ...... tt ....... .... aa.a..

(15]
CGAGTGCGCT AAGCGCAGGC
t . ..a .----.- ----------

CAGCGCGCTG AGACGGCGAG
-..... -.. . C. .9 .c...

(16]
841: GAAAAGCGCG

(21]
911: AGGGAGGGAA

(17]
GAGCGCGGAG GCGGAGCCGT
..--..--- . l.a.....

agl

GTCAGCGGTA GGCGTCGTCG
..a....... ....9.....

(181 (191
GGGTGTGGTC GGGGTTCGGG TCACCCACCC
......... ....t .tCg .. c

t20]
GGGCGTGCGC
.t..
tgcggtgcg

(22] (23]
TGGAAGGCTC TGGGCTCTGT CCGGAGTCAG TCTGTCAGTC

.9. g.c.. gt -------- ----g..9

981: GGCGGCGTCG TGTGGGCGCC GTCCCAGCGG
....... a.. ....A.t .tg gt ....AfTI t.

I105 1: AACIIACTTEA rrr-nn£TYrr ATTeertrener

tRNA9ly
TGCAGCGTTG GTGGTATAGT
*. -9 *......* . *s.........

GGTGAGCATA GCTGCCTTCO

AACGCAGCGT GCCCACGTTT TGCCAAGGTC CCGAGCCCTG
.... . . . . . . . . . . .ac . . . . . . . . . . . . ..tc .c .. ag .

1121: GGGCACCCTG CCAGGCGCCG
ac. ....ac ..g...c.a.

(24] (25]
TCTGAGCTTG:TGCTTGTCGC CAGGCTGCGC
c...... a- g g ... 9..-.... a.tg5c,c cd

126]
TAGGAGCGAA GCCAAGCGCA
.....9... .ga.
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t27] (28] (29]
1191: GACCTTTTTA CTTTGGGACG GGCGGGAAGA GAAGAGGCAG GGGCAGCGGT GCCTAGTCCA GGAGGTCGCA
..gC..c .-a.. tt. c c ..a.

E30] (31]
1261: CCCTGGTTGG CGGCAGAGAC AGGGGGCAAG AGGCAGGGCA GGTAGAGGCG CGGATTGCGA AACGCCCAAC

. g. c9 1 t..... cc.. .cgcc... c a.ccag.gcc ..gagag ..t
9gt tgjaa c

1331: GCCCAACGCC CAACGCCCAA CGCCCAACGC CGAACTCCAG CCTCCTAAGG AGGGACGAAG CATTGGGCGG
cga .... .....

........ cctt.gc.t. ...ca.

[32] (33] (34] (35]
1401: GCCTGTAGTA GTCCGCCGGA GCGGAGGTTC CAGGCGGGCA AGCAGTGTAT CTGCCACGGT GGCGGAGAGG

c.gg ... tg. . ...... -.. Ia -....- - .. ttt . c ....

gagacgggcag I...9c.99 g

tRNA91u
1471: CTGTGTGTCT GAGTGTCTCC AGGAGTCGGT AGCCGTGACC TCGGGCCGAC GCTCCCTGGT GGTCTAGTGG

9 .t.........t.a... g. at c........... ..........

(36]
1541: TTAGGATTCG GCGCTCTCAC CGCCGCGGCC CGGGTTCGAT TCTCGGTCAG GGAAGCCTCT CTTCTTCCTC

............................... .......... .. ....... .......... ..........

(37]
1611: TCTGCACCCT CACTTCCCCA AACCTCGCTC CTCTTCCCTC GCTCACTTTT GCCCAACACC AACGCACACC

---agt....
c

1681: AACAACACAA CTCGACCATT AGCGCGCGGC CCCGTGGCGC TCGCGTGGAC ACACGCACAC ACACGCGGCT

1751: CCTCCCACGA CCACATCTCT CCGGGAGCCG ATAGGCCCAT AGACGGCTT

Figure 2. Sequence of the tRNA Gene Cluster in XMt2.
The non-coding strand of the 1800 bp segment of mouse DNA is given in

upper case letters with the 5' end to the left. The three tRNA coding regions
are underlined. Each tRNA gene would be transcribed from left to right. Homo-
logies with the cognate rat sequence determined by Sekiya et al. (1) are indi-
cated beneath the mouse sequence. Dots correspond to identical nucleotides in
the rat and mouse sequences. Dashes represent deletions in the rat sequence
and lower case letters represent mismatched nucleotides or insertions in the
rat sequence. The rat sequence of Sekiya et al. (1) begins at the residue homo-
logous to residue 13 of the mouse sequence and extends beyond the last homologous
residue shown (position 1636). The rat sequence shown in the figure is contiguous
to that of Sekiya et al. (1) except for 76 bp (between the residues homologous
to mouse positions 571 and 745, respectively) which are not homologous to mouse
sequences and are not included.

The numbers in brackets mark insertions or deletions of 2 or more t'p in the
mouse and rat sequence comparison. These are categorized in respect to their
association with short repeats in Table I.

Comparison of the 1800 bp Sequence of XMt2 With a Cognate Rat Sequence

Sekiya et al. (1) have published the sequence of a rat tRNA gene cluster

which is similar to the mouse sequence reported here and Shibuya et al. (14)

have published the sequences surrounding the tRNA genes in 4 other related rat

gene clusters. Both the mouse and rat clusters contain the tRNAAsP, tRNAGly
and tRNAGlu genes in the same orientation. They differ on a gross level

primarily in the length of the spacer sequence between the tRNAAsP and tRNAGly
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A B C

C A A
1-T-A 1-C-C 1-T-A
C-C-7J C-C-7S C-C-7S
C-C C-C C-C
T- C T-A C-C
C-C T-A T-A
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T-A 65 C-C 6J C * T 65

IS T \T T A IS T \ T T A 1S T \ T T A
T G A \A C C C CC C T C A \ C C C C C TCA C G GCT C GC T ATCT la l C TA CA C T CTC *

11 C CCCC C * C C C C C C *II* CCCCGG C
G C T AT C \ T T C C CA^T C \ T T C C C AT C \ TTr
T c A c A SS T CA A A SS T T A T C 55

C-C ACGCT T C C-C C C
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C-C T-A C-C
3S-C-C-45 3S-C-C-4S 3S-C-C-l4

C-C C-C C-C
C C C A C C
T A T A T A

CTC TCC CTC

Figure 3. The Cloverleaf Structures of the tDNAs Encoded by the 1800 bp
Sequence of XMt2 .

PartA. The tDNAAsP encoded by residues 356-427 in Fig. 2 and residues
485-557 in Fig. 4.

Part B. The tDNAGly encoded by residues 1015-1086 in Fig. 2.
Part C. The tDNAGlu encoded by residues 1523-1594 in Fig. 2.

genes, 587 bp in the mouse and 464 bp in the rat. The spacers between the

tRNAGlY and tRNAGlu genes are about the same length (436 bp in the mouse,

429 bp in the rat).

A direct comparison of the mouse sequence reported here and the rat

sequence determined by Sekiya et al. (1) is shown in Fig. 2. The tRNAAsP and

tRNAGly coding regions are identical in the mouse and rat clusters. The

tRNAGlu coding regions differ at two positions. The mouse gene contains a

C at position 1526 (position 4 in the aminoacyl stem of the tDNAGlu structure

in Fig. 3C) whereas the rat gene contains a T at this position. As in the

mouse sequence, the four tRNAGlu genes sequenced by Shibuya et al. (14)

contain a C at this position. The other coding region change occurs at position
1583 in Fig. 2 (position 61 in the T-stem of the tDNAGlu structure) where

the mouse DNA contains a T residue and the rat DNA a C residue in all 5 pub-
lished sequences (1,14). We note that neither of these differences would

markedly affect the base pairing of the stems of the mouse or rat tDNAs. The

mouse aminoacyl stem contains a C-G base pair whereas the rat stem contains a

T-G base pair (U-G in the RNA), which is fairly common in tRNAs (18). The

opposite occurs in the case of the T-stems (T-G base pair in the mouse, C-G

in the rat).
The sequence comparison shown in Fig. 2 also indicates that the regions

outside the tRNA coding regions of the mouse and rat gene clusters are homo-

logous. The sequences are comprised of strings of consecutive, homologous
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nucleotides interrupted by single base differences and insertions/deletions of
single base pairs or short strings of nucleotides. The mouse and rat sequences

contain 59 strings of 5 or more consecutive homologous base pairs. If each
insertion/deletion is scored as being equivalent to a single point mutation,
we calculate that the mouse sequence is 75% homologous to the rat sequence.
This calculation involves 1145 bp of the mouse sequence, not including the tRNA

coding regions (which are almost 100% homologous, see above) and three regions
which cannot be aligned with the rat sequence (see below).

When making the sequence comparison in Fig. 2, we considered a large

number of possibilities by inspection with some help from computer analysis.
Whenever possible, we minimized the number of postulated insertions and
deletions. In some cases, minor variations of the alignment are possible,

for instance in the precise positioning of small deletions/insertions or in
scoring two or more consecutive point mutations as an insertion in both
DNAs. These potential variations in the alignment do not significantly

affect the calculated sequence homology.
Postulated insertions/deletions of 2 or more base pairs are marked in

Fig. 2 by a number in brackets above the mouse sequence. The postulated

insertions/deletions are often associated with short repeats, as has also

been found in other eucaryotic genes (see Ref. 24 and refs. within) and can

be divided into 7 categories as summarized in Table I. Most of the insertion/
deletions are associated with either tandem repeats or closely associated
non-tandem repeats (Categories 1 and 2, Table I). In some cases, as in example
[4] (see Table I and Fig. 2) the repeats are identical. In other cases,
as example [12], one of the repeats contains a point mutation. It is also

necessary to postulate in some cases that the conserved repeats in mouse and
ratDNA contain point mutations. For instance, in example [4], the mouse DNA

contains the sequence CAGTCG which we postulate is homologous to the rat

sequence, cactcg. Another case is seen in example [1], in which the second
TCCC repeat in the mouse DNA (the first repeat is absent in the rat DNA) has
also been mutated in the rat DNA, perhaps by inversion of TCC to cct. A

further point about Table I is that a given Example can sometimes be placed
in two different categories if a point mutation has been assumed to have

occurred. For instance, Example [9], which we place in category 3 in a non-

mutated form can also be placed in category 1 if it is assumed that CGGT and
CGGG are two tandem repeats, one of which has been mutated in the fourth
nucleotide.

Categories 1-3 and 7 in Table I have also been documented in other eu-

8769



Nucleic Acids Research

TABLE I: INSERTIONS AND DELETIONS IN THE MOUSE AND RAT
tRNA GENE CLUSTERS

a b
Category Cases Examples

1. Tandem Repeat 4,7,12*,16*, (4]: CAGTCG------TCA
Deleted/Inserted 17 ,1 9 , 20*,2 1, '. lo'It'

23,25,30*,35 cactcgcactcggca

1121: TTTGGAAA6ACA

tttg----gaca

2. Non-Tandem Repeat 1,18,22*,27, I1]: CCCCTCCCGGTCC G
Deleted/Inserted 28,29,33,34,36 ....

cccc ----ggcctgc

3. Non-Tandem Repeat and 5*,9 (9]: AGAQjT"JG
Intervening Residues ''' ''''
Deleted/Inserted aga----cggg

4. Residues Between 15,26,31* E153: TGCGCTAAGCGCAGGCCAGCG
Non-Tandem Repeats is ''''
Deleted/Inserted ag-gc-------------gcgc

5. Insertions in Both 3,11,32 (3]: 2QS GCAG QCCAGCAG
Sequences, Between ''' sees I''
Non-Tandem Repeats gSSctgtctgtcQQGa-cag

6. Insertions in 2,8,13,14 (8]: GGT CCCCCAGGG CTG
Both Sequences too '''

ggtggtctggcggaactg

7. Uncertain 6,10,24,37 (6]: GGGTGGCAACGGTC

gg------acgggc

a
Cases are marked by bracketed numbers in Fig. 2. * indicates that one of
the repeats contains a point mutation.

b
The mouse sequence from Fig. 2 Is in upper case, the rat sequence, in lower
case. Repeats are underlined.

caryotic genes (24). In addition, we find three other categories of insertions/
deletions, numbered 4-6 in Table I. These regions also often contain small

repeats. For instance, in Example [15], the sequence GCGC is found within

the mouse sequence which is not present in the rat DNA and is also repeated

in the common flanking residues.
In contrast to the homologous regions of the mouse and rat sequences,

3 regions are so different that no convincing alignment is possible. These

are: 1). The region between positons 571 and 744 of the mouse sequence.

As noted above, the spacer sequence which contains these residues is longer

in the mouse cluster than in the rat, which explains most of the gap in homology.
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However, 76 bp of the rat sequence cannot be aligned in this region (and are

not shown in Fig. 2). 2). The region between positions 1310 and 1361 of the

mouse sequence. These residues mainly comprise the tandemly repeated sequence
AACGCCC, as noted above. In the rat DNA, this region contains the sequence,

GCCAGG, which is repeated 5 times. 3). The region between positions 1636 and

1800 of the mouse sequence. This region of the rat DNA (not shown in Fig. 2)

clearly shares little homology with the mouse sequence. It contains 26

tandemly repeated CT dinucleotides which are not present in the mouse DNA.

Nucleotide Sequence of the tRNAAP Gene Present in XMt4

The 639 bp sequence derived from XMt4 is shown in Fig. 4. It contains

a single tRNAAsP gene, which, as discussed above, is probably the only tRNA

gene in XMt4. The tRNAASP coding region is identical to that present in clone
XMt2. A probable transcription termination site, consisting of 6 consecutive

T residues, is located 13 bp from the 3' end of the coding region.

Comparison of the sequences flanking the tRNAASP coding regions in XMt4
and XMt2 indicates the presence of 6 homologous regions as indicated in Fig. 4.

1: CGCGTATTGA CCAGGTGTTC AACGGCAAAT TTCTGCCCTT CTGATGTCAG AAAGGTAAAG TGATTTTCTT

71: TCTGGTATTC AGTTGCTGTG TGTCTGGTTT CAGCAAAACC AAGCTCGAAG GCATTAACGC CTCTGCCCGT
(1) t.g. .aga... c.

141: TACCCGAAAA ATTGGGTGAC CACCGGCGTA CCGGCGAGCC CGAGAGCGGA GGGAAGCTCA GAGGGTAGAT
--.... (24)

211: GGCGATCAGG CTAGCGCTAG ACAGCATGGG ATTGGGGGGA GGTGCGGGGA GGAACCGAGA GTGTCTGGGG
(143) .. ...-.... -- ..c.. (155)

281: CAGGGGTAGG CTGGGTTACG GGAAAACGCT GAGTGGAGTG GGGACACAGC TAATGGAACG CTTTCATTTT
(173) . . .. .c..c1.c. (187)

351: AGTTCTTTTC CGTTGCGATA GGAGCCATGA TGGCAGCACG AAAAGCAAAA ACTATTGGCG TAAGTTT(TT
(242) .. g g. . 9 .... (260) (266) . .g. .gagg...t..Ag.g. (286)

a' tRNAaSP
421: GAGGGGCGGT GCGGTCTTGA ATATCTATTC AAGAGCCCTA TCAGAAAGGC CACCACTGTG CAATTCCTCG

(299) .. . 9....... (308)

491: TTAGTATAGT GGTGAGTATC CCCGCCTGTC ACGCGGGAGA CCGGGGTTCG ATTCCCCGAC GGGGAGGCAC.

561: AATGATCGTT TTTTGATGGA CCTGGATACC CGTCGTGGCT CTAATTCCGA CCTGGATACC GGCTACTTTA

631: ATTCCAGCT

Figure 4. Sequence of the 639 bp Region of AMt4 which Contains a tRNAAsP Gene.
The non-coding strand of the 639 bp sequence is given in upper case letters

with the 5' end to the left. The tRNAASP coding region is underlined; it would
be transcribed from left to right. The tDNA cloverleaf structure encoded is
shown in Fig. 3A. As

Homologous regious in the S ' flanking sequences of the tRNAAP gene
in XNt2 are shown below the upper case letters. Dots mark identical nucleo-
tides and lower case letters, mismatches, respectively. The numbers
indicate the coordinates of the homologous regions. taken from Fig. 2.
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Taken together, the homologous sequences include 107 of the 478 bp (24%) of

the 5' flanking region of the tRNAAsP gene of XMt4. The total homology is 69%

(76 homologous positions out of a total of 110 possible positions). The homol-

ogy of the individual regions varies from 62% to 82%.

DISCUSSION

Comparison of the Mouse and Rat tRNA Gene Clusters

The mouse tRNA gene cluster that we have sequenced is similar to the rat

clusters analyzed by Sekiya et al. (1) and Shibuya et al. (14). The sequences

of the mouse tRNAAsP and tRNAG'y coding regions are identical to those present

in the rat cluster of Sekiya et al. (1). The tRNAGlu coding regions of the

two clusters differ in two positions which would not appreciably affect the

secondary structures of the tRNA transcripts (see Results). The mouse tRNAGlY
and tRNAGlu coding regions differ more substantially from some of those sequenced

by Shibuya et al. (14) which contain deletions and are presumably inactive pseudo-

genes. It is not known whether any of the tRNA genes present in the mouse or

rat clusters are expressed in vivo. The fact that the tDNA structures shown in

Fig. 3 and those in the rat cluster of Sekiya et al. (1) have all of the struc-

tural features of cytoplasmic tRNAs suggests that the genes can encode biologic-

ally active molecules. In addition, we have recently shown that the three mouse

genes are transcribed by mammalian RNA polymerase III in vitro (R. Rooney and

J. Harding, unpublished) and similar results have been cited for the rat genes

by Shibuya et al. (14).
With the exception of unrelated regions noted in Results, 5' and 3'

flanking regions of the mouse and rat tRNA gene clusters are about 75% homol-

ogous. Two other rat-mouse gene pairs exhibit similar degrees of homology.

The transcription initiation regions of rRNA genes are 69% homologous by our

calculation (25) and the 5' flanking regions of immunoglobulin kappa chain

J2 sequences are 82% homologous (26). Like the tRNA gene clusters, these

sequences differ bj single base differences and small deletions/insertions.
Thus the tRNA gene clusters appear to have evolved at about the same rate and

exhibit the same types of mutations as other murine sequences.

The fact that the rat tRNA gene clusters are reiterated c. 10 times in

the genome (1) complicates the interpretation of the significance of the homol-

ogy values somewhat. (We have no data for the mouse cluster, but it is reason-

able to expect that it is reiterated also.) Analysis of more mouse and rat

clusters may reveal different degrees of homology. However, there is evidence

that the rat clusters are significantly more homologous to each other than to
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the mouse sequence. From the data of Shibuya et al. (14) we calculate the

proximal 5' and 3' flanking regions (c. 100-200 bp from the ends of the tRNA

coding sequences) of 5 of the rat clusters are 89%-98% homologous.

The sequence conparison suggests the following observations concerning

the evolution of the murine tRNA gene clusters. 1) The gene clusters probably

evolved from a sequence (or closely related sequences) present in the common

ancestor of mice and rats. The alternative possibility, that the clusters arose

independently after divergence of the two rodents, is unlikely because of the

sequence homologies in the spacer regions. 2) As cited above, the regions

immediately flanking the tRNA coding regions of 5 rat clusters are more homol-

ogous to each other than they are to the mouse sequence. This suggests that

the mouse and rat clusters diverged from an ancestral sequence by mutation and

then duplicated after the rat-mouse species divergence. Alternatively, two dif-

ferent (although closely related) sequences in the ancestor of mice and rats

could have given rise to the present day sequences. 3) The 3 tRNA genes have

remained associated at least since the divergence of mice and rats (probably

c. 10 million years ago (27)). This is the first indication to our knowledge

that tRNA gene clusters are relatively stable structures, at least over rather

short evolutionary time spans. The functional significance, if any, of tRNA gene

clustering is not known. It will be of interest to determine whether cognate

sequences are present in non-murine mammals. Maintenance of the cluster over

longer evolutionary times would suggest a functional role for clustering.

Comparison of Two Mouse tRNAASP Gene Sequences
The tRNAAsP coding regions present in XMt2 and XMt4 are identical. In

contrast, the 5' flanking regions share a more limited "patchwork" pattern of

homology, as shown in Fig. 4. We are less certain of the significance of this

cmparison than of that of the mouse and rat tRNA gL,ie clusters because the

sequences surrounding the two mouse tRNAAsP genes contain fewer and shorter

strings of consecutive, homologous base pairs than the cognate rat and

mouse sequences. Hlowever, the proposed homologies involve few insertions

or deletions, are linear in the 5' to 3' direction and are probably greater

than would be expected from random sequences.
A similar "patchwork" pattern of 5' flanking region homology is also

seen in two human tRNAMet genes (4). Furthermore, we have recently sequenced
a mouse tRNAiMet gene which is homologous to one of the human genes. Thus the

"patchwork" homology pattern can be conserved over rather long intervals of

evolutionary time.

The presence of dispersed DNA sequences containing identical tRNA coding
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regions raises questions about the origins of tRNA gene families and the pro-

cesses influencing sequence homology. Different DNA sequences containing iden-

tical tRNA coding regions could arise by the duplication of a tRNA structural

gene and some flanking sequences followed by mutation of the latter. This is

likely to be the case for the two mouse tRNAAsP genes. Furthermore, the fact

that the two mouse sequences share less homology than the mouse and rat sequences

suggests that the solitary and clustered mouse tRNAAsP genes diverged before

the mouse-rat species divergence. A complicating factor is the possibility of

gene conversion which can homogenize related, unlinked sequences and has been

shown to occur in the tRNA genes of the fission yeast, S. pombe (28). If gene

conversion has occurred between the two mouse tRNAAsp genes, it has been limited

to the coding regions. Different members of a tRNA family could also originate
by the introduction of tRNA coding regions into unrelated DNA sequences via RNA

intermediates, as has been suggested for mammalian Alu family sequences (29),

small nuclear RNA pseudogenes (30) and a mouse tRNA pseudogene (31). This may
not have occurred in the case of the solitary mouse tRNAAsP gene, which lacks

the flanking direct repeats that are the hallmark of most Alu family and pseudo-

gene sequences.
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