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ABSTRACT
Part of the replication origin-containing A+T-rich region of the

Drosophila yakuba mtDNA molecule and segments on either side of this region
have been sequenced, and the genes within them identified. The data confirm
that the small and large rRNA genes lie in tandem adjacent to that sidy of the
A+T-rich region which is replicated first, and establish that a tRNAva gene
lies between the two rRNA genes and that URF1 follows the large rRNAfgene.
The data further establish that the genes for tRNA'le, tRNA9l', tRNA -me
and URF2 lie in the order given, on the opposite side of the A+T-rich region
to the rRNA genes and, except for tRNA ln, are contained in the opposite
strand to the rRNA, tRNAva and URF1 genes. This is in contrast to mammalian
mtDNAs where all of these genes are located on the side of the replication
origin which is replicated last within the ordyr tRNAPhe smallf(12J) rRNA
tRNAval, large (16S) rR4A, tRNATeu, URF1, tRNA 9tRNASI, tRNA -me and
URF2, and, except tRNA9in, are all contained in the same (H) strand. In
D. yakuba URF1 and URF2, the triplet AGA appears to specify an amino acid,
which is again different from the situation found in mammalian mtDNAs, where
AGA is used only as a rare termination codon.

INTRODUCTION
The mitochondrial DNA (mtDNA) molecules of all metazoa examined to date,

which range from nematode worms to humans, are in the form of circular

duplexes which show species specific variation in size within the range 14.5

to 19.5 kb (1). Recently, sequencing of the entire mitochondrial genome of

human, bovine and mouse has been completed and much of the gene content of

these DNAs has been determined (2-5). In each of these species, all of the

mtDNA molecules of an individual are identical, and each mtDNA contains the

genes for the two rRNAs and 22 tRNAs of the mitochondrion's distinct protein

synthesizing system, and five known polypeptides (3 subunits of cytochrome c

oxidase, ATPase subunit 6, and cytochrome b). In addition, there are eight
presently unidentified open reading frames (URF) which are presumed also to be

genes for polypeptides.
In mtDNA of human, bovine, and mouse, the gene order is essentially
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identical. One strand (H) of the molecule contains all genes except eight
tRNAs and URF6, and there are very few nucleotides separating individual genes
(2,5-7). In many cases tRNA genes, which are found singly or in clusters of
two to five, punctuate genes for rRNAs and polypeptides and appear to play a
role as processing sites for long transcripts of entire strands of the mtDNA
molecule (8,9). Some modifications of the standard genetic code are found in
mammalian mtDNA (5,10,11). Also, it appears that the 22 tRNAs specified by
mammalian mtDNA are sufficient to pennit translation of all the polypeptides
and presumptive polypeptides encoded by mtDNA (10,11).

The replication origin of mammalian mtDNA molecules lies within a sequence
delimited by the genes for tRNApro and tRNAphe. This region, for which
transcripts are absent or rare, varies substantially in length between species
(2,5,12,13). Although the remaining regions of mammalian mtDNA molecules show
high levels of homology between species, only limited segments of homology are
found between these mtDNAs in the replication origin-containing regions
(3,14).

Much less is known concerning mtDNA from metazoa other than mammals. In
mtDNA of the amphibian Xenopus laevis, the relative locations of the rRNA
genes, tRNA genes, replication origin, and templates for a number of
polyadenylated RNA transcripts are similar to those found in mammalian mtDNA
(15,16). Anong invertebrates, Drosophila mtDNA has been the most studied.
Again it is known that the rRNA genes and the origin of replication occupy
similar relative positions to those found among the vertebrate mtDNAs (17-20)
and some transcripts have been mapped on the mtDNA molecules (21,22). In
Drosophila mtDNA the replication origin lies within a region which is
approximately 95% adenine and thymine (A+T) (18,19,23) and these A+T-rich
regions vary in size from 1.0 kb to 5.1 kb in mtDNA molecules of different
species (17,24,25). Further, it has been shown that extensive sequence
divergence has occurred in these A+T-rich regions both within as well as
between species (26,27) and they do not appear to be transcribed (21,22). In
all metazoan mtDNAs, replication is unidirectional around the molecule. In
Drosophila mtDNA, however, replication relative to the rRNA genes is in the
opposite direction to that found in vertebrate mtDNAs (19,20).

In this report we present the nucleotide sequences of selected portions of
the mtDNA molecule of Drosophila yakuba and our analysis of the genes found
within them. Our data indicate a number of differences between Drosophila and

mammalian mtDNAs, including a difference in gene order.

620



Nucleic Acids Research

MATERIAL AND METHODS
Stocks of D. yakuba I.C. (2371.6, Ivory Coast), D. virilis (2375.8, Chile)

and D. melanogaster, (Oregon R-Utah) used in the present experiments were the
same as those used previously (19,20,25-27). 0. yakuba and D. virilis were

originally obtained from the Species Stock Collection of the Genetics
Foundation, University of Texas at Austin.

MtDNA was obtained by cesium chloride-ethidium bromide centrifugation of
lysates of hand-dissected ovaries of D. yakuba and D. virilis, and from
lysates of mitochondrial fractions obtained from embryos of D. melanogaster as

described previously (24).
DNAs were digested with restriction enzymes under the conditions

recommended by the manufacturers (New England Biolabs, Bethesda Research
Labs). EcoRI* digestions were carried out under conditions given in ref.
28. Analytical and preparative electrophoreses of restricted DNAs were

carried out as described in ref. 29.
EcoRI and HindIII fragments of D. yakuba mtDNA were cloned into pBR325

(30) and pBR322 (31) respectively, using as host E. coli K12, HB101. Inserts
of D. yakuba mtDNA in plasmids were identified by gel electrophoresis of
restriction enzyme digests of presumptive hybrid DNAs, and in the case of
inserts of A+T-rich region-containing fragments, by electron microscope
denaturation mapping (26). Cloned EcoRI or HindlIl fragments of D. yakuba
mtDNA, or subfragments produced by further restriction enzyme digestions, were
recloned into M13mp2, M13mp8 or M13mp9 (32-34). The EcoRI-D fragments of
D. virilis and D. melanogaster were cloned from EcoRI digests of mtDNAs
directly into M13mp2.

Preparation and selection of viral-Drosophila recombinant DNA molecules,
growth of the bacteriophage and purification of single- and double-stranded
bacteriophage DNA were as described (34-36).

All DNA sequences were obtained by the extension, dideoxyribonucleotide
termination procedure of Sanger et al. (36,37) using [a-32P]dATP (800 Ci/mM;
New England Nuclear) and either a 26 nucleotide pair primer (38) or a single
stranded pentadecamer primer (35). Reagents used in sequencing reactions were
obtained from Bethesda Research Laboratories, P-L Biochemicals, or New England
Biolabs. The reaction products were separated on 0.4 nmn x 33 cm, 8%
acrylamide gels (39) at 34 watts (approximately 1.5KV and 35mA). Following
electrophoresis, gels were exposed to NS-5T no screen X-ray film (Kodak) at
-200C for 6 to 96 hours.

The strategy used to determine the nucleotide sequences of various
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segments of the D. yakuba mtDNA molecules is given in Fig. 1. Genes within

segments of D. yakuba mtDNA outside the A+T-rich region were identified by
comparing both nucleotide and predicted amino acid sequences with the
corresponding sequences of previously identified genes of mouse mtDNA (5).
Nucleotide sequences were analysed using the SEQ Program (40) and amino acid
sequences were analysed using the TYPIN and SEARCH programs (41,42) in a

Digital Equipment Corporation 20/60 computer.

RESULTS
Nucleotide sequences within and to the left of the A+T-rich region. In

order to gain further information on the structure of the A+T-rich region, and

to elucidate which genes are contained in the region of the mtDNA molecule
lying adjacent to the left end of the A+T-rich region, we determined the

nucleotide sequence of a portion of the D. yakuba mtDNA molecule identified as
segment I i n Fi g. 1.

The nucleotide sequence of the entire segment I is given in Fig. 2.
Within this sequence are three regions which have the potential to fold into
the characteristic cloverleaf secondary structure of tRNAs with anticodons
indicating them to be the genes for tRNAile, tRNA91 n and tRNAf-met (Fig.
3). The genes for tRNAile and tRNA9ln are separated by 31 nucleotides while 8
nucleotides separate the tRNA91n and tRNAf-met genes. The nucleotide
sequences of these three tRNA genes are 60%, 51%, and 67% homologous to the
corresponding tRNA genes of mouse mtDNA. The sequence to the left of the
tRNAf-met gene contains a single open-reading frame which, beginning with the
first triplet (ATT, isoleucine) would be transcribed to the left. This
nucleotide sequence and the predicted amino acid sequence from it have 49% and
38% homology, respectively, to the amino terminal region of URF2 of mouse
mtDNA. The region of segment I to the right of the EcoRI site which delimits
the EcoRI-A and EcoRI-C fragments maps in the region defined as the A+T-rich
region (see Fig. 1). The 112 nucleotide segment lying between this EcoRI site
and the right end of the tRNAile gene has a G+C content of 9.8%, compared to a

G+C content of 10.3% for the region to the right of this EcoRI site, and a
tRNA gene has not been detected within it. It seems reasonable, therefore, to

define the left terminus of the A+T-rich region as the nucleotide to the right
of the tRNAile gene. The relative positions of the codon (sense) strands
of each gene indicate that transcription of the tRNAile, tRNAf-met and URF2
genes is in the direction away from the left boundary of the A+T-rich region,
while transcription of the tRNA91n gene is towards the A+T-rich region.
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Figure 1. A map of the D. yakuba mtDNA molecule, and the strategy employed
to obtain various sequences. Diagram A: A map of the whole D. yakuba mtDNA
molecule showing the relative locations of the A+T-rich region (cross-
hatched), the two mitochondrial rRNA genes (dotted; deduced from the homology
of this region to a similarly located region of the D. melanogaster mtDNA
molecule (27) shown (17) to contain the small and laTrge mitochondrial rRNA
genes), the origin (0) and direction (R) of replication (19) and the EcoRI
and HindIII cleavage sites and fragments (A-E in each case) (27, Goddard,
J. M., and Wolstenholme, D. R., unpublished). The circular molecule has been
linearized for convenience at the HindIII site delimiting the HindIII-B and C
fragments. Diagram B: Expanded region of the 0. yakuba mtDNA mioTecule shown
by a bar under Diagram A. Previously mapped Sau3A, HaI and XhoI as well as
EcoRI and HindIII restriction sites used to obtain and identif7various se-
quences are shown. Other details are as for Diagram A. The bars under the
map in Diagram B indicate the segments which have been sequenced. These seg-
ments (I-V) have been expanded in Diagram C and the sequence strategy used to
assemble each is shown. The origins of the sequences were as follows. Seg-
ment I: a, the left end of the HindIII-C fragment; b, c, d, and e, EcoRI*
fragments of the HindIII-C fragment; f, the left end7of-the EcoRI-C fragment
[identification oftThis end of the EcoRI-C fragment as the A+T-rich region was
accomplished by determining the distance of the A+T-rich region (identified by
electron microscopy of partially denatured molecules) from the M13 DNA
molecules' unique AvaI site, in double-stranded M13 DNA molecules separately
containing the D. yakuba EcoRI-C fragment in the two possible orientations.];

an EcoRI-HindIII subfragment of the HindIII-C fragment; h, this sequence
was obtained using an EcoRI-HpaI fragment of the EcoRI-C fragment as a primer
for the EcoRI-C fragment. Segment II: a, the right end of the HindIII-C
fragment,T, a Sau3A - EcoRI subfragment7of the EcoRI-C fragment. c, a
HindIII-EcoRI siuTTragment of the EcoRI-C fragment. Segment III: the left
end of the EcoRI-D fragment. Segment IV: a, a Sau3A subfragment of the
EcoRI-D fragment. Segment V: a, the right7end of the EcoRI-D fragment; b,
the left end of the EcoRI-B fragment; c, an EcoRI - XhoITsubfragment of tie
EcoRI-B fragment. AlTlof the above subfragments generated by two different
restriction enzymes were sequenced from the site given first.
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Figure 3. The genes for tRNAile, t tRNAf-met, and tRNAval, of
D. yakuba mtDNA shown in the presumed characteristic secondary structures of
the corresponding tRNAs.

We have mapped the origin of replication within the A+T-rich region of

D. yakuba mtDNA at approximately 250 to 450 nucleotides from its left boundary
(19). The G+C content of this section of the A+T-rich region in our sequence

(nucleotides 662-824, Fig. 2) is 14.1% compared to a G+C content of 7.6% for

the remainder of the A+T-rich region to the left (nucleotides 412-661,
Fig. 2). However, within the A+T-rich region, sequences homologous to

sequences close to or associated with the origin of replication in mammalian
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mtDNA (14,43,44) have not been found. At least seven termination codons (TAA
and TAG, common to mammalian mtDNAs; 3,5,10) were found in each of the six

possible reading frames of the two complementary strands of the A+T-rich
region, and their spacing would prevent uninterrupted reading of a maximum of
117 nucleotides (Fig. 2).

In mammalian mtDNAs very few nucleotides occur between genes. With the
exception of the 31 or 32 nucleotide sequence between the tRNAasn and tRNAcys
genes, which contains the L strand origin of replication, the largest number

of nucleotides found between any two tRNA genes is the seven nucleotides which
separate the tRNAtrP and tRNAala genes of human mtDNA. Thus a further
interesting feature of the tRNAile, tRNA91n and tRNAf-met gene cluster of
0. yakuba mtDNA is the presence of 31 nucleotides between the tRNAile and
tRNA91n genes (compared to a constant overlap of three nucleotides in
mammalian mtDNAs), and of 8 nucleotides between the tRNA91n and tRNAf-met
genes (compared to one to three nucleotides in mammalian mtDNAs (2,3,5)). It
is noted that the octanucleotide sequence 5'TTTATTAT which separates the genes

for tRNA91n and tRNAf-met also occurs close to the 5' end of the tRNAile gene

(Fig. 2). Further, the sequence 3'TTTATTAT occurs in the 31 nucleotide
sequence separating the tRNA9ln and tRNAile genes.

The data presented above indicate that the genes for tRNAile, tRNA91n,
tRNAf-met, and URF2 of D. yakuba mtDNA lie on the opposite side of the
replication origin to the previously deduced locations of the rRNA genes

(17,26). This contrasts with the situation found in mammalian mtDNAs where
all of these genes lie on the same side of the replication origin (that
replicated last), within the order tRNAphe, small (12S) rRNA, tRNAval, large

(16S) rRNA, tRNAlUR, URF-1, tRNAile, tRNA91n, tRNAf-met, and URF2 (2,3,5).
Nucleotide sequences to the right of the A+T-rich region. In order to

confirm the position of the rRNA genes within the D. yakuba mtDNA molecule and
to gain information on gene order on that side of the replication origin in
which the rRNA genes are presumed to be located, (the right side, Fig. 1) we

sequenced the various segments of the mtDNA molecule identified as II, III, IV
and V in Fig. 1.

Segment II maps in a region of the D. yakuba mtDNA molecule expected to
contain the junction of the two rRNA genes (Fig. 1). This segment (Fig. 4)
was found to include a sequence with primary structure and potential secondary
structure (Fig. 3) expected for a tRNAval gene. The sequence of 222
nucleotides to the left of the tRNAval gene is approximately 64% homologous to

a region of mouse mtDNA which specifies the 3' end of the small rRNA molecule,
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AATTATAAAGATTAATAATTTGATTTTAGCTCTAAAATATGTACACATCG T*

C 200 TGV (A) *G T
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CTGGAAAGTGTATCTAGAATG4CAATTTAAAGCTTATTAAGTAAAGCATT (A) G - C (Ti

300 *AT
TCATTTACATTGAAAAGATTTTTGTGCAAATCAATATAAATTG TTATAT *T - A (G)

350 *G G*
TTTATTTATTAATTTTAATTATTTTATATAAAAATATTAGAAATAACTAT (G) - A A*

400 (A) - T A *oA
AAATTTAAAAGTTTTAGTATTGTTTAAAGAAAAAATAATTTTAATAATAG *A T

*C G (A)
TATATTAGTATTGTAAAAGAAAATTGAAATAA 3' *A 3' A

*A + (T) 3

Figure 4. [Above, left] Nucleotide sequence (5'- T
3') of segment II (Fig. 1) of the D. yakuba mtDNA *c
molecule. The wavy overlines (a, F and c indicate *T
three sequences that are highly conserveF in the *G
small rRNA gene of mouse and human mtDNAs and E. *A
coli DNA. Sequence a is 75% homologous to T

A
nucleotides 838-845 of mouse mtDNA (5) and *G 5'
identical to nucleotides 1415-1422 of human mtDNA
(45) and to 1117-1124 of E. coli DNA (46). Sequence b is 83% homologous to
nucleotides 899-916 of moduse mtDNA and 89% homologous to nucleotides 1476-1493
of human mtDNA and nucleotides 1391-1408 of E. coli DNA. Sequence c is 75%
homologous to nucleotides 977-1024 of mouse mtDNA and to nucleotides 1554-1601
of human mtDNA. Detailed comparisons of this latter sequence to the
corresponding sequences of mouse mtDNA and E. coli DNA are given in Fig. 5.
The inverted open triangle indicates the approximate position in the
corresponding mouse mtDNA sequence of a unique segment of 47 nucleotides. The
region to the right of the tRNAva gene is presently unidentified (see
text). The sequency shown is of the sense strand for both the small (S) rRNA
gene and the tRNAva gene, as indicated by the arrows.

Figure 5. [Above, right] A potential hairpin secondary structure consisting
of a 10 ba$e pair stem and a 4 base loop which is located immediately 5' to
the tRNAva gene of D. yakuba mtDNA (Fig.4). A similar hairpin structure is
also found at the 3 end of the small rRNAs from mammalian and plant
mitochondria and the small rRNAs of E. coli, Zea ma s chloroplasts, Bombyx
mori and rat cytoplasm (see 7, 47 foTr references. Differences to mouse mtDNA
sequences are shown in parentheses. Asterisks indicate homologous nucleotides
in E. coli 16S rRNA. The large arrow indicates the only difference in
seqTuence found between the 3' teminal 20 nucleotides and the 3' terminal 20
nucleotides of the small mitochondrial rRNA of mosquito (48). In E. coli 16S
rRNA and Zea mays chloroplasts 16S rRNA only, an mRNA binding site isfWound 3'
to the hairpin structure (see 7).

except that a single sequence of 47 nucleotides located in this region of

mouse mtDNA is absent from the D. yakuba sequence (Fig. 4). This region of

the D. yakuba mtDNA molecule includes three sequences of 8, 18, and 47

nucleotides which are highly homologous to sequences found in the same

relative order in the small rRNA gene of mouse and human mtDNA, and E. coli

DNA (Fig. 4). The sequence of 47 nucleotides immediately to the left of the
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tRNAval gene has the potential to fold into a hairpin structure characteristic

of the 3' end of all small rRNAs examined to date (Fig. 5). The terminal 20
nucleotides of this sequence are identical to the recently reported (48)

terminal 20 nucleotides of the major component of small rRNA molecules of
mosquito (Aedes albopictus) except for nucleotide 3 from the 3' end. This

indicates that the 3' terminal nucleotide of the small rRNA gene lies

immediately adjacent to the 5' terminal nucleotide of the tRNAval gene in the

D. yakuba mtDNA molecule. The sequence of 138 nucleotides to the right of the

tRNAval gene has not been identified. The corresponding position in mouse

mtDNA specifies the 5' end of the large rRNA molecule. However, this

D. yakuba sequence, which is only 8.3% G+C, does not contain the sequences

ACTAA and GCCCT which are present within the first 34 nucleotides of the 5'

terminus of the large rRNA molecule of mammalian mtDNA and E. coli DNA (49)

and is not convincingly homologous to any region of the gene for the large
mitochondrial rRNA of mouse. Also, within this Drosophila sequence, we have

not detected a sequence with the structural properties of any tRNA gene.

Segment III maps to the right of segment II, close to the center of the
region of the D. yakuba mtDNA molecule expected to contain the large rRNA gene

(Fig. 1). This sequence of 219 nucleotides (not shown) is 68% homologous to

nucleotides 814 to 1032 of the large (16S) rRNA gene of mouse mtDNA (5).
Segment IV (172 nucleotides) also maps within the region expected to

contain the large rRNA gene but to the right of Segment III, as shown in Fig.
1. This sequence is 68% homologous to a region of mouse mtDNA which specifies

a region of the large rRNA near to its 3' end (5). The right 137 nucleotides
have the potential to form a secondary structure which is highly conserved

among the large mitochondrial rRNAs of mammals, yeast, Paramecium and the 23S

rRNA of E. coli (Fig. 6). The sequence has been shown to encompass the

binding sites for the 3' terminus of amino-acyl tRNA (53) and the nucleotides
implicated in chloramphenicol resistance in yeast and mammalian mtDNA

(50,52,53).
Segment V maps to the right of segment IV in the D. yakuba molecule near

the region expected to specify the 3' terminus of the large rRNA. The
nucleotide sequence of this segment is given in Fig. 7. The right 354
nucleotides of the sequence are 56.5% homologous to the amino terminal region
of the nucleotide sequence of URF1 of mouse mtDNA, and the amino acid sequence
predicted from the only open reading frame of this sequence is 48% homologous
to the amino acid sequence predicted from the corresponding region of the URF1
sequence of mouse mtDNA (Fig. 8). We have also determined the nucleotide

6628



Nucleic Acids Research

T A
G G

T C T
G -C **G T*
*G G* **T C*

**G .T*' *C - G*
T T C A T *T T *T - A

**G A* * T C* *G - C*-
**A T*' T -A A - T
**G C** *T - AATTTTA - T*
**A G* A ** **T.

G A* A A*.A*.G *T **T A
*T -A' **ATTCT**T -A' TC*
T-A **A
T -A *G A*

* T -A' A AC*
T -A .*A T
T -A T G*-

**T -A **T - A*'
.*A - A 'A - T'
*A -T*. **G - C*
*T -GC 'T

5' G G G A T A A C A G C - G A C C T C G A T G T

Figure 6. Nucleotide sequence and potential secondary structure of the right
end of segment IV (Fig. 1) of the D. yakuba mtDNA molecule. A sequence with
highly homologous primary and secondary structure to this D. yakuba sequence
has been found in the gene for the large mitochondrial rRNC of mouse and other
mammals (5, 45, 50), Paramecium (51) yeast (52) and E. coli (53,54). Dots
indicate homologous nucleotides (66%) in the correspondTingmouse mtDNA
sequence (nucleotides 2373 to 2508; ref. 5). Asterisks indicate homologous
nucleotides (57%) in the E. coli 23S rRNA sequence (nucleotides 2445 to 2579;
ref. 53). - -

sequence of the region of the D. melanogaster and D. virilis mtDNA molecule
which includes the amino terminal region of URF1 (in each species, the right
end of the EcoRI fragment corresponding to the EcoRI-D fragment of D. yakuba

mtDNA (Fig 1)). These sequences are shown aligned with the D. yakuba sequence
in Fig. 7. In Fig. 8, the predicted amino acid sequences for the amino

terminal region of URF1 of D. melanogaster and D. virilis mtDNAs, and of human

and of bovine mtDNAs are shown aligned with the corresponding predicted amino
acid sequences of D. yakuba and mouse mtDNA. URF1 of human and bovine mtDNA

appears to initiate translation at a triplet (ATA and ATG, respectively)
specifying methionine which in each case is three triplets 5' to the triplet
ATT (isoleucine) interpreted as the initiator codon of URF1 of mouse mtDNA

(2,3,5). It has been suggested that as an initiator codon, ATT may specify
methionine (5). While in both D. yakuba and D. melanogaster mtDNAs an ATT
codon occupies a position corresponding to the initiator codon of URF1 of
mouse mtDNA, in D. virilis mtDNA, the corresponding triplet is GTA (valine).
As there is presently no evidence to suggest that GTA can specify initiation,
it seems more likely that the initiator codon of URF1 in Drosophila mtDNAs is
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50
D. yakuba 5' AATTTATATATGTAATTTTTATTACAAATAGTACTTGTTTTATATAGAAT
D. melanogaster
D. virilis .......T ........

IIURF1M-1
I L S L I G S L L L I I C V L V 100

TTATTTTATCATTAATTGGAAGTTTATTATTAATTATTTGTGTATTAGTA
G....... T..G

.G.. .A. .T...ATG.A..G. T

S V A F L T L L E R K V L G Y I Q 150
AGTGTAGCTTTTTTAACTTTATTAGAACGTAAAGTTTTAGGGTATATTCA
.................... ......... .... .. .. .... A ..... ..........................A

-A.G.A........... C......C

I R K G P N K V G L M G I P Q P 200
AATTCGTAAAGGACCTAATAAAGTTGGTTTAATAGGAATTCCTCAACCTT

T............ ................

G..................G.

F C D A I K L F T K E Q T Y P L L 250
TTTGTGATGCAATTAAATTATTTACAAAAGAACAAACTTATCCATTATTA

S N Y L R Y Y I S P I F S L F L S 300
TCAAATTATTTAAGATATTATATTTCTCCTATTTTTTCTTTATTTTTATC

L F V W M C M P F F V K L Y S F 350
TTTATTTGTTTGAATATGTATACCTTTTTTTGTTAAATTATACTCTTTTA

N L G G L F F L C C T R L G V Y T 400
ATTTAGGTGGATTATTTTTTTTATGTTGTACAAGATTAGGAGTTTATACA

V M V A G W
GTTATAGTAGCTGGCTGA 3'

Figure 7. Nucleotide sequence (5'-3') of segment V (Fig. 1) of the D. yakuba
mtDNA molecule. This segment includes a section of 354 nucleotides ihich from
considerations of nucleotide and predicted amino acid sequence homologies to
mouse mtDNA (see text) contains the amino terminal end of URF1. The amino
acid sequence predicted from the only open reading frame, and the direction of
transcription of the portion of the D. yakuba sequence (shown as the sense
strand) corresponding to the mouse URF1 gene are given. The wide vertical
arrows indicate the positions of two AGA codons. Sequences of the mtDNA
molecules of D. melanogaster and D. virilis which correspond to the left end
of segment V of the D. yakuba molecule are also shown (dots indicate
homologous nucleotides). Region a includes three potential initiation codons
(ATT, isoleucine). The thick bar-indicates the ATT triplet similarly located
to the initiator ATT of mouse mtDNA (5).

one of the two triplets, each ATT (isoleucine), which occur four to six
triplets 5' and 3', respectively, away from the ATT triplet which corresponds
to the initator codon of mouse mtDNA. The unusual number of nucleotide
substitutions which occurs among the Drosophila sequences in the region
between these two ATT triplets suggests that this region may be devoid of
genetic function, and it seems more likely that the triplet furthest 3' acts
as the initator codon for URF1.

In mammalian mtDNAs the gene for tRNAleu terminates either three
nucleotides (human and bovine; 2,3) or ten nucleotides (mouse; 5) 5' to the
URF1 initiator codon. In the nucleotide sequence 5' to the region expected to
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b a c
D. melanogaster I L S L T G S L L L I
D. virilis I M S L V G S L L L I 42
D. yakuba I L S LI G S L L L I ICVLVSVAFLTLLERKVLGYIQIRKGPNKVGLMGI
mouse V F F I*N I L T L L VPI.IAM. V...I... VM.L. I. .PY..
human M*P MA N L L L L I
bovine M-F MI N I L M L I

_W_W 118
PQPFCDAIKLFTKEQTYPLLSNYLRYYISPIFSLFLSLFVWMCMPFFVKLYSFNLGGLFFLCCTRLGVYTVMVAGW
L...A..M ...M..PMR..TTSMSLFI.A.TL..T.A.SL.VPL.MPHP.INL...I..I.ATSS.S..SILWS..

Figure 8. A comparison of the amino acid sequences of the amino terminal
region of URF1 in D. yakuba and mouse mtDNAs (see Fig. 6 and ref. 5). Dots
denote conserved am'inis. Amino acid sequences predicted from nucleotide
sequences and expected to include the amino termini of URF1 are also shown for
D. melanogaster, D. virilis (Fig. 7), human, and bovine mtDNA (2,3). The
asterisks indicate the amino terminal amino acid given previously for mouse
(5), humon (2), and bovine (3). The crosses indicate the last nucleotide of
the tRNA eu gene of moVse mtDNA, and the second nucleotide following the last
nucleoti e of the tRNAu gene of human and bovine mtDNAs. Box a indicates
the amino acid in each oi the Drosophila mtDNAs corresponding to the assumed
amino terminal isoleucine in mouse mtDNA. Box b and box c indicate the
closest isoleucine or methionine common to all Drosophila mtDNAs, before, and
following, respectively, the amino termini of URF1 of the three mammalian
mtDNAs. The wide vertical arrows indicate the positions of two amino acids,
tentatively identified as arginine, which are specified by AGA.

contain the initiator codon of URF1 of D. yakuba mtDNA (Fig. 7.), secondary
structures which could indicate the presence of a tRNAeu# gene have not been

found.
In the three Drosophila sequences which lie 3' to the region expected to

contain the initiator codon of URF1 there are two nucleotide substitutions
between the D. yakuba and D. melanogaster sequences, and eight nucleotide
substitutions between the D. yakuba and D. virilis sequence. All but one of
these substitutions are in the third position of a codon. The one exception
is a second position change which would result in a serine/asparagine
difference between the corresponding URF1 polypeptides from D. yakuba and

D. virilis.
The data obtained from sequence analysis of segments II-V confirm the

relative locations of the rRNA genes of D. yakuba mtDNA deduced previously
(Fig. 1) and establish that a tRNAval gene lies between the two rRNA genes,
that URF1 follows the large rRNA gene and that all four of these genes are
transcribed in the same direction, away from the A+T-rich region.

The structure of tRNA genes. The four D. yakuba tRNA genes we have se-
quenced (Fig. 3) show many of the standard features of tRNAs found in both
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procaryotes and eucaryotes (2,3,5). All of these D. yakuba genes fold into
the characteristic cloverleaf secondary structure which has a 7 nucleotide
pair amino-acyl stem, a 5 nucleotide pair anticodon stem, an anticodon loop of
7 nucleotides, a dihydrouridine arm with a stem 3 to 4 nucleotide pairs and a
loop of 5 to 8 nucleotides, a variable loop of 4 to 5 nucleotides, and a T*C
arm with a stem of 4 to 5 nucleotide pairs and a loop of 4 to 7 nucleotides.
As has been found for mammalian mitochondrial tRNAs, the Drosophila tRNAs
predicted from the gene sequences lack several of the constant features found
in non-organelle tRNAs. The 3' terminal trinucleotide CCA is absent,
indicating that if it is present in mature tRNAs it must (as in mammalian
mitochondria) be added post-transcriptionally. The dihydrouridine loop lacks
the G18-Gl9 sequence (numbering system given for yeast cytoplasmic tRNAPhe;
55), though G18 appears to be conserved in tRNAgln (which is one of the three
tRNAs of mouse mtDNA in which the G18-Gl9 sequence is found; (5)) and Glg
appears to be conserved in tRNAval. The sequence T54-0-Pu-A is only partially
conserved in all four tRNAs. T55 (from which a * could be predicted in the
corresponding tRNA) is absent in the tRNAval gene, and this gene alone
contains C56. Pu57 is found only in the tRNA91n and tRNAval genes. The Pu1l-
Py24 pair is reversed in the tRNAf-met gene. In the tRNAile gene, the TPC
loop is reduced from the standard 7 to 4. Further, at least one of these four
tRNA genes lacks 1 or 2 of the constant T8, Pu15, Py32, or PY48 nucleotides.

All four D. yakuba tRNAs have a T and a purine immediately 5' and 3'
respectively to the anticodon, features noted to be constant for mammalian
tRNAs (3). However, while the mammalian tRNAf-met genes are unique in having
a C adjacent to the anticodon on the 5' side, in D. yakuba this position is
also occupied by a T. Detailed comparisons of corresponding mitochondrial
tRNA genes of Drosophila and mammals will be presented elsewhere.

DISCUSSION
The results of the sequence analyses described above confirm that the

small and large mitochondrial rRNA genes of the D. yakuba mtDNA molecule lie
in tandem adjacent to that side of the replication origin-containing A+T-rich
region which is replicated first, and establish that a gene for tRNAval lies
between the two rRNA genes, and that URF1 follows the large rRNA gene. Our
data further establish that the genes for tRNAile, tRNA91n, and tRNAf-met and
URF2 occur, in the order given, on the opposite side of the A+T-rich region to
the rRNA genes, that side which is replicated last (Fig. 9). This arrangement
differs from that found in mouse, human, and bovine mtDNAs where all of these
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Drosophila yakuba
X II Im IV v

RIS vF? - -L?
M2 A+ e-rRNA -rRNA URFIA

A+TH EH E E

Mammals 1

0

mQI L V F
URF2 M URFI (168) 1I-RA (128) *-rRNA

Figure 9. Difference in gene order between D. yakuba and mammalian mtDNA
molecules as indicated by the data presented. I-V indicate the segments of
D. yakuba mtDNA which have been sequenced (Fig. 1). The identification of
each tRNA gene (hatched areas) is shown above the molecule. Arrows within and
outside the molecules indicate the direction of transcription of each gene.
Wavy vertical lines indicate uncertain gene termini. The origin (0) and
direction (R) of replication of each molecule is shown. H and E indicate the
HindIII and EcoRI sites, respectively. The main difference in gene
arrangement between the D. ykba and mammalian molecules could have resulted
from a single translocatTon (T) and inversion (I) of ? single segment
containing the two rRNA genes, the intervening tRNAva gene and URF1 in an
ancestral molecule. The question marks indicate that in the D. yakuba mtDNA
molecule neither the tRNAUUR or the tRNAPIe gene have been located (see text).

genes are located on that side of the replication origin which is replicated
last within the order tRNAphe, small (12S) rRNA, tRNAval, large (16S) rRNA,

tRNAleu, URF-1, tRNAile, tRNA91n, tRNAf-met, and URF2 (2,3,5). Furthermore,
in contrast to the situation found in D. yakuba mtDNA, where the URF2, tRNAile
and tRNAf-met genes appear to be contained in the opposite strand to that

containing the rRNA genes, tRNAval and URF1 genes, in mammalian mtDNAs all of

these genes are contained in the same strand (the H strand) of the mtDNA
molecule (Fig. 9). In both D. yakuba and mammalian mtDNAs, the tRNA9ln gene

is contained in the opposite strand to that containing the tRNAile and

tRNAf-met genes. As there is no distinct base bias between the complementary

strands of Drosophila mtDNAs (23,25) they cannot be directly compared with the

H and L strands of mammalian mtDNAs.
While we have not yet established the location of the genes for tRNAPhe

and tRNAleu, it is clear from our results that in D. yakuba mtDNA neither of

these genes are located between the replication origin and the gene for

tRNAile.
Our previous heteroduplex analyses indicate that gene order outside the
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A+T-rich region is identical among the mtDNAs of different Drosophila species
(26). It seems most likely from our data that the difference in gene order
between Drosophila and mammalian mtDNA molecules could have resulted in part
from a major translocation and inversion of a segment containing the rRNA
genes, the intervening tRNAval gene and URF1 (Fig. 9). It is not clear from
the presently available data whether the Drosophila mtDNA molecule or the
mammalian mtDNA molecule contains the gene order most resembling the predicted
common ancestral molecule.

The gene order in Drosophila mtDNA indicated by our data accounts for the

apparent difference in direction of replication around the molecule in

Drosophila and vertebrate mtDNAs described previously (20).
The replication origin-containing region of mammalian mtDNA (lying between

the tRNApro and tRNAphe genes (2,3,5)) is of higher G+C content but shares a

number of features in common with the A+T-rich region of Drosophila mtDNA.
This region of mammalian mtDNA is the most variable in length (from 879
nucleotides in mouse to 1122 nucleotides in human mtDNA), lacks extensive open

reading frames, appears not to be transcribed (except for a segment of 230

nucleotides between the tRNAphe gene and the replication origin of human mtDNA
(56)) and contains segments of nucleotides which show little conservation
between species (14). It seems reasonable to argue therefore that this region
of mammalian mtDNA and the A+T-rich region of Drosophila mtDNA have evolved
from a common ancestral sequence.

Reading of the sequences of D. yakuba URF1 and URF2 which have been
determined is dependent in both cases upon the assumption that both TGA and
AGA specify amino acids. In the genetic code of mammalian and fungal
mitochondria (5,10,57,58), but possibly not plant mitochondria (59), TGA
specifies tryptophan rather than termination as in the standard genetic code.

However, while AGA specifies arginine (as in the standard genetic code) in
yeast mitochondria (57), this triplet is used only as a rare termination codon
in human and bovine mtDNAs (2). In mouse, AGA is not used at all (5). In

mammalian mtDNAs, CGN codons specify arginine. CGT is found in the 0. yakuba
URF1 sequence at two different positions which both correspond to codons (CGC
and CGA) interpreted to specify arginine in the mouse URF1 (5). The open

reading frames of URF1 and URF2 of the D. yakuba sequences contain two and one

AGA triplets respectively, at positions corresponding in mouse mtDNA to

triplets specifying leucine and serine in URF1 (Fig. 8) and isoleucine in URF2

(Fig. 2). In view of this latter observation, it seems reasonable at the

present time to assume that, as in the standard genetic code, AGA specifies
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arginine in the Drosophila mitocnondrial genetic code. The use of AGA to

specify an amino acid requires the presence within the Drosophila
mitochondrion of a tRNA (presumably with the anticodon UCU, as in yeast (57))
to decode it.

In comparisons of URF1 and URF2 of D. yakuba and mouse, nucleotide
sequence homologies (57% and 49% respectively) are greater than amino acid
sequence homologies (48% and 39% respectively). In comparisons of
corresponding genes from mouse and human (5) nucleotide sequence homologies
were also greater than amino acid sequence homologies in all URFs except URF1,
and these were the genes with homologies of both nucleotide and amino acid
sequences below 71%. In comparisons of corresponding genes of human and
bovine mtDNAs (3), nucleotide homologies were again greater than amino acid
homologies for genes (URFs) with both nucleotide and amino acid sequence
homologies of less than 71%.

Of the nucleotide substitutions which have occurred between the portions
of URF1 and URF2 of D. yakuba we have sequenced and the corresponding mouse
mtDNAs, 45% in each gene fail to result in an amino acid substitution. As the
ancestral lines of these organisms separated approximately 600 x 106 years ago
(60) these high frequencies of conservative nucleotide substitutions between
URF genes constitute further evidence to that presented previously (2,3,5)
that the URFs of mtDNA do indeed encode functional polypeptides.
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