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ABSTRACT
Genes for tRNAglY and tRNAser have been identified within sequences of

mtDNA of Drosophila yakuba. The tRNAglY gene lies between the genes for
cytochrome c oxidase subunit III and URF3, and all three of these genes are
contained in the same strand of the mtDNA molecule. The tRNAqC gene is
adjacent to the URF1 gene. These genes are contained in opposite strands f
the mtDNA molecule and their 3' ends overlap. The structures of the tRNA9YT
and tRNA ser gejes, andgf the f?ur tRNA genes of D. yakuba mtDNA reported
earlier U(fNAi e, tRNA n, tRNA -me and tRNAva )Fare compared to each other,
to non-organelle tRNAs, and to corresponding mammalian mitochondrial tRNA
genes. Within 19 nucleotides upstream froqi the 5' terminal. ucleotide of
each of the Drosophila mitochondrial tRNAlY, tRN tRNAI e, tRNA9n and
tRNA -meL genes occurs the sequence 5'TTTATTAT, or a sequence differing from
it by one nucleotide substitution. Upstream from this octanucleotide
sequence, and separated from it by 3, 4 and 11 nucleotides, respectively,
in the 5' flanking regions of the tRNAlle, tRNAser and tRNAJy genes occurs
the sequence 5'GATGAG.

INTRODUCTION
The nucleotide sequence of the whole mitochondrial DNA (mtDNA) molecule

of each of three mammals, human, bovine and mouse, has been completed (1-3).
Each of these mtDNAs contains the genes for two rRNAs, 22 tRNAs and five

polypeptides (three subunits of cytochrome c oxidase, ATPase subunit 6 and
cytochrome b). In addition, each molecule contains eight presently
unidentified open reading frames (URF) and evidence has been obtained
indicating that they too encode polypeptides (3,4). The gene order is
essentially identical in all three of these mammalian mtDNAs (1-3).

We have recently reported the results of studies of nucleotide sequences
within and on either side of the replication-origin containing A+T-rich region
of the mtDNA molecule of the fly Drosophila yakuba (5). Our data indicate
that while the genes found in these Drosophila sequences correspond to genes

contained in mammalian mtDNAs, the order in which they are arranged in

Drosophila and mammalian mtDNAs differs. Specifically, we showed that in
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D. yakuba mtDNA, the small and large rRNA genes lie in tandem adjacent to that
side of the A+T-rich region which is replicated first, that a tRNAval gene

lies between the two rRNA genes, that URF1 follows the large rRNA gene, and
that all of these genes are contained in the same strand of the mtDNA
molecule. The genes for tRNAile, tRNA91n, tRNAf-met and URF2 lie in the order
given on the opposite side of the A+T-rich region to the rRNA genes, and
except for tRNA91n, are contained in the opposite strand of the molecule to
the rRNA genes. These arrangements are in contrast to the situation found in
mammalian mtDNAs, where all of these genes are located on the side of the
replication origin which is replicated last, within the order tRNAphe, small
(12S) rRNA, tRNAval, large (16S) rRNA, tRNAleu, URF1, tRNAile, tRNA91n,
tRNAf-met and URF2, and except for tRNA9n are all contained in the same
strand of the molecule.

We have also provided evidence (5) that in Drosophila mtDNA, the triplet
AGA is used to specify an amino acid. This is again different from mammalian
mtDNA in which AGA is used only as a rare termination codon (1-3).

In the present paper we report the nucleotide sequences of two further
tRNA genes of D. yakuba mtDNA, their locations in the molecule, and the
occurrence of related oligonucleotide sequences in the 5' flanking regions of
D. yakuba tRNA genes. We also compare the structure of all of the Drosophila
mitochondrial tRNA (mt-tRNA) genes we have sequenced to date with the

structure of corresponding mammalian mt-tRNA genes.

MATERIALS AND METHODS
Stocks of D. yakuba I.C. (2371.6, Ivory Coast) and D. melanogaster

(Oregon R-Utah) used in the present experiments were those used previously

(5).
Experimental details regarding isolation of D. akuba and D. melanogaster

mtDNAs, preparation and identification of pBR325 clones of D. yakuba mtDNAs,
restriction enzyme digestions, electrophoresis, recloning of fragments or

subfragments into M13mp8 or M13mp9, and purification of M13 DNAs are given or
referenced in (5).

D. yakuba mtDNA was found to contain a single XhoI site which, from the
results of electrophoresis of the products of single and double EcoRI, HindIII
and XhoI digests of native D. yakuba mtDNA, was mapped within the EcoRI-B
fragment, approximately 650 bp to the right of the EcoRI site delimiting the
EcoRI-B and EcoRI-D fragments (Fig. 1).

All DNA sequences were obtained from M13mp8- or M13mp9-cloned fragments
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Figure 1. A map of the
O-R--o- XhoI 2 Kb D. yakuba mtDNA mol ecul eXhoI , 2 Kb, showing the relative loca-

fl Xtions of the A+T-rich re-
EcoRI C D B |E| A gion (cross-hatched), the
HindmI[ C | A D H B | two rRNA genes (dotted),

,, the origin (0), and direc-
m

8 tion (R) of replication,
II / a I EcoRI and HindIII sites
a a ' and fragments (A-E in each
b b' case) (see (5) for details

and references), and the

t I I molecule's single XhoI
XhoI ,200bpHmpdN site (see Material andXdMethods). The bars under

the map indicate the two segments which have been sequenced. Each of these
segments (I and II) is expanded below, and the strategy employed to obtain the
nucleotide sequence of each is shown. The origin of each sequence is as fol-
lows. Segment I: a and b, the two different orientations of the HindIII-E
fragment, which was subcloned from the pBR325-cloned EcoRI-A fragment. Seg-
ment II: a, the larger (approximately 4,200 nucleotide pairs) XhoI-EcoRI
subfragmenT of the pBR325-cloned EcoRI-B fragment; b, an XhoI-Sau3A
subfragment of the EcoRI-B fragment. Each of the aFove subfragiiients generated
by two different restriction enzymes was sequenced from the site given first.

by the extension-dideoxyribonucleotide termination procedure (6) using

[o-32P]dATP (800 Ci/mM; New England Nuclear) as described (5). The sequencing
strategies used are given in Fig. 1.

The HindIII-D fragment of D. melanogaster mtDNA used for sequencing was
cloned directly into the HindIII site of M13mp8 in each of the two possible
orientations from the HindIII digestion products of native mtDNA.

Transfer RNA genes within Drosophila mtDNA sequences were identified from
their ability to fold into the characteristic cloverleaf secondary structure
of tRNAs, and from the trinucleotide in the anticodon position in such
structures. Other genes were identified by comparing both nucleotide and

predicted amino acid sequences with the corresponding sequences of previously
identified genes of mouse mtDNA (3). Nucleotide sequences and amino acid

sequences were analyzed by the SEQ Program (7) and the TYPIN and SEARCH
Programs (8-9), respectively.

RESULTS
A gene for tRNAgly, and adjacent sequences. The nucleotide sequence of

the entire HindIII-E fragment (Segment I, Fig. 1) of D. yakuba mtDNA is given
in Fig. 2. Within this sequence is a region with the potential to fold into

the characteristic cloverleaf secondary structure of a tRNA, with an anticodon

triplet indicating it to be a tRNAglY gene (Fig. 3). The nucleotide sequence
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CoI0II_
Mouse . S . . F . T S . S . S . G I.
D. yakuba A Y E Y I E A P F T I A D S V Y
D. yakuba 5' AAGCTTATGAATATATTGAAGCTCCATTTACTATTGCTGATTCAGTTTAT 50
D. selanogaster ....................A................... AC .. A.

F . . . . L . . I .
G S T F Y MAT G PH GV H V LI
GGTTCAACTTTTTATATGGCCACTGGATTCCATGGAGTTCATGTTCTAAT 100
A. A....T.. A. .A. .A. C... A. AT....

S . . . I.Q . K F .
G T T FL LV CL L R H L N N H

TGGAACAACTTTCTTATTAGTATGTTTATTACGTCATTTAAATAATCATT 150
C. T. C .A. C.

T S K . . . . . . . .
F S K NH H C PEA A A1Y NH
TTTCAAAAAATCATCATTTTGGATTTGAAGCAGCTGCATGATACTGACAT 200
...................... T.................... T......TT

F V DV V N L F L Y I T I Y N G
TTTGTTGATGTAGTTTGATTATTTTTATATATCACAATTTACTGATCAGG 250
..... C.... . . . .. . . . . .. . . . . .. . . . .

S *
G *** -------- tRNA91YM-1

AGGGTAACCTTTTATTATTAATTACITATCTATATAGTATAAAAGTATAT 300
..G.C--. .. A.

URY3_
N L

F I- I F S
TTGACTTCCAATCATAAGGTCTATTAATAAATAGTATAGAT STTTTTTC 350
............................ T............................

Y T V . F I N . . . S L . L I L
I I I A S V I L L I T T V V M

TATTATTATTATTGCTTCAGTAATCTTATTAATCACAACTGTTGTTATAT 400
....... .....T.T . T.. T. A.

V A F W L P Q M N L
F L A S I L S K K A
TTTTAGCTTCAATTTTATCAAAAAAAGCTT 3'
* -..................@X-Pvv...

Figure 2. Nucleotide sequence (5'-3') of Segment I (Fig. 1) of the D. yakuba
mtDNA molecule. The boxed segment folds into the characteristic cloverTeaf
structure of a tRNA (Fig. 3) with an anticodon (overlined) indicating it to be
a tRNAg'Y gene. From considerations of nucleotide and predicted amino acid
sequence homologies to mouse mtDNA (3), the first 254 nucleotides of the
sequence shown encode the carboxyl terminal region of COIII and the last 88
nucleotides encode the amino terminal region of URF3 (see text). The
corresponding amino acid sequences of D. yakuba and mouse (3) are shown. The
D. yakuba COIII gene terminates at a TAA codon (***) while the mouse COIII
gene terminates at a single T (*) (see text). The sequence overlined by the
broken bar is the A+T-octanucleotide referred to in Fig. 5. The nucleotide
sequence shown is the sense strand for COIII, tRNAglY and URF3, and the arrows
indicate the direction of transcription of each gene. The sequence of the
mtDNA molecule of D. melanogaster which corresponds to this D. yakuba sequence
is also shown. Dots indicate homologous nucleotides, and a dash indicates the
absence of a nucleotide.

to one side of the tRNAglY gene (the left as shown in Fig. 2) contains a
single open reading frame which would be transcribed in the same direction as

the tRNAglY gene. This nucleotide sequence is 71.8% homologous to the
nucleotide sequence of mouse mtDNA (3) which encodes the carboxyl terminal re-

gion of cytochrome c oxidase subunit III (COIII), and the amino acid sequence

2414



Nucleic Acids Research

A T
5' A- T 5' A - T

T- A G -C
C- G T -A
T- A T -A
A-T A -T
T- A A -T
A -T eT T- A T

T G A T A A AT G T C T TT A
A T A T G C TA T T A G T T C GAA A

A A T
T

A A
T T T

AA GT AT TG A A A GC G
AT -A AG c G T- A G

T T A -T
T-A T -A
G - C tRNA9ly G - C tRNAserUCN
A-T T -A

C A T A
T A T A

T CC TG A

Figure 3. The genes for tRNAglY and tRNACN of D. yakuba mtDNA shown in the
presumed characteristic secondary structures of the corresponding tRNAs. The
arrow indicates the only difference in sequence found in the tRNA9 gene of
D. melanogaster.

predicted from it is 73% homologous to the amino acid sequence of COIII of
mouse (Fig. 2). The mouse COIII gene terminates with a single T which is
immediately adjacent to the 5' terminal nucleotide of the tRNAglY gene. It
has been argued that genes on each of the complementary strands of mammalian
mtDNAs are initially transcribed as a long RNA molecule and that upon cleavage
of these primary transcripts, individual gene transcripts which terminate with
a single U acquire a translational termination codon by polyadenylation
(10). In contrast to the mouse COIII gene, the D. yakuba COIII gene

terminates with a TAA codon which is separated by a sequence of 18 nucleotides
from the 5' end of the tRNAglY gene (Fig. 2). This spacer sequence includes
the octanucleotide sequence 5'TTTATTAT which was noted to occur close to the
5' end of the tRNAile and tRNAf-met genes of D. yakuba mtDNA (5).

The nucleotide sequence of the strand which continues beyond the sense

strand of the tRNAglY gene is 42% homologous to the region of the mouse mtDNA
molecule which contains the amino terminus of URF3. The amino acid sequence

predicted from the open reading frame of this nucleotide sequence which begins
with the first triplet (ATT, a possible initiator codon (3)) is 21% homologous
to the amino acid sequence of the corresponding region of URF3 of mouse. The

interpretation of this segment of the D. yakuba HindIII-E fragment as URF3 has

been confirmed by sequence analysis of the 213 nucleotides at the left end of

the HindIII-D fragment (Fig. 1). This sequence (not shown) contains only one
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open reading frame which proceeds in the direction away from the HindIII site
common to the HindIII-E and -D fragments. The amino acid sequence predicted

from this open reading frame is 48% homologous to the amino acid sequence of

the section of mouse URF3 which is continuous with the amino acid sequence of
the amino terminal region of the mouse URF3 gene shown in Fig 2. This obser-
vation also determines that within the D. yakuba mtDNA molecule as shown in

Fig. 1, the gene order CoIII-tRNA9ly-URF3 is from right to left. Transcrip-
tion of all of these genes (Fig. 2) is therefore in the direction opposite to
that in which replication proceeds around the molecule. The arrangement of
these three genes and the direction in which they are transcribed are the same

as have been found for the CoIII, tRNA9ly and URF3 genes in mouse mt-DNA (3).
We have also obtained.the nucleotide sequence of the entire HindIII-D

fragment of D. melanogaster mtDNA which corresponds in length and map position
(11) to the D. yakuba HindIII-E fragment. This D. melanogaster sequence is
shown aligned with the D. yakuba HindIII-E nucleotide sequence in Fig. 2.
There is a single nucleotide substitution between the mt-tRNA91y genes of the

two species, located in the TiC loop (Fig. 3). The 254 nucleotides of the 3'
end of the COIII gene of the two species are 91.3% homologous. Of the 22

nucleotide substitutions between these sequences, only three have resulted in

amino acid substitutions. A TAG codon is found at the end of the

D. melanogaster COIII gene rather than a TAA codon which is found at this

position in the D. yakuba COIII gene. In D. melanogaster, compared to

D. yakuba, there are two less nucleotides (C-C) separating the 3' terminus of
the COIII gene from the 5' terminus of the tRNAglY gene. These observations
argue against the importance of conserving one termination codon over another
for a specific gene, and against the absolute length conservation of a spacer

region. Also, within the D. melanogaster spacer sequence, the second nucleo-
tide of the octanucleotide 5'TTTATTAT, found in this position of the

D. yakuba sequence, is substituted by an A.

A gene for tRNAICe, and adjacent sequences. The nucleotide sequence of

Segment II (Fig. 1) is shown in Fig. 4. This sequence also contains a region
with primary and secondary structure expected for a tRNA gene, and the triplet
present in the anticodon position indicates it to be a gene for tRNAser (Fig.
3). The sequence of the first 138 nucleotides of segment II, to the left of
the tRNA8C gene (Fig. 4), is 50% homologous to the region of mouse mtDNA

which contains the carboxyl terminal region of URF1. The predicted amino acid

sequence of the only open reading frame of this D. yakuba nucleotide sequence

and of the corresponding region of the mouse mtDNA molecule are 38% homolo-
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UR F 1 -

Mouse . A S Y.Q . H . L
D. yakuba R G T L P R F R Y D K L M Y L A
D. yakuba 5' GTCGAGGTACATTACCTCGGTTTCGTTATGATAAATTAATATATTTAGCT 50

3' CAGCTCCATGTAATGGAGCCAAAGCAATACTATTTAATTATATAAATCGA

N . . P L T . A L C M W H . S
W K C F L S F S L N Y L L F F I G
TGAAAATGTTTTTTATCATTTTCTTTAAATTATTTATTATTTTTTATTGG 100
ACTTTTACAAAAAATAGTAAAAGAAATTTAATAAATAATAAAAAATAACC

L P . F T A G V P P Y M *

F K I L L F S F L L W I F F S K
GTTTAAAATTTTATTATTTTCTTTTTTATTGTGAATTTTTTTTAGTAAAA 150
CAAATTTTAAAATAATAAAAGAAAAAAI AACACTTAAAAAAAATCATTTff

K L M E N ***
AGTTAATAGAAAATTAAATTCTATCTTATGTTTTCAAAACATACGCTTGT 200
TCAATTATCTTTTAATTTAAGATAGAATACAAAAGTTTTGTATGCGAACA

TCAAGCTCATTAACTAATTAATTAATTTAATAAATTATCTCATCATTTTG 250
AGTTCGAGTAATTGI TTAATTAATTAAATTATTTAATAGAGTAGTAAAAC

4-.tRNAser --------
UCN

TAACTAGTGGGTTAATT 3'
ATTGATCACCCAATTAA 5'

Figure 4. Nucleotide sequence of Segment II of the D. yakuba mtDNA molecule
shown in Fig. 1. The boxed sequence folds into the characteristic cloverleaf
structure of a tRNA (Fig. 3) with an anticodon (underlined) indicating it
to be a tRNAser gene. From considerations of nucleotide and predicted amino
acid sequence lomologies to mouse mtDNA (3), the sequence to the left of the
tRNAser gene encodes the carboxyl terminal region of URF1. The amino acid
sequences predicted from the only open reading frame of the D. yakuba sequence
and the corresponding amino acid sequence of URF1 of mouse are shown.i Termi-
nation of mouse URF1 is at a single T (*) (see text). The first termination
codon which occurs in the corresponding D. yakuba URF1 sequence is in a region
overlapping the tRNAser gene (TAA, indicated by ***). The sequence to the
right of the tRNAU,ej gene has not been identified. The sequence under-
lined by the broken bar is the A+T-octanucleotide sequence referred to in Fig.
5. The direction of transcription of each gene is indicated by an arrow above
or below the sense strand of the respective gene.

gous. Identification of this D. yakuba sequence as that which encodes the

carboxyl terminal region of URF1 is consistent with the map position and ori-

entation of segment II (Fig. 1) relative to the previously mapped position of

the sequence encoding the amino terminal region of URF1 (5), assuming that the

total size of the URF1 gene in mouse and D. yakuba is approximately the same.

The nucleotide sequence of the mouse URF1 gene terminates with a T which

is immediately adjacent to the 5' end of the tRNAile gene (3). The corre-

sponding nucleotide in the D. yakuba sequence is also a T, but this nucleotide

is separated by eleven nucleotides from the tRNAser gene (Fig. 4) and an

inframe termination codon (TAA or TAG) is not present within this sequence. A

TAA codon does occur, however, in the D. yakuba URF1 sequence beginning 27

nucleotides 3' to the terminal T of the mouse URF1 gene, in the region which

overlaps the tRNAser gene. This suggests that the carboxyl terminus of the

polypeptide encoded by D. yakuba URF1 extends nine amino acids beyond that of
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the corresponding mouse polypeptide. This is particularly interesting as we
have presented evidence (5) suggesting that the amino terminal region of the

URF1 polypeptide is six amino acids shorter in Drosophila than in mouse.
The sequence of 52 nucleotides to the right of the tRNAUc gene does not

contain a continuous open reading frame, and secondary structures which would
indicate the presence of a tRNA gene have not been found within it. These
observations, together with the fact that this region has a G+C content of
8.6%, suggest that at least the portion adjacent to the tRN s gene is a
spacer region.

Related oligonucleotide sequences in 5' flanking regions of tRNA genes.
We have noted previously that in D. yakuba mtDNA the octanucleotide sequence
5'TTTATTAT, which lies immediately adjacent to the 5' end of the sense strand
of the tRNAfmet gene and separates this gene from the transcribed strand of
the tRNA91n gene, also occurs at the end of the A+T-rich region and is sepa-
rated by only one nucleotide from the 5' end of the sense strand of the
tRNAile gene (5). We have noted above that this octanucleotide sequence
(5'TATATTAT in D. melanogaster) also occurs in the spacer region between the
COIII gene and the tRNAgly gene, separated from the 5' end of the sense strand
of the latter by nine nucleotides. The 5' flanking sequences of the sense
strands of all six D. yakuba mt-tRNA genes which we have sequenced are shown
in Fig. 5. Within the sequences upstream from the 5' ends of the sense
strands of the genes for tRNAser and tRNA91n there occurs an octanucleotide
sequence differing by only one nucleotide from 5'TTTATTAT, and separated from
the tRNAser and tRNA91n genes by eleven and three nucleotides respectively.
The sequence preceding the tRNA91n gene partially overlaps the sense strand of
the tRNAf-met gene while the sequence preceding the tRNAUse gene is within

a presently unidentified (presumptive spacer) region.
The tRNAval gene differs from the other five tRNA genes sequenced in that

its 5' terminal nucleotide is immediately adjacent to the 3' terminal nucleo-
tide of the gene (small rRNA) which precedes it (5). Examination of the 222

nucleotides of the 3' end of the small rRNA gene (Fig. 5 and Fig. 4 of ref. 5)
reveals that neither the sequence 5'TTTATTAT nor a sequence differing from it

by one nucleotide occurs in this entire sequence.
In each of the 5' flanking sequences of the genes for tRNA91y, tRNAser

and tR e, upstream from the A+T octanucleotide and separated from it by 11,
4 and 3 nucleotides, respectively, occurs the sequence 5'GATGAG (Fig. 5). The

5'GATGAG sequence which precedes the tRNAglY gene (in both D. yakuba and
D. melanogaster) is included in the sense strand of the COIII qene. Neither
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Y W W G G *** ........ tRNA9 Y-
5' TACTGATGAGGAGGGTAACCTTTTATTATTAATTACATLATCTATATAG

tRNAser _*
5' AATCAAAATGATGAGATAATTTATTAAATTAATTAATT AGTTAATGAG

A+T-rich region --- - tRNAi 1le-
S' TAAAAAAAAAAAAAAAAAAAGATGAGTTTTTTATTATT AATGAATTGC

.--,.. tRNAf-metm-.
5' CCAAAATATATTTATTATFAAAAGATAA
3' GGTTTTATA IAAATAATATTTTTCTATT

s-rRNA_> tRNAval_m
5' TAACATAGTAGATGTACTGGAAAGTGTATCTAGAATG AATTTAAAG

Figure 5. Nucleotide sequences of the sense (non-transcribed) strands of the
D. yakuba mtDNA molecule which include and precede the 5' end of six tRNA
genes. Above the left end of the uppermost sequence the five terminal amino
acids and the termination codon (***) of COIII (see Fig. 2) are indicated.
The broken double bars above or below each sequence indicate either the
sequence 5'TTTATTAT or a sequence differing from this octanucleotide by one
nucleotide substitution (cross lines). The wavy underlines indicate the
sequence 5 'GATGAG.

of the 5' flanking sequences of the genes for tRNAf-met or tRNA91n contains

5'GATGAG. These flanking sequences include the entire antisense strand of the

tRNA91n gene and of the tRNAf-met gene, respectively (5). Also, 5'GATGAG does

not occur in the sense strand of the 3' end of the small rRNA gene which

precedes the tRNAval gene.

Structure of D. yakuba mitochondrial tRNA genes and comparisons to
corresponding mammalian tRNA genes. The D. yakuba mitochondrial genes for

tRNAgly and tRNAser have a similar general structure to the mitochondrial
genes for tRNAile, -tRNAffmet and tRNAval reported earlier (5). All

of the D. yakuba mt-tRNA genes (and the tRNAs predicted from them) are similar

in size and structure to their mammalian counterparts. The D. yakuba genes

vary in size from 65 nucleotides (ile and gly) to 72 nucleotides (val) and, as

in mammalian mt-tRNA genes, the sizes of the amino-acyl stem (seven
nucleotides), the anticodon stem (five nucleotide pairs) and the anticodon

loop (seven nucleotides) are strictly conserved. The dihydrouridine stem

varies in size from three to four nucleotide pairs and the dihydrouridine loop
varies from four to eight nucleotides. The so-called variable loop is either

four or five nucleotides in D. yakuba mt-tRNA genes, and this number is always
the same as that found in the corresponding mammalian mt-tRNA gene. In the

D_. yakuba mt-tRNA genes the TypC stem is four or five nucleotide pairs, and the
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TpC loop varies from four to seven nucleotides. As in mammalian mt-tRNA

genes, the trinucleotide sequence CCA, which occurs at the 3' terminus of all

non-organelle tRNA genes, is absent from D. yakuba mt-tRNA genes.
As is the case in mammals, the D. yakuba mt-tRNA genes differ among

themselves in regard to the presence or absence of various nucleotides which
are conserved in prokaryotic and non-organelle eukaryotic tRNAs (12, 13).

Only the conserved Pu26, T33 and Pu37 nucleotides (numbering system in (14))
are present in all six D. yakuba tRNA genes. None of the conserved

nucleotides are absent from all of the Drosophila tRNA genes, although C56 in

the TPC loop is present only in the tRNAval gene. Also, while the conserved

G18-Gl9 pair is not found in the dihydrouridine loop of any of these tRNA

genes, it appears likely that G18 is conserved in both tRNAglY and tRNAln,
and that G is conserved in tRNAval. All of the D. yakuba mt-tRNA genes
contain the conserved Py11-Pu24 pair except tRNAf-met where a G-C pair is
found in this position. In prokaryotic tRNAf-met molecules, nucleotides 11
and 24 are also a Pu-Py pair, but always A-U (15).

In non-organelle tRNAs, tertiary bonding occurs between a number of
nucleotides including three sets of conserved nucleotides, T8 and A14, G18 and

T55, and G19 and C56 (14,16). The absence of one or more of these nucleotides

in each of the D. yakuba mt-tRNAs predicted from their genes clearly suggests

that tertiary bonding is different, and is possibly weaker, in all of these
mt-tRNAs than in prokaryotic and non-organelle eukaryotic tRNAs.

Comparisons were made of homologies of the nucleotide sequences of each
of the six D. yakuba mt-tRNA genes and the corresponding mt-tRNA genes of

mouse, rat, human and bovine (1-3, 17-19). Overall homologies are in the
ranges, 62-67% (tRNAf-met), 56-61% (tRNAile), 51-57% (tRNA91n), 49-60%
(tRNAval), 48-57% (tRNA9lY) and 38-44% (tRNASe). Homologies between the
different stems and loops of the mt-tRNAs of D. yakuba and mammals show
considerable variation among the different genes. Overall, the greatest
homology is found among the dihydrouridine stems and the anticodon loops. The

least overall homology is found among amino-acyl stems and T'PC stems.
In view of the very low homologies (38-44%) found between the D. yakuba

mt-tRNAVCN gene and the mt-tRNAuCN genes of mouse, rat, human and bovine, we

compared the D. yakuba mt-tRNAser gene to each of the 21 other mt-tRNA genes
of mouse. With one exception, homologies resulting from these comparisons
were within the range 29%-46%. The one exception resulted from the comparison
of the D. yakuba mt-tRNAue gene to the mouse mt-tRNAtyr gene, which indicated
a homology of 54%. Comparable homologies (49% to 56%) occur between the
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D. yakuba mt-tRNAgr gene and the mt tRNAtyr genes of rat, human and bovine
(1-3, 17-19). As noted above for other corresponding mt-tRNA genes of
D. yakuba and mammals, the dihydrouridine stems of the D. yakuba mt-tRNAser
gene and the mammalian mt-tRNAtyr gene are highly homologous.

It has been noted that the mammalian mt-tRNAs have a strikingly low G+C
content compared to non-organelle tRNAs, and an unusually high content of

mismatched base pairs in the stem regions, both of which must contribute to a
weakening of the overall tertiary (and secondary) structure of the tRNAs

(2). The G+C content of the D. yakuba mt-tRNA genes we have reported range
from 18.8% to 33.8%, with a mean of 24.2%, which is close to the mean G+C

content (approximately 25%) of the D. yakuba (and other Drosophila) mtDNA
molecules outside of the A+T-rich region (20,21). With one exception

(tRNAile), the G+C content and the frequency of G-C nucleotide pairs are less
in each D. yakuba mt-tRNA gene than in the corresponding mt-tRNA gene of

mouse. [Mouse mtDNA is chosen for comparisons in all of our studies, because
its average G+C content of 36.7% (3) is the lowest of the three mammalian
mtDNAs sequenced to date.]

The tRNAs which would be predicted from the mitochondrial tRNA9lY
tRNAile, tRNAg1n, tRNAf-met and tRNAval genes of D. yakuba contain an average
of one mismatched nucleotide pair (Fig. 3; (5)), while the corresponding mam-
malian tRNAs contain an average of 2.1 mismatched nucleotide pairs (3,22,23).
In Drosophila and mammalian mt-tRNAs the majority of these mismatched nucleo-
tide pairs (45%) are G*U pairs, as has been found in prokaryotic and non-
organelle eukaryotic tRNAs (15). The tRNA predicted from the 0. yakuba mt-

tRNAser gene (Fig. 3) does not contain any mismatched nucleotide pairs, a

situation which again more closely resembles that found in the four mammalian
mt-tRNAtyr molecules which contain an average of only 0.5 mismatched nucleo-
tide pairs, than that found in the four mammalian mt-tRNAser molecules which
contain an average of 6.0 mismatched nucleotide pairs (3,22,23).

Between the corresponding mitochondrial tRNA9lY, tRNAval, tRNAile,
tRNA9 n and tRNAf-met genes of D. yakuba and mouse, there is a total of 139
nucleotide substitutions (Table 1). Overall, there are approximately equal
numbers of transitions and transversions. However, while there are

approximately equal frequencies of the two kinds of transitions, one kind of
transversion (A-*~T) predominates, and is the most frequent kind of nucleotide

substitution. This contrasts with the distribution of nucleotide substitu-
tions found between mt-tRNA genes of human and bovine, where transitions
predominate, and the most frequent transversion is an A*oC substitution.
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Table 1: Frequency distributions of various nucleotide substitutions (within
the sense strand) among five tRNA genes of mtDNAs of D. yakuba and mouse.

tRNA gene Totals

Transitions gly val ile gln f-met Whole gene Stems only

A-*im--G 8 4 7 10 4 33 (23.7%) 28 (26.7%)

C-ow-T 8 7 7 5 8 35 (25.2%) 26 (24.8%)
Total 16 11 14 15 12 68 (48.9%) 54 (51.4%)

Transversi ons

A-wo-C 3 5 0 1 1 10 (7.2%) 7 (6.7%)
A."wT 11 9 6 15 9 50 (36.0%) 35 (33.3%)

G--*wC 0 2 2 0 0 4 (2.9%) 4 (3.8%)
G-*j,.T 2 3 0 1 1 7 (5.0%) 5 (4.8%)

Total 16 19 8 17 11 71 (51.1%) 51 (48.6%)

Total
Substitutions 32 30 22 32 23 139 (100%) 105 (100%)

The data were assembled from sequences given in Figs. 2 and 4 and references 3
and 5. The frequencies (as percentages) of each of the six different nucleo-
tide substitutions among whole genes and among stem regions of these genes are
given in parentheses.

A.-aC substitutions are almost as rare between D. yakuba and mouse tRNA genes
as are G4v.C and GT*.&T substitutions, which are the rarest substitutions
occurring between human and bovine mt-tRNA genes (2). Between D. yakuba and
mouse mt-tRNA genes, 75.5% of all nucleotide substitutions are in stems, and
their distributions among the different kinds of transitions and transversions
very clearly reflect the overall distributions (Table 1). Anong the five mt-
tRNA genes compared, nucleotide substitutions occur within 55 nucleotide
pairs. Among these nucleotide pairs, nucleotide substitutions are compensated
to retain pairing in 42 (76.4%) cases. Of the remaining 13, five are changes
between a standard nucleotide pair to a G*T pair, all involving a

transversi on.

DISCUSSION
The tRNAs predicted from the mt-tRNA genes of D. yakuba which we have

described to date show similar general properties of size and structure to the

corresponding mt-tRNAs of mammals. The characteristic cloverleaf secondary
structure is maintained, and within it only the sizes of the dihydrouridine
loop and the TPC loop show extensive variations. Also, as has been noted for
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mammalian mt-tRNAs (2,3), the occurrence among Drosophila mt-tRNAs of the

nucleotides which are conserved in prokaryotic and non-organelle eukaryotic

tRNAs is highly variable. The stability of the various stems of most of the
Drosophila mt-tRNAs is less dependent on G-C bonds than is the case in
mammals. This is somewhat compensated, however, by the lower frequency of

mismatched nucleotide pairs in the stem regions of Drosophila mt-tRNAs. In

the absence of information regarding tertiary interaction in Drosophila mt-

tRNAs, it is not possible to draw conclusions regarding either the stability
or flexibility of these tRNAs relative to their non-organelle counterparts.

Five of the six D. yakuba mt-tRNA genes sequenced to date are in the same

location relative to at least one other gene in both D. yakuba and mammals.
The one exception is tRNA s¶e. In mammals this gene is found between the genes

for COI and tRNAasP (1-3), while in D. yakuba it is located at the carboxyl
terminus of URF1. Although the nucleotide sequence on the other side of

tRNAser has not been identified, this sequence shows no convincing homology to

either the COI gene or the tRNAasP gene. The mt-tRN s gene of D. yakuba is

of further interest as its overall homology and the homologies of specific
regions of it are greater to the mouse mt-tRNAtyr gene than to any other mouse

mt-tRNA gene, including tRNAser.
Our data establish that within 19 nucleotides upstream from the 5'

terminal nucleotide of five of the mt-tRNA genes of D. yakuba and the mt-

tRNAgly gene of D. melanogaster (none of which are immediately preceded by

another gene) there occurs the octanucleotide sequence 5'TTTATTAT or a

sequence differing from it by one nucleotide substitution. In the 5' flanking
sequences of three of the mt-tRNA genes, the hexanucleotide 5'GATGAG is also
found upstream from the A+T-octanucleotide and separated from the latter by a
maximum of eleven nucleotides. In mammalian mtDNA molecules (1-3) there are

very few nucleotides in the regions which lie between genes, and related
sequences in different intergenic regions have not been reported. It seems
plausible that one or both of the two sets of related oligonucleotides in the

5' flanking regions of D. yakuba tRNA genes could have a promoter function in
regard to initiation of transcription of the segments of the molecule which
follow them. Both A+T-rich and G+C-rich homologous, oligonucleotide sequences
are included in the upstream promoter regions of a large number of prokaryotic
and eukaryotic genes (24-26). Alternatively, as has been reported for

homologous sequences preceding different nuclear tRNA genes of D. melanogaster
(27), the related 5' flanking sequences of Drosophila mt-tRNA genes may be
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involved in determining the level at which the genes they precede are

transcri bed.
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