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Amino acid sequences coded for by 13 different genes of mammalian mitochondrial DNA (mtDNA) includ-

ing 8 unassigned open reading frames (URFs) were compared in pairs. It was found that significant homolo-

gies exist among the amino acid sequences of the three URFs (URF2, URF4 and URFS) with a probability

of occurrence of less than 1075, This result strongly suggests that the 3 URFs evolved from a single ancestral

gene by a series of gene duplications. A phylogenetic tree based on the alignment of the URF sequences

from mammals, an insect, a fungus and protozoa revealed a very remote divergence of the 3 URFs, going
back to a time before separations of animal/protozoa and animal/fungus.

Mitochondrion

1. INTRODUCTION

Gene duplication is known to be an important
mechanism for generating diverse functions of
genes [1]. The nuclear genome of higher
eukaryotes can afford many redundant copies
within it, from which a wide variety of genes with
different functions have evolved. In contrast,
animal mitochondrial DNA (mtDNA) is very small
in size, only about 16 kilobase pairs long [2-4],
and the genomic organization shows a marked
economy: the mtDNA tightly packs genes for 2
ribosomal RNAs, 22 tRNAs and § proteins as well
as 8 unassigned open reading frames (URFs) and
there are few or no noncoding sequences between
genes [2—4]. To know whether or not gene duplica-
tion has also been an important mechanism for the
evolution of these mtDNA-coded genes, we sub-
jected the amino acid sequences coded by these
genes to computer-assisted search for homology.
In addition, most proteins coded by the URFs have
yet to be identified, except for URFAG6L which has
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recently been assigned as a component of ATPase
subunits [5]. Sequence homologies between these
URF-coded proteins together with other proteins
would provide some insight into structural and
evolutionary significances of the URFs. We
demonstrate here that the URF2, 4 and 5 products
have - extensive homologies in common. This
strongly suggests that they diverged from a single
common ancestor by a series of gene duplications.

2. MATERIALS AND METHODS

Mammalian mtDNA sequences were taken from
[2—-4] and Drosophila counterparts were from
[6,7]. Two protozoa sequences were from [8,9] and
a fungus sequence was from [10].

The method for calculating homology matrix
between the amino acid sequences compared and
that for alignment of homologous sequences were
described previously [11]. Using the scoring system
MDM78 by Schwartz and Dayhoff [12], the
aligned sequences were subjected to statistical test
by the method described [11].
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3. RESULTS AND DISCUSSION a) b}
Amino acid sequences coded for by 13 different Amina acid position

genes of mammalian mtDNAs including 8 URFs
were compared in pairs by the method described
previously [11]. Marked homologies have been
observed between pairs of three URFs: URF2,
URF4 and URFS5. Fig.1 demonstrates the presence
of homologies between (a) URF4 and URFS
products and (b) URF4 and URF2 products. In
both cases long diagonal lines representing the
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extensive homologies have been detected. Similar Fig.l. Homology matrix comparisons of amino acid
homology was also observed when URF2 and sequence of mouse mtDNA URF4 product (ordinate)
URFS5 products were compared. On the basis of with those of (a) URF5 and (b) URF2 products
the homology matrices, the amino acid sequences (abscissa). Each diagonal line indicates a segment of 30
were aligned for each of the URF pairs (fig.2). The residues long which shows homology with a probability

of occurrence of 1.3 x 1073,
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Fig.2. Alignments of amino acid sequences between (a) URF4 and URFS products and (b) URF4 and URF2 products.

Aligned regions: (a) amino acid positions 102—417 and 125-433 of URF4 and URFS, respectively, and (b) 119-301 and

30-194 of URF4 and URF2, respectively. For each of the URF products, positions that are invariant among human,

bovine, mouse and Drosophila were shown by » above and below the alignments. Identical amino acids between
different URFs were boxed. Gaps (—) were introduced to increase sequence similarity.
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URF4 product shares 24% homologies with both
the URF5 and URF2 products (gaps were counted
as substitutions regardless of their length).

The statistical test shows that the observed
homologies are highly significant; the probabilities
that such sequence homologies are realized by
chance are 6.6 x 10~7 and 1.0 x 10~ for the pairs
(a) URF4/URFS5 and (b) URF4/URF2, respective-
ly. In addition, each of the three URF products
was analysed by a computer program that provides
a moving average of homology along the length of
the sequence [13]. Their profiles closely resembled
each other. Hydropathy profiles [14] are also
similar for the three URF products. These results
strongly suggest that the three URFs evolved from
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Fig.3. Alignments of the URF2, URF4 and URFS5
products. Only regions that are conserved between
different URFs (the positions were shown in
parentheses) were aligned. (1) Human, (2) bovine, (3)
mouse and (4) Drosophila. Positions that are occupied
by identical or chemically similar amino acids [11}
between different URFs were boxed for most common
amino acids. (e, ©), Positions that are occupied by
identical and chemically similar amino acids among all
the sequences, respectively. Gaps {(—) were inserted to
increase sequence similarity.
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a single ancestral gene by a series of gene duplica-
tions, followed by deletions and/or insertions of
DNA pieces coding for non-homologous segments.
The URF2, 4 and 5 products have homology in
common. They were each aligned to three mam-
malian and Drosophila sequences (fig.3). A highly
conserved stretch of amino acids was found in the
C-terminal portion of alignment (c) of fig.3 (posi-
tions 23—28). Such highly conserved sequences
might carry an important function which is com-
mon among the three URF products. Similar se-
quences were found in URF1 products of mam-
mals (positions 102—-107 of mouse). Drosophila
and A. nidulans. We do not know whether this se-
quence similarity is a result of divergent evolution
or convergent evolution due to similar function.
Although the URF2, 4 and 5 differ in size, the
homologous region may aggregate to form a
subunit structure in a pseudosymmetric fashion.
On the basis of the alignments shown in fig.3
and including further homologous sequences from
T. brucei, L. tarentolae and A. nidulans, a
phylogenetic tree representing evolutionary rela-
tionships among the URF2, URF4 and URFS5 was
constructed by a modified matrix method [15]. Ac-
cording to the inferred tree topology, a series of
gene duplications that generated three different
genes had occurred before the times of separation
of animal/protozoa and animal/fungus. It is
highly likely that this set of URFs is present in
fungal and protozoa mtDNAs, although some of
them have not yet been identified. It may be in-
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Fig.4. Phylogenetic tree representing evolutionary
relationships among the URF2, URF4 and URFS5. ()
Gene duplication is expected to have occurred.
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teresting to know whether or not the homologous
sequences exist in prokaryotic genomes. If so, the
gene duplications may be considered to have
occurred at very remote times before the
endosymbiosis.
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