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A 2830-bp segment of the mitochondrial genome of the
fungus Aspergillus nidulans was sequenced and shown to
contain two unidentified reading frames (URFs). These
reading frames are 352 and 488 codons in length, and would
specify unmodified proteins of mol. wts. 39 000 and 54 000,
respectively. The derived amino acid sequences indicate that
these genes are equivalent to the human mitochondrial URFs
1 and 4, with 39% amino acid homology for URF1 and 26%
for URF4. Both URFs were shown by secondary structure
predictions to code for predominantly 3-sheeted proteins with
strong structural conservation between the fungal and human
homologues. Counterparts of mammalian URFs have not
previously been identified in non-mammalian genomes, and
the discovery that A. nidulans possesses reading frames so
closely homologous with URF1 and URF4 shows that these
genes are of general functional importance in the mitochon-
dria of diverse species.
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Introduction

Before the advent of DNA sequencing the study of the
mitochondrial genome was in general limited to genetic
analysis of lower organisms, in particular Saccharomyces
cerevisiae. Six, possibly seven, protein-coding genes had been
located on the yeast map, with the genome saturated with
genetic loci to such an extent that it was thought unlikely that
any additional structural genes were present (Tzagoloff et al.,
1979). However, the complete human mitochondrial DNA
sequence (Anderson et al., 1981) revealed a total of 13 possi-
ble protein-coding genes. Five of these were counterparts of
known yeast genes, leaving eight unidentified reading frames
(URFs), each transcribed into RNA products (Montoya et al.,
1981; Ojala et al., 1981), and each capable of coding for a
substantial polypeptide. The sequences of mouse (Bibb ez al.,
1981) and bovine (Anderson et al., 1982) mitochondrial
genomes also proved to possess reading frames homologous
to the human URFs, indicating that these genes are standard
features of the mammalian mitochondrial genome.

By 1981 considerable parts of the DNA of the S. cerevisiae
mitochondrial genome had been sequenced, and it was clear
that no counterparts of the human URFs were present in the
regions completed at that stage. Although limited regions of
the yeast genome still remain uncharacterised, the failure of
further studies to locate reading frames equivalent to mam-
malian URFs raises the possibility that these genes are not
present in yeast mitochondrial DNA. This absence could be

*To whom reprint requests should be sent.

© IRL Press Limited, Oxford, England.

explained in one of two ways. The first possibility is that
homologues of the human URFs are nuclearly-encoded in
yeast, with translation products transported into mitochon-
dria after synthesis. The alternative to nuclear URFs is that
these genes are not universal and are only found in mammals.

Apart from the three mammalian genomes, the most com-
pletely sequenced mitochondrial DNA is that of the ascomy-
cete Aspergillus nidulans. During the last 3 years two
laboratories, ours and that of H. Kiintzel, have sequenced
~27 kb of this 32.5-kb circular molecule, and an accurate
map of the genome can now be drawn (Figure 1). Of the eight
URFs found so far, two display clear sequence homology
with human URFs (Davies et al., 1982). These reading
frames, located on the A. nidulans map downstream of the
apocytochrome b gene (cobA), are unmistakably the counter-
parts of URF1 and URF4, and are therefore the first ex-
amples of homologues of mammalian mitochondrial URF
genes.

The discovery of URF1 and URF4 in the mitochondrial
genome of A. nidulans shows that these genes are important
in the mitochondria of widely divergent species, and
facilitates the characterisation of the URF gene products, us-
ing the nuclear and the mitochondrial genetics systems that
have been developed with this organism (Waring and Scaz-
zocchio, 1982). Complete sequence characterisation of the
genes is an essential preliminary to such an analysis. Here we
present the DNA sequence of the region of the A. nidulans
genome that contains URF1 and URF4, and provide a com-
parison of the fungal and human URF gene products at the
levels of primary amino acid sequence and polypeptide secon-
dary structure.

Whilst this paper was in preparation two reports emphasis-
ed further the general importance of URFI1. Firstly,
hybridisation experiments with A. nidulans probes have
located URF1 in the mitochondrial genomes of tobacco and
maize (Waring et al., in preparation). Secondly, the start of a
gene homologous to URF1 is present in a recently published
sequence of Drosophila melanogaster mitochondrial DNA
(Clary et al., 1982).

Results

Codon usage in URFI and URF4 is typical of the exon
regions of A. nidulans mitochondrial genes

The strategy used to sequence URF1 and URF4 is describ-
ed in the legend to Figure 2, and the complete sequence of this
region is presented in Figure 3. The complete sequence con-
firms previous identifications of URF1 and URF4 based on
partial sequence data (Davies et al., 1982; Netzker et al.,
1982).

The URF1 and URF4 reading frames are of 352 and 488
codons, and would be translated into unmodified proteins of
mol. wts. 39 000 and 54 000, respectively. All five other
possible reading frames are multiply closed in each gene (see
legend to Figure 3).

The pattern of codon usage in URF1 and URF4 is similar
to that observed for exon regions of other mitochondrial
genes in the A. nidulans genome (Waring et al., 1981; Net-
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Fig. 1. Genetic organisation of the A. nidulans mitochondrial genome. The circular genome is drawn as a linear map with the positions of five protein-coding
genes, eight URFs, 23 tRNAs and two rRNA genes marked. The URFs exclude reading frames present in the introns of oxiA and cobA which, although
unidentified, are believed to code for maturases (Waring ef al., 1982 and in preparation). Complete nucleotide sequence data exists for all but the dotted por-
tion of the genome (Kochel and Kiintzel, 1981; Kochel et al., 1981; Waring e al., 1981, 1982; Grisi ef al., 1982; Netzkeret al., 1982; Waring et al., in
preparation; this paper plus unpublished data). In previous papers the URF nomenclature has been confused: we propose to retain the names ‘URF1’ and
‘URF#’ for those reading frames equivalent to mammalian URFs, and to specify reading frames unique to A. nidulans by URF Al, URF A2, etc. An am-
biguity exists with ‘URFx’ which possesses limited homology to the mammalian reading frame URF A6L (Grisi ef al., 1982; Netzker et al., 1982). Abbrevia-
tions: STRNA, 16S rRNA; LrRNA, 23S rRNA; oxiA, B and C, cytochrome oxidase subunits 1, 2 and 3; cobA, apocytochrome b; oliA, ATPase subunit 6.
The tRNA genes are indicated by letters: A, tRNAYT; B, upstream cluster (tRNAs for lys, glyb2, asp, serb?, trp, ile and pro); C, downstream cluster (thr, glu,
val, meth%3, leub?, ala, phe, gln); D, tRNAPMS; E, tRNA®"; F, tRNAYS; G, tRNA¥2 and tRNA®", The LrRNA, oxiA and cobA introns are shown as open

areas within these genes.
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Fig. 2. Sequencing strategy for the region containing URF1 and URF4. URF1 was located from 5’-terminal sequences of three M13mp6 clones of total
mitochondrial DNA double-digested with Bglll and Bc/l. The positions of these sequences, which showed clear homology with human URF1 (Anderson et
al., 1981), are shown by the arrows labelled 1. at the tails. Additional sequencing of subclones derived from pBR322-Bg/lI fragment 3 clone provided more of
the URF1 gene and also revealed that this gene is immediately followed by URF4 on the genome map. Arrows representing these subclones are labelled as
follows: 2. Sau3A subclones; 3. Alul subclones; 4. Tagl subclones. The sequence was completed by preparing three restriction fragments for use as internal
primers onto the relevant Bg/lI-Bc/l clone. Sequences obtained with these primers are shown by arrows labelled: S. 42-bp A/ul fragment; 6. 27-bp Alul frag-
ment; 7. 48-bp Pvull-Sau3A fragment. All sequences were read in the direction of the arrows. Restriction sites: A, Alul; B, Bcll; H, Hindlll; P, Pvull; S,

Sau3A; T, Tagql.

zker et al., 1982) with a strong bias towards codons ending in
A or U, rather than G or C. This pattern differs from the
codon usage employed by the reading frames present in the
introns of the genes for apocytochrome b (Waring ef al.,
1982) and cytochrome oxidase subunit 1 (Waring ef al., in
preparation) and indicates that URF1 and URF4 are typical
protein-coding genes.

The derived amino acid sequences reveal homology between
Sfungal and mammalian URFs

Designation of the two reading frames as URF1 and URF4
is justified by comparison of the predicted amino acid se-
quence of the A. nidulans gene products with the human
counterparts. Alignments between the A. nidulans and
human gene products, using the minimum number of se-
quence discontinuities that are consistent with obvious
regional conservation, result in amino acid homologies of
39% for URF1 and 26% for URF4. Those residues that are
conserved between the two species are marked by asterisks in
Figure 3. The values for the URFs are comparable with the
degree of amino acid conservation between known protein-
coding genes in the fungal and human genomes, examples be-
ing 51% for apocytochrome b (Waring et al., 1982), 49% for
cytochrome oxidase subunit 3 (Netzker et al., 1982) and 32%
for ATPase subunit 6 (Grisi ef al., 1982). A higher level of
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amino acid conservation is detectable when the A. nidulans
URFs are compared with the equivalent reading frames from
the bovine (Anderson et al., 1982) and mouse (Bibb et al.,
1981) genomes (Figure 4). Figures of 46% for URF1 and 32%
for URF4 are obtained when a conserved residue is defined as
one present in A. nidulans and at least one of the mammalian
species.

Although the alignment used to compare the URF gene
products from different species requires very few discontinui-
ties, there are regions where gaps occur in one or other se-
quence. In particular, the region of URF1 bounded by the
conserved peptides FLG and KT, and underlined in Figure 3,
includes 42 codons in the A. nidulans sequence but only 17 in
the mammalian genes. There is no recognisable homology
between A. nidulans and the human genes in this region
which is also variable amongst the mammalian URFs, with
only six out of 17 residues conserved between the human,
mouse and bovine genes (Figure 4), giving a homology of
35% for this segment compared with 78% when the entire
mammalian URF1 sequences are considered. The nucleotide
sequence of the fungal gene in this region has an AT content
of 86%, significantly greater than elsewhere in either URF1
and URF4. Indeed, it is quite unusual to find a sequence of
126 nucleotides with such a high AT content within the
coding regions of A. nidulans mitochondrial DNA, a high




Fig. 3().

A. nidulans mitochondrial URFs
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Fig. 3(i).
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A. nidulans mitochondrial URFs
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Fig. 3. The sequence is that of the non-transcribed (sense) strand of Bg/II fragment 3 from a Tagl site upstream of the URFI initiation codon to the URF4
termination codon. The amino acid sequences of URF1 and URF4 are indicated by the one-letter code (IUB-IUPAC, 1969), with those residues conserved
between A. nidulans and H. sapiens marked by asterisks. There are no alternative reading frames to the two shown: URFI contains 55 and 17 stop codons in
the other two direct phases, and 61, 8 and 30 stop codons in the three inverse phases, while URF4 is closed 31 and 74 times in the direct phases and 73, 18
and 48 times in the inverse phases. The 42 codon segment of URF]I that displays no amino acid conservation with the human URF]1 is underlined (see text).

AT content being more characteristic of the spacer regions
between genes and the region of the LrRNA gene identified as
a ‘mini-insert’ (Netzker ef al., 1982). Although an open
reading frame through the whole of this region is evidence
against the segment being removed during transcript process-
ing, there are certain similarities between this 126-bp sequence
and introns present in the A. nidulans genes for
apocytochrome b (Waring et al., 1982) and cytochrome ox-

idase subunit 1 (Waring et dl., in preparation). In particular,
the consensus sequence for an upstream splice point in these
introns is GGTINNN, the arrow indicating the cut site,
(Davies et al., in preparation) which suggests that a putative
intron in A. nidulans URF1 could be spliced either between
nucleotides 806 and 807 (GGT!GGT) or between 809 and 810
(GGTITAT). These possible splice sites coincide exactly with
the breakdown point for homology between the A. nidulans
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Fig. 4. Comparison between the derived amino acid sequences of URF1 and URF4 from the A. nidulans, human (Anderson et al., 1981), bovine (Anderson
et al., 1982) and mouse (Bibb et al., 1981) mitochondrial genomes. The sequences are written in the one-letter code (ITUB-IUPAC, 1969). Asterisks indicate
conserved residues, with homology determined on two levels. The upper row of asterisks marks those amino acids of the A. nidulans sequence that are pre-
sent in the same position in at least one of the three mammalian species. The lower row of asterisks shows those residues that are conserved between all four
species. The partial sequence of Drosophila melanogaster URF1 (Clary et al., 1982) is also shown, with asterisks marking residues conserved in all five
translation products. The last 13 amino acids of A. nidulans URF4 are compared with the extended mammalian polypeptides (see text).
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Fig. 5. Secondary structure predictions for the URF1 and URF4 gene products. Using the Chou and Fasman method, possible a-helix and 3-strand regions
were identified and the published guidelines used to predict which structures are likely to nucleate and to determine the probable boundary points. Helices are
shown as dotted lines and B-strands as unbroken lines. The Robson method was used to calculate the probability of each residue participating in each of three
different conformations. The figure indicates those regions with a high probability (unbiased information content > 100 centinats) of forming either helices
(dotted lines), extended chains (roughly equivalent to -strands, shown by unbroken lines) and turns (open boxes). Exact predictions of the most probable
conformation in each region were not made using the Robson technique because of the difficulty in choosing the correct decision constant without physical
information about the proteins. Several regions are therefore shown as possessing high probability values for more than one conformation. The high overall
B-structure of URF1 and URF4 suggests that, were a decision constant used, the amount of a-helix predicted would be less than that shown in the figure.
Abbreviations: H, helix; E, extended chain; T, turn; A.n., A. nidulans; H.s., H. sapiens.

and mammalian products.

Primary nucleotide sequence conservation between the
fungal and human genes is of the same order as the amino
acid homology (41% for URF1, 36% for URF4). However,
very few triplet codons are conserved in every nucleotide. In
URF1 only 26 out of the 352 amino acids (7.4%) are coded by
precisely the same triplet in both the A. nidulans and human
genes; the equivalent figures for URF4 are 29 precisely con-
served codons out of 488 (5.9%). To compensate there are
136 silent base pair changes in URF1 and 122 in URF4.

Further points concerning the URF primary sequences are
worth noting. Firstly, of the nine possible protein-coding
genes and three intron maturase reading frames thus far se-
quenced in the A. nidulans mitochondrial genome, only
URF1 uses UAG as the termination codon. Although several
human mitochondrial genes terminate with UAG (Anderson
et al., 1982), this codon is not found in either mouse (Bibb et
al., 1981) or bovine (Anderson et al., 1982) genomes, and has
not yet been encountered in yeast (Bonitz et al., 1980).

A second point concerns the mammalian gene URF4L, a
97 or 98 codon reading frame that forms a short, out-of-
phase overlap with the 5’ end of URF4 in the human, mouse
and bovine genomes. RNA transcript mapping has indicated
that URF4L is transcribed with URF4 into one polycistronic
message (Montoya et al., 1981; Ojala ef al., 1981), and it has

been speculated that the two reading frames are spliced
together prior to translation (Anderson et al., 1981), although
there is evidence that human mitochondria contain a mito-
chondrially-encoded protein of approximately the size ex-
pected for the unprocessed URF4L gene product (Bhat ef al.,
1982). We have no evidence of URF4L in the A. nidulans
mitochondrial genome. There is no reading frame upstream
of URF4 that could be equivalent to the mammalian URF4L,
neither does any part of the A. nidulans URF4 gene show
recognisable homology with this reading frame. Although it
is possible that URF4L is present in the small region of the
A. nidulans genome yet to be characterised, it seems highly
unlikely that URF4 itself undergoes any major rearrange-
ment, or is joined to any additional reading frame, during
processing in A. nidulans.

The final point concerns the 3'-terminal region of URF4.
In mammals the possibility exists that extended polypeptides
could be translated by read-through into adjacent down-
stream genes prior to completion of processing. Comparisons
between the bovine and human sequences (Anderson et al.,
1982) have revealed that in the case of URF4, read-through
into the histidine tRNA gene would result in a polypeptide 15
amino acids longer than the product of the mature poly-
adenylated message. The additional amino acids would be
highly conserved between the two species, evidence that such
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an extended translation product may in fact be synthesized.
The A. nidulans URF4 gene product is 13 amino acids longer
than the non-extended mammalian URF, and two con-
tinguous amino acids are conserved when the extended mam-
malian URF products are compared with the A. nidulans se-
quence (Figure 4). The fungal URF could possibly be more
equivalent to this extended read-through product of the mam-
malian URF4 genes than to the product of the processed
mammalian message.

Conservation of secondary structures between fungal and
human URFs

Secondary structure characterisation, following the system
of Chou and Fasman (1978), indicates that both URF1 and
URF4 are predominantly 3-sheet proteins with only limited
helical regions. Twenty-one individual 3-strands and only 13
helices are predicted for A. nidulans URF1 and 20 3-strands
plus four helices for URF4 (Figure 5). Analyses by the
method developed by B. Robson and collaborators (Garnier
et al., 1978) are in broad agreement, with large regions of
each URF predicted as possessing a high probability for
forming extended chains with rather fewer likely helical struc-
tures (Figure 5). Comparisons between the predicted secon-
dary structures of the fungal and human URFs reveals that,
despite the differences between the primary sequences, the
conformation of the gene products are highly similar. The
predictions of Chou and Fasman show that five S-structures
are precisely conserved in URFI, and another 10 §3-strands
and two helices are present in closely equivalent positions.
Similarly, in URF4, one «-helix and three 3-strands are exact-
ly conserved between the fungal and human URFs, with an
additional 13 strands and one helix occupying equivalent
positions on the polypeptide chains. Moreover, most struc-
tures predicted by the Robson technique as possessing a high
probability in the fungal URF coincide in position with
similar predicted structures in the human products.

The Robson predictions indicate that some turns may be
conserved between the fungal and human URFs. Although
the data represent probabilities and not definite structures, of
the seven turns that are predicted in A. nidulans URF1, six
are at equivalent positions to predicted turns in the human
gene product. Similarly, in URF4, three out of the nine ap-
pear to be conserved.

In several cases a strong secondary structure prediction is
associated with close conservation of amino acid sequence
between the A. nidulans, human, bovine and mouse gene
products. For example, the best-conserved region of URF1, a
negatively-charged stretch of 25 amino acids (AET....SGF)
coincides with a strong o«-helix predicted by both Chou-
Fasman and Robson methods. Similarly, the conserved se-
quences KAHVE and LIAYSSVSH in URF4 could also form
strong helices. The implication that these helical regions are
involved in important functional activities cannot be tested at
present.

In several stretches of both URF1 and URF4 the predicted
conformation of the A. nidulans and Homo sapiens products
are similar even though the sequence homology is relatively
low. An example is the region of URF1 between amino acids
150 and 195 (Figure 5) where the amino acid homology is
35%, somewhat less than the overall figure for the gene.

The intergenic region
The genes of URF1 and URF4 are separated in the
A. nidulans genome by a 247-bp spacer region in which the
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AT content rises to 89%, compared with values of 75% for
URF1 and 76% for URF4. The nucleotide sequence of the
spacer region is such that base pairing within a single strand
could produce a series of loop structures one of which is
similar in shape, though not sequence, to a base paired loop
present in a region shown to contain a replication origin in the
A. amstelodami mitochondrial genome (Lazarus and Kunt-
zel, 1981). An alternative to replication origins is that one or
other of the possible loops function as transcription recogni-
tion signals involved in processing of the URF genes. A full
analysis of these intergenic loop structures awaits completion
of the genome sequence.

Discussion

At least eight unidentified reading frames are present in the
A. nidulans mitochondrial genome. Six of these are not
homologous with any of the human URFs and have, as yet,
no known counterparts in other lower organisms. These six
genes are: URF Al, a 228-residue reading frame located bet-
ween the 16S rRNA and the structural gene for cytochrome
oxidase subunit 3 (Netzker et al., 1982); the short (27
residues), highly polar URF A2, positioned upstream of the
histidine tRNA (Netzker et al., 1982); three reading frames
clustered together upstream of the cobA locus (unpublished
data); and the 48 codon URFx immediately upstream of the
gene for ATPase subunit 6 (Grisi et al., 1982). In contrast, the
two additional unidentified reading frames in A. nidulans
display clear homology with human URFs. The equivalence
of these genes with the human URFs 1 and 4 is apparent from
the derived primary amino acid sequences and is further em-
phasised by protein secondary structure comparisons. Predic-
tions using both the Chou-Fasman and Robson techniques
suggest that, within both URF1 and URF4, long stretches of
the gene product sequences are strongly conserved at the
secondary structure level, with recognisable similarities at
most other points in the chains. This structural homology is
important as it is a clear indication that functional translation
products of URF1 and URF4 are synthesised in fungal and
mammalian mitochondria.

When the human mitochondrial DNA sequence was pub-
lished (Anderson et al., 1981) it seemed probable that the
URFs were exclusively mammalian genes with no counter-
parts in lower organisms. These opinions have to be modified
now that homologues of URF1 and URF4 have been dis-
covered in a fungal mitochondrial genome. The presence of
these genes in such unrelated species as A. nidulans and
H. sapiens is a clear indication that at least URF1 and URF4
are of general functional importance and are likely to be
found in either the mitochondrial or nuclear genomes of
other organisms. Exploiting A. nidulans, we can now attempt
to identify the functions of two URF gene products.

Materials and methods

DNA preparations

The strain used was A. nidulans yA2, pyroA4, cnxC3. Techniques for the
preparation of mitochondrial DNA, replicative forms of M13 vectors and
clones, single-stranded DNA of M13 clones, DNA restriction fragments, se-
quencing primers and M13 clones in reversed orientations, have all been
previously described (Waring et al., 1981).

Cloning and DNA sequencing

Templates for sequencing the region containing URF1 and URF4 were
prepared as clones of total mitochondrial DNA cut with Bglll and/or Bcll
and cloned into the BamHI site of either M13mp6 or pBR322. Bg/II fragment




3 (for nomenclature see Waring et al., 1981) was restricted with Sau3A, Alul
or Taql and subcloned into the BamHI, Hincll or Accl sites of M13mp7
(Messing et al., 1981). DNA sequencing was performed by the chain termina-
tion method (Sanger et al., 1977) using either the 30-bp universal primer
(Anderson et al., 1980) or internal primers prepared from specific restriction
fragments (Waring et al., 1981).

Protein secondary structure predictions

Two methods were used to predict protein secondary structures. The
technique of Chou and Fasman (1978) was employed to manually locate
possible a-helix and (-strand regions within primary sequences. In addition,
the method developed by Robson and collaborators (Garnier ef al., 1978) was
used in conjunction with a mini-computer to calculate information measures
for helix, extended chain, turn and random coil.
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Note added in proof

Recent sequencing of the A. nidulans genome in the region downstream of
oxiB has revealed a possible homologue of the mammalian URFS.

A. nidulans mitochondrial URFs
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