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SUMMARY: Hypothetical protein URFe of Aspergillus nidulans mitochondrion is 
homologous with the amino end of cytochrome oxidase (EC 1.9.3.1) polypeptide 
I. Unidentified reading frame URFe does not contain a suitable initiation 
codon and codes for a protein with a length of only 91 residues, corresponding 
to about 20% of cytochrome oxidase polypeptide I. It is proposed that this 
region codes for the second exon of the coxl gene of Aspergillus mitochon- 
drion. Possible candidates for the 2- to 3-residue amino-terminal exon I are 
discussed. 

Netzker et al. (I) have reported the nucleotide sequence of about 44% of 

the Aspergillus nidulans mitochondrial genome. This region contains the genes 

for ATPase (EC 3.6.1.3) subunit 6, cytochrome oxidase (EC 1.9.3.1) polypeptide 

III, and four tRNAs, as well as seven unidentified reading frames (URFs). 

Comparison of the peptides translated from these coding regions with other 

sequences in our Protein Sequence Database (2,3) indicated that the sequence 

coded by URFe was similar to the amino end of cytochrome oxidase polypeptide 

I. URFe occurs within a 1-kilobase region between the His tRNA gene and the 3' 

end of the sequence reported by Netzker et al. (I). No known genes occur 

within this region. 

Program ALIGN (3) was used to evaluate the statistical significance of the 

relationship between hypothetical protein URFe and the amino end of baker's 

yeast (Saccharomyces cerevisiae) cytochrome oxidase polypeptide I. The com- 

parison of these two peptides obtained an ALIGN score greater than 21SD; the 

probability of obtaining an ALIGN score of 10 SD units or greater by chance 

alone is less than 10 -23 . Figure I shows an alignment of the Aspergillus 

sequence with the amino ends of cytochrome oxidase polypeptides I from yeast, 
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Figure ]. Alignment of hypothetical protein URFe from Aspergillus nidulans 
mitochondrion (I) with the amino end of cytochrome oxidase polypeptide I from 
baker's yeast (4), human (8), bovine (9), mouse (I0), and fruit fly (11) 
mitochondria. The codons corresponding to the residues in the yeast sequence 
that are enclosed by boxes are split by the first two introns of the yeast 
oxi3 gene; the amino acids directly above the boxes are those assigned by 
Bonitz et al. (4). The position of the third intron in the yeast sequence is 
indicated by the arrow. 

human, bovine, mouse, and fruit fly mitochondria. Strong similarity can be 

seen between the Aspergillus sequence and all of the known sequences of 

cytochrome oxidase polypeptide I. 

The oxi3 (cytochrome oxidmse polypeptide I) gene of yeast contains seven 

introns (4), three of which occur within the region homologous with URFe. 

Figure 2 shows an alignment of the 5' end of the oxi3 gone and URFe. The 

introns have been removed from the yeast sequence; their positions are 

indicated by diagonal lines in the figure. The nucleotide sequences have been 

highly conserved; the regions beginning at about the third codon of the yeast 

protein and ending 90 codons later, near a pair of TAA termination codons in 

the Aspergillus sequence, are only 27% different. The amino end of the 
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URFe .-- j  

Figure 2. Alignment of the oxi3 gene coding region of baker's yeast 

mitochondrion (4) and the homologous region from Aspergillus nidulans 

mitochondrion (I). The yeast sequence is shown on top. The positions of the 

three introns in the yeast sequence (residues 170-2617, 2654-5168, and 

5207-6720) are denoted by diagonal lines. The coding region of the yeast oxi3 

gene and the proposed coding region for exon 2 of the Aspergillus eoxl gene 

are indicated by uppercase letters; protein sequences are indicated above and 

below the coding regions. The original numbering systems of the authors are 

s h o w n .  

Aspergillus sequence is difficult to identify; there is no formylmethionine 

codon in the region corresponding to the ~nino end of the yeast sequence. The 

first formylmethionine codon occurs at the 20th codon; this codon corresponds 

to the 5' end of URFe as defined by Netzker et al. (1). The open reading frame 

actually begins about 40 codons before the first codon shown in Figure 2, and 

there is no formylmethionine codon in this entire region. Furthermore, the two 

TAA codons in the Aspergillus sequence truncate the protein at 91 residues, 

far short of the 512-514 residues of cytochrome oxidase polypeptide I. 

There is little doubt that URFe is homologous with the 5' end of the yeast 

oxi3 gene. Without direct experimental confirmation, however, it cannot be 

demonstrated that URFe is a portion of the functional coxl (cytochrome oxidase 

polypeptide I) gene of Aspergillus. Let us ass~ne that URFe is a fragment of 

the coxl gene; then the simplest interpretation is that URFe corresponds to 
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Figure 3. DOTMATRIX (5) comparison of the nucleotide sequence of the region 
surrounding URFe (I) with the 5' end of the coding region of the yeast oxi3 
gene (4). Segments of length 75 were compared using a unitary nucleic acid 
scoring matrix and a minimum scoring value of 38; this corresponds to about 
50% identity. The original numbering systems of the authors are shown. 

A-T rich 

Exon 1 

Exon 2 
Exon 3 

Exon 4 

the second exon of this gene. Although introns are not present in animal 

mitochondrial genes, they are observed in the mitochondria of fungi and 

plants. The genes for apocytochrome b and 21S rRNA of Aspergillus both contain 

introns. 

A DOTMATRIX comparison (5) of the nucleotide sequence surrounding URFe and 

the 5' end of the coding region of the yeast oxi3 gene is shown in Figure 3. 

Sequence similarity is indicated by diagonal lines in the plot. The longest 

diagonal corresponds to the regions of observed sequence similarity between 

URFe and the yeast oxi3 gene. This diagonal line ends in the vicinity of the 

two TAA termination codons in the Aspergillus sequence, indicating that the 

similarity does not extend beyond these positions. Thus, the third exon of 

coxl is probably not contained in the region sequenced by Netzker et al. (I). 

7 8 9  
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As shown in Figure 3, the region immediately preceding the oxi3 gene 

contains segments that are similar to segments in the regions 5' and 3' to 

URFe. The region preceding the oxi3 gene is AT-rich (95.3% A + T). Although 

both the yeast and the Aspergillus mitochondrial genomes have a high A + T 

content (the region reported by Netzker et al. [I] contains 74% A + T), the 

intervening regions show enhanced A + T content relative to the coding regions 

(6). The regions immediately preceding and following URFe contain 81.3% and 

84.0% A + T whereas URFe contains 70.6% A + T. Thus, the assignment of these 

two regions as introns is in accord with observed nucleotide frequencies. The 

relatively high A + T contents account for the similarity observed between 

these regions and the region preceding the yeast gene. 

Assuming URFe corresponds to exon 2 of the coxl gene, it is of interest to 

define precisely the boundaries of this exon. Based on the nucleotide 

sequences of introns found in cytoplasmic genes, two consensus sequences have 

been proposed to define the 5' and 3' intron junctions (7). Figure 4 shows the 

boundaries of the seven introns of the yeast mitochondrial oxi3 eerie. It can 

readily be seen from this figure that only the junctions of introns I and 2 

show any similarity to the consensus sequences defined by the cytoplasmic 

genes. Thus, the consensus sequences cennot be used to locate the 

mitochondrial intron junctions. 

It should be noted that the boundaries shown in Figure 4 for introns I, 2, 

and 5 differ from those assigned by Bonitz et al. (4). The introns given by 

these authors are indicated by lowercase letters in the figure. Comparison of 

the yeast sequence with the corresponding protein sequences of human, bovine, 

mouse, and fruit fly mitochondria indicated that the junctions should be 

modified. Intron I occurs at position 58 in Figure I. The assignment of Bonitz 

et al. (4) results in a gap in the protein sequence at this position. Because 

all of the corresponding sequences have Val at position 58, it is more likely 

that the intron occurs between nucleotides 169 and 2618, yielding the codon 

GTT for Val at this position in the yeast sequence. It is of interest that 

these newly defined boundaries, TGIGTGCG and CTATTTCAT[TT, are in reasonably 
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mIntron I 170-2617 

IIntron 2 2654-5168 

Intron 3 5207-6720 

Intron 4 7198-8207 

*Intron 5 8620-9506 

Intron 6 9809-9829 

Intron 7 9860-9904 

Consensus Intron 
Junctions 

Intron Junctions of the Yeast oxi3 Gene 

F N V L V 
~'fT AAT g gtgegcctctc ...... gctatttcat tt TTA GTA 

I F F L V 
ATT 1"fC T GTgcgccgttt ...... gctactctaC TC TTA GTA 

F G N Y L L 
TTT GGT AAC caaaaaagata ...... taaaatgaac TAT TTA TTA 

F F G H P E 
TTC TTT GGT caaacagtggc ...... atataacaag CAC CCT GAA 

H F H Y V 
CAT ~'fT c gagcggtctga ...... ctatcgggaT AC TAT GTA 

L V N N K S 
TTA GTT /[AT ggattaaataa taaagttaat AAT AAA TCA 

K A P S S S 
AAA GCA CCC gattttgtaga ...... tacagttaaa TCT TCA TCT 

AG gtrag ynyyyncag 

Proposed Intron Junctions of the Aspergillus coxl Gene 

M Y S E R 

Intron I 13547-13717 ATG TAT AG catacgtaaag ...... cagaatgaca A GAA AGA 

M Y S E R W 

Intron 1 13548-13718 ATG TAT AGC atacgtaaagt ...... agaatgacaa GAA AGA TGA 

D M A 
Intron 2 13992- GAT ATG GCA aaataataagt... 

Figure 4. The intron junct ions o f  the yeast oxi3 gene (4) and the proposed 
intron junct ions o f  the Aspergil lus coxl gene ( I ) .  The junct ions o f  the yeast 
introns marked by asterisks d i f f e r  from those assigned by Bonitz et a l .  (4) ;  
the introns specif ied by these authors are shown in lowercase. Two a l te rna t i ve  
junctions are shown for intron I of  the coxl gene. The or ig ina l  numbering 
systems of the authors are shown. The consensus intron junction sequences are 
those defined by Sharp (7). R = A or G; Y = C or T; N = A, C, G, or T. 

good agreement with the consensus intron sequences. Intron 2 occurs at 

position 70 in the alignment shown in Figure I. The assignment indicated in 

Figure 4 produces Phe at this position rather than Cys-Thr as proposed by 

Bonitz et al. (4). All of the other corresponding sequences, including the one 

from Aspergillus, have Phe at this position. Moreover, the region surrounding 

this residue is highly conserved; the three preceding residues are absolutely 

conserved and, with the exception of the Leu at position 71 of the yeast 

sequence, the following four residues are absolutely conserved. This 

assignment makes the boundaries of this intron also more closely resemble the 

consensus intron sequences. The boundaries for intron 5 indicated in Figure 4 
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produce a CAC codon for His rather than a TAC eodon for Tyr as defined by 

Bonitz et al. (4). All other sequences have His at this position, which occurs 

within a stretch of 10 absolutely conserved residues (data not shown). The 

junctions of introns 3 and 4 would more closely resemble the consensus intron 

sequences if they were shifted. However, both of these introns occur in 

conserved regions of the sequence and altering the boundaries would result in 

protein dissimilarities at these positions. Thus, the consensus intron 

sequences alone do not provide a good indication of the mitochondrial intron 

boundaries. 

The proposed coding region for exon 2 of the Aspergillus coxl gene is 

indicated in uppercase in Figure 2. The last four amino acids coded by this 

region, Pro-Asp-Met-Ala, are conserved in the sequences from human, bovine, 

mouse, and fruit fly. The yeast sequence differs at two of these positions. 

The next codon of the Aspergillus sequence codes for Lys, followed by the two 

termination codons; all other sequences have Phe-Pro-Arg at the corresponding 

positions. Furthermore, as indicated in Figure 2, the nucleotide sequences of 

the Aspergillus and yeast genes become highly dissimilar beginning at the 

Aspergillus AAA codon for Lys. Thus, it is likely that exon 2 ends at the GCA 

codon at nucleotides 13989-13991. 

As indicated in Figure I, exon 1 of the coxl gene is expected to code for 

a peptide of two or three amino acids. There are six ATG codons in the region 

between the 3' end of the coding region for His tRNA and the proposed coding 

region for exon 2 of the coxl gene; they are shown in Figure 5. Because of the 

small size of exon I, none of these six possible candidates can be completely 

ruled out. Two of the ATG codons are immediately followed by TAA termination 

codons, and one is followed by a codon for Tyr, which is immediately followed 

by a TAG termination codon. The ATG codon at 13712 is only eight residues 

before URFe and thus would require a translational frameshift or an 

unreasonably small intron in order to serve as the amino end of the coxl gene. 

The best candidate for exon 1 is the segment beginning at nucleotide 13539; 

this segment codes for the peptide Met-Tyr-Ser, which aligns very well with 
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M • 

13441-13446 ATG TAA 

M Y S I R K V C Y • 
13539-13568 ATG TAT AGC ATA CGT AAA GTA TGT TAT TAA 

M L L M • 

13559-13573 ATG ~A TTA ATG TAA 

M * 

13568-13573 ATG TAA 

M Y • 
13618-13626 ATG TAT TAG 

M T r k m i f i i k c • 
13712-13747 ATG ACA Aga amg atg ata ttt atc atc aaa tgc taa 

E R W Y L S S N A K 

Figure 5. Possible coding regions for exon I of the Aspergillus coxl gene. All 
ATG codons within the region from the end of the His tRNA coding region 
(nucleotide 13428) to the proposed 5' end of e×on 2 (nucleotide 13719) are 
shown. The segment from 13712-13747 contains the 5' end of e×on 2, which is 
shown in lowercase; its translation is shown below the nucleotide sequence. 

the amino end of the proteins shown in Figure I. Tyr-2 aligns with Phe-2 of 

the mammalian mitochondrial sequences; a mutation from Tyr to Phe requires 

only one base change, and Tyr has empirically been found to replace Phe quite 

frequently (3). Set-3 would align with Ser-3 of the fruit fly sequence. The 

proposed sequence of exon I and the intron junctions are shown in Figure 4. 

There are two alternate pairs of intron junctions that produce the same 

sequence at the amino end of the coxl protein. Neither of these alternate 

junctions is similar to the consensus intron junction (7) and both are equally 

good candidates.  

NOTE: In the final preparation of this manuscript it came to our attention 

that F. Michel and B. Dujon (EMBO J. 2, 33-38, 1983) have also found it 
necessary to redefine the intron junctions of introns I, 2, and 5 of the yeast 
oxi3 gene. Their redefinition was based upon compliance with secondary 
structure models for group II introns. They reported new junctions for the 5' 
and 3' ends of introns I and 2 and for the 3' end of intron 5. These junctions 

are identical with the junctions that we have proposed. 
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