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The ATP synthase subunit 9 gene of Aspergillus nidulans:
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Summary. We have determined the nucleotide sequence of
the Aspergillus nidulans nuclear gene 0liC31, which encodes
subunit 9 of mitochondrial ATP synthase. The open reading
frame contains no introns and specifies a predicted protein
of 143 amino acids comprising a pre-sequence of 62 residues
and a mature protein of 81 residues. The amino acid homol-
ogy with the equivalent Neurospora crassa protein is 50%
for the pre-sequence and 80% for the mature protein. A
comparison with this and other imported mitochondrial
proteins has revealed conserved regions which may be im-
portant for transport or subsequent processing. Multiple
transcription initiation and polyadenylation sites have been
identified. The promoter region of the 0/iC31 gene is charac-
terised by long pyrimidine-rich tracts preceding the tran-
scription initiation sites.
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Introduction

Subunit 9 of the F, portion of mitochondrial ATP synthase
is a small (8,000 mol. wt.), hydrophobic protein which is
also named the proteolipid or dicyclohexylcarbodiimide
(DCCD)-binding protein. It is present in the ATP synthase
complex as an oligomer (possibly hexamer) and contains
sites of interaction with DCCD and oligomycin, both inhib-
itors of ATP synthesis (Enns and Criddle 1977; Sebald et al.
1977). Amino acid sequences of this subunit from a variety
of organisms are available and a pattern of highly conserved
residues has been identified (for review see Sebald and
Hoppe 1981). The other components of fungal F, are less
well characterised, but there may be a further five subunits
including subunit 6 (Macino and Tzagoloff 1980; Grisi
etal. 1982) and a small “proteclipid’-like subunit (Grisi
et al. 1982), both mitochondrially encoded.

In both Aspergillus nidulans and Neurospora crassa sub-
unit 9 is encoded by a nuclear gene (Ward et al. 1986; Se-
bald etal. 1977), translated on cytoplasmic ribosomes
(Turner et al. 1979; Jackl and Sebald 1975) and imported
into mitochondria. However, in Saccharomyces cerevisiae,
another Ascomycete, the gene is in the mitochondrial ge-
nome and translation occurs on mitochondrial ribosomes
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(Macino and Tzagoloff 1979; Tzagoloff and Meagher
1972). Interestingly, a mitochondrial DNA sequence which
potentially encodes a protein similar to subunit 9 is also
present in each of the filamentous fungi (van den Boogaart
etal. 1982; Brown et al. 1984) though no evidence for its
expression during vegetative growth has been found.

We have previously cloned a nuclear gene oliC31, which
encodes subunit 9, from an oligomycin-resistant strain of
A. nidulans and found it useful as a selectable marker for
transformation of this organism (Ward et al. 1986). Here
we present the primary structure of the oliC31 gene. The
equivalent gene from N. crassa has also been cloned and
sequenced (Viebrock et al. 1982; Sebald and Kruse 1984)
and it provides an interesting comparison.

In common with many other imported mitochondrial
proteins (Hay et al. 1984) the A. midulans and N. crassa
subunit 9 proteins are initially translated as larger precur-
sors (pre-subunit 9), from which an amino-terminal leader
sequence is cleaved following entry into the organelle
(Schmidt et al. 1984). Several other genes that encode mito-
chondrially imported proteins have been sequenced (Sebald
and Kruse 1984; Upshall et al. 1986; Takiguchi et al. 1984;
Maarse et al. 1984; Wright et al. 1984; Sachs et al. 1986)
but no consensus sequence has been identified as a signal
for import. The information within the leader sequence will
presumably differ according to the site that the mature pro-
tein will eventually occupy. Several discrete pieces of infor-
mation may be encoded in a leader sequence and some
studies have shown that a smaller subsection of the leader
is sufficient for mitochondrial uptake (Hurt et al. 1985;
Kenget al. 1986; Horwich et al. 1986). In addition different
proteins may interact with different receptors on the mito-
chondrial outer surface (Hay et al. 1984). Comparison of
pre-subunit 9 leader sequences from different species may
identify characteristics important for the uptake of this pro-
tein by mitochondria.

The 0liC31 gene is probably highly and perhaps consti-
tutively expressed, and as such may possess a comparatively
efficient promoter. It has been demonstrated that the genes
from a variety of filamentous Ascomycetes are expressed
when transferred to other filamentous fungi (Ballance et al.
1983; Mullaney et al. 1985; Weiss et al. 1985; Buxton et al.
1985; Kelly and Hynes 1985) suggesting that their promoter
regions are conserved. Interestingly one of these (4. nidu-
lans argB) codes for a mitochondrial protein and import
occurs in N. crassa, suggesting that the signals directing up-
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Fig. 1. Sequencing strategy and structure of the 0/iC31 gene. The large open box denotes the open reading frame and the smaller
open boxes indicate the 5" and 3’ untranslated regions. Arrows indicate direction and extent of sequencing from various restriction
sites or using a synthetic oligonucleotide (). Restriction sites are; b, Ball; h, HindIl; K, Kpnl; S, Sau3A; Sc, Scal; T, Taql; X,
Xhol

GITARCCCGGAAACTCAGTCTCCTTGGCCCCGTCCCGAAGGGACCCGACTTACCAGGCTGGGAAAGCCAGGGATAGAATACACTGTACGGGC TTCGTACE
HindIL . . . . . . . - . . 100

GGAGGTTCGGCGTAGGGTTCTTCCCAAGTTTTACACACCCCCCAAGACAGCTAGCGCACGAMGACGCGGAGGCTTTGCTGAAAAAAGGGCGAAAATTAA

. . . . . . . . . . 200
% OO0
ATTTTICTTCGGTTCCCTTTCTCTCCTCGARGACTTICTCTCTCTCICTTICTICTCTICT
. . (aparr) . . . . . . . 3200
X% X% 3000 X M A A SRV F AQR
TCCATCCTCAGTCCATCTTCC T T TCCCATCATCCATCTCCTCACCFCCATCTCAACTCCATCACATCACANTGGCCGCCTCICETRTCTTORCTCAGCEC
% - — IS

. . . . . N 400

L ASTMXVARTPAARTILIG QA ARTTLTTOGQUR RMMATPTFGOQTTITK KR
CTGGCCTCGACCATGAAGGTCGCTCGCCCTGCCEOCCGCATCCAGGCCCGCACCCTCACCACCCAGCGCATGGCCACCCCCT ICCAGACCATCAAGCGCC
Taql . . . . . . Ball . . . s00

Q Q P S M I QA SARG QA APAARTPRGOQTYSSTETLADA AMYGOQVYSOQN
AGCAACCCTCCATGATCCAGGCCTCCGCTCGCCAGGCC T ICGCTGCCCGCCGCCAGTACTCCTCTGAGATCGOCGACGCCATGETCCAGETCTCCCAGAA
.  Sau3A . . . . Scal. Sau3a . . . 600

I G M G S AAI GLGGAGTIGTG GV VF G S L LULAV S RNU®PNA
CATTGGTATGGGCTCTGCTGCCATCGGTC T TGG TGGTGCCGG TATCGGTACCGG TG TCGTC T TC GG T ICCCTCCTCCTTGCIC TG TCCCGCAACCCTGCT
. . . . KpnL . . . . - 700

L RG Q L P S Y A ILGVPA ATFVEABATIGTLTFPUDULMVYVAMMZ© CTEKYYV
CTCCETGGCCAGCTCTTCTCCTATGCCA T TCT GG T T TCGCC T TCG TCGAAGCCAT TGGTC TG TTCGACCTCATGGTIGCCATGATCTGCAACTACGTCT
Ball . . . Taql . Taql . . - - 800

mmmmmgrmmmmmgm_xmmmg@cmmc
. - N - . . - . . - - 200

AMAAACGAGACGATTTCCGCCAATAATGAAACAAGACARGAATATCGAGCTACGTTAGTGTAACAACAATGGGAAATGGAT IGGAT T I TGGACTCCTTT
== > > Taqr 1000

TTTCTCGACAATTICTTCATTTCGGTTGCATCGCTAGCCGGTAGGAGG TATTGGTAATTGTGGTGGTC T I T TTATTATCATGTACTACACTATICATCAT
TaqI . . . . . . . . . . 1100

TITICCT T I T I TCCCT I TG T T TCCGGCCAGCAATACATTGCTACATATAGACCATAAAATGACCACTTCACGAGTGCCTCTACTCAACTGACTTGAATCAA
. . . . . . . . . . 1200

CCCAATCTCGGTCTITGATCGTAGTTTTATCAGATCACAATCGGTAGTTCTCCGCATARACAGCTTAAGAGCTCGAG
. Sau3A . Sau3ln . . . . XhoL . . . 1300
Taqt

Fig. 2. Nucleotide sequence of the 4. nidulans oliC31 gene and derived amino acid sequence. A potential TATA box is boxed. Transcription
initiation sites are indicated by crosses, those above the sequence determined by S1 mapping and those below determined by primer
extension. A repeating hexamer at the 5 end is underlined and the sequence underlined with a wavy line is complementary to that
of an oligonucleotide synthesised for sequencing and primer extension. The Hpall site (bracketed) used for S1 mapping studies is
not a unique site. The regions at which polyadenylation occurs are overlined and a potential hairpin loop structure is indicated by
arrows (—). A bold arrow () identifies the proteolytic cleavage point which yields the mature protein

take are recognised in the heterologous host (Weiss et al. ~ Materials and methods
1985). Several genes from filamentous fungi have recently
been sequenced allowing comparison of promoter, termina-  DNA sequencing. The dideoxynucleotide chain termination

tor and translated regions. method of sequencing (Sanger et al. 1977) was used with
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Transcript analysis. For S1 mapping, single-stranded probes
were synthesised on M13 templates (Burke 1984), hybrid-

Amino  Codon Frequency ~Amino Codon Frequency ised with poly(A)* or total RNA and subjected to S1 nucle-
acid (%) acid (%) ase digestion as described by Yelton et al. (1983). Primer
Phe TTT _ Gt GGT 10 (83) extension, using the syn_thetic gligonucleotide provided by
TTC 8 (100) y GGe 2 (17 Genentech3 Inc., hybrld}zed with poly(A)* or total RNA
GGA 0 () was essentially as described by Mullaney et al. (19_85). In
Gln CAA 1 ® GGG 0 (0) both cases resu.lts were aqalysed on polyacrylamide se-
CAG 11 (92) quencing gels using sequencing reactions as size markers.
Leu TTA 0 (0)
Ile ATT 3 (33 TTG 0 0
ATC 6 §67; CTT -~ 3 (2(73 Results
ATA 0 (0) CTC 6 (35 ,
CTA 0 (0) Primary sequence and open reading frame
Thr ﬁgg 2 i ég) CIG 2 (13) The cloned 0/iC31 gene can be reinserted into the nuclear
ACA 0 ( (Og Ser AGT 0 (0 genome o_f A. nidulans by transfqrmatioq, ponferring oligo-
ACG 0 () AGC 0 (0) mycin-resistance on a drug-sensitive recipient (Ward et al.
TCT 327 1986). Integration either at the o/iC locus or elsewhere in
Val GTT 1 (10) TCC 7 (64 the genome can be distinguished according to the resistance
GTC 8 (80) TCA 0 (0 phenotype. The expression of the 0/iC31 gene following
GTA 0 (0 TCG ) integration at a site other than the oliC locus would be
GTG 1 (10) good evidence that the entire gene was present on that plas-
Al GCT 7 @8 Arg ﬁgé g Eg; mid. Using this method (results not shown) we have identj-
Goe 18 () COT 2 a7 fied a 1.3 kb Hindll/Xhol fragment of A. nidulans genomic
GCA 0 () CGC 10 (83) DNA. (subclqned from lambda CRl.; Ward et al_. 1986) that
GCG 0 (0 CGA 0 (0 contains the intact oliC31 allele. F;gurel outlines the se-
CGG 0 (0) quencing strategy employed for this fragment and Fig. 2

M13 single-stranded templates (Messing 1983) and a uni-
versal primer (Amersham). Templates were constructed by
subcloning restriction fragments from lambda clone CR1
(Ward et al. 1986) which contains the o/iC31 gene. A syn-
thetic oligonucleotide primer (Fig. 2), supplied by Genen-
tech, Inc., was also used in one case.

RNA isolation and manipulation. Total A. nidulans RNA
was extracted from ground mycelium (Timberlake and Bar-
nard 1981) and poly(A)* RNA was supplied by W.E. Tim-
berlake. Gel electrophoresis of RNA, Northern blotting
and hybridization with nick-translated pMW11 plasmid
DNA, that comprises the ¢/iC31 gene and pUC9 (Ward
et al. 1986), were by standard methods (Maniatis et al.
1982).

-60 -50 -40 -30 -20

presents the primary sequence obtained. The position and
extent of the open reading frame was deduced from homol-
ogy with the N. crassa pre-subunit 9 gene (Viebrock et al.
1982; Sebald and Kruse 1984). The Neurospora gene con-
tains two introns, one within the leader sequence and the
other between the penultimate and final codons. A compari-
son of the sequence data indicates that the 4. nidulans gene
does not contain the first intron, but it is possible that
the second intron is present. If no intron is postulated in
this second position, the open reading frame would termi-
nate to give a protein of the expected length. The sequence
GTCTAA follows the penultimate codon, and may be suffi-
ciently similar to the consensus sequence (GTA2GT) for
the 5" end of introns from filamentous fungi (Legerton and
Yanofsky 1985) to suggest that this could represent an in-
tron splice point. However S1 nuclease mapping studies
of the 3’ end of the gene have ruled out this latter possibility
(see later).

-10 *

An MAASRVFAQRLASTM----KVARPAARIQARTLTTQRMATPFQTIKRQQPSMI-QASARQAFAARRQYSSEIADA
Nn MASTRVLASRLASQMAASAKVARPAVRVAQVSKRTIQTGSPLQTLKRTQMTSIVNATTRQAF-QKRAYSSEIAQA

++  ++ + 4 ++++++ 4 + + ++ ++ o+ + o+ 4 + +t++4++ +
Nd F-QRRGYAQ
+10 +20 +30 +40 +50 +60 +70 +80

Am MLQSARIIGTGLATTGLIGAGVGIGVVFGALILGVARNPALRGQLFSYAILGFAFAEATGLFALMMAFLLLYVA
An MVQVSQNIGMGSAAIGLGGAGIGTGVVFGSLLLAVSRNPALRGQLFSYAILGFAFVEAIGLFDLMVAMMCKYV
Nn MVEVSKNLGMGSAAIGLTGAGIGIGLVFAALLNGVARNPALRGQLFSYAILGFAFVEAIGLFDLMVALMALFT

Nm MIQVAKIIGTGLATTGLIGAGIGIGVVFGSLIIGVSRNPSLKSQLFAYAILGFAFSEATGLFALMMAFLLLYVA
hpmgd kR pk gk ko ko ko kko Kk ok kkkpkppkkhpkhkkkkkkphk Rk kg ko

Fig. 3. Amino acid sequences of ATP synthase subunit 9. The numbering is derived from the N. crassa sequence; a dash indicates
introduced spacing for maximum homology. An, 4. nidulans nuclear gene product; Nn, N. crassa nuclear gene product; Am, A. nidulans
potential mitochondrial gene product; Nm, N. crassa potential mitochondrial gene product; Nd, sequence around the cleavage point
of the N. crassa ATP synthase delta subunit. An arrow indicates the point of proteolytic cleavage which yields the mature protein.
#, identical residue in all four proteins; +, identical residue in the two nuclear gene products; —, identical residue in the two mitochondrial
gene products
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Codon usage

Table 1 gives codon usage values for the more abundant
amino acids in the pre-subunit 9. While many amino acids
are poorly represented in this small protein, there is ob-
viously heavy bias towards the use of certain codons, as
might be expected from a highly expressed gene (Bennetzen
and Hall 1982). In particular, codons with A in the third
position are seldom used, whereas C in this position is fa-
voured (except for glycine, when T is favoured). The bias
is similar to that noted for other highly expressed genes
from filamentous fungi (Kinnaird and Fincham 1983;
Clements and Roberts 1986).

Pre-protein

The first residue of the mature subunit 9 from A. nidulans
was shown by Turner et al. (1979) to be tyrosine, as in
N. crassa (Sebald et al. 1979); the total length of the mature
protein was estimated to be 83 residues. Thus the only likely
point for proteolytic cleavage of the A. nidulans pre-subunit
9 is at the position equivalent to that cleaved in N. crassa
(Fig. 2). This gives a leader polypeptide of 62 residues (4
shorter than that of N. crassa) and a mature protein of
81 residues. The leader sequence contains 15 serine and
threonine residues, 12 basic (arginine and lysine) and no
acidic residues, and is highly hydrophilic [50% hydropho-
bicity as defined by Capaldi and Vanderkooi (1972)]. In
all these respects it is very similar to the N. crassa leader
sequence and there is 50% exact homology (though higher
functional homology) between the two polypeptides if
aligned as in Fig. 3.

Mature protein

The amino acid homology between the mature A. nidulans
and N. crassa proteins is 80% (Fig. 3). Amino acid se-
quences derived from the A. nidulans and N. crassa mito-

Fig. 4 A—-C. Mapping of 5" and 3’ transcript
end points. A Lanes 1-4: sequencing
reactions as size markers; lane 5: S1
nuclease digestion products of a single-
stranded DNA probe from the 5" end of the
gene hybridized with total RNA; lane 6:
digestion of the DNA probe without RNA;
lane 7: digestion of the DNA probe
hybridized with the M13 clone on which it
was synthesised; lane 8: undigested DNA
probe. B cDNA products obtained by
extension of a primer (Fig. 2) hybridized
with poly(A)* RNA. C Lanes 5-8:
sequencing reactions; lane 4: S1 nuclease
digestion products of a single-stranded
DNA probe from the 3’ end of the gene
hybridized with total RNA; lane 3:
digestion of the DNA probe without RNA;
lane 2: digestion of DNA probe hybridized
with the M13 clone on which it was
synthesised; lane 1: undigested DNA probe

chondrial genes (van den Boogaart et al. 1982; Brown et al.
1984) that have homology with subunit 9 are also shown
aligned with the nuclear gene products. There is 84% ho-
mology between the two mitochondrial versions but only
60% homology between the two Neurospora proteins and
67% homology between the two Aspergillus proteins.

All four proteins share elements common to subunit
9 obtained from other species (Sebald and Hoppe 1981).
However, the nuclear A. nidulans protein contains an ala-
nine residue at position 42 as opposed to the invariant gly-
cine previously observed in this position. Similarly methio-
nine is found in position 76 where only leucine or phenylala-
nine were previously observed, and tyrosine occurs at posi-
tion 80 where only phenylalanine or glycine have been
found (although tyrosine is present in this position in the
potential mitochondrially encoded subunit 9). The gene we
have sequenced contains a mutation conferring oligomycin
resistance but the alteration concerned is unknown. Chan-
ges to subunit 9 known to produce oligomycin resistance
in N. crassa are substitution of the phenylalanine at position
61 with serine or threonine, or the phenylalanine at position
70 with tyrosine; neither of these alterations appears to
have occurred in oliC31.

Nontranslated sequence

A synthetic oligonucleotide (indicated in Fig. 2) was used
for both S1 mapping and primer extension studies to map
the 5" ends of the oliC transcripts. For S1 nuclease mapping,
the oligonucleotide was used to prime the synthesis on an
M13mp template of a 3?P-labelled, single-stranded DNA
probe that terminates at the Hpall site at nucleotide 227
(Fig. 2). The sizes of fragments obtained following hybrid-
ization with total RNA and S1 nuclease digestion are shown
in Fig. 4A. These results were in good agreement with frag-
ments identified by cDNA synthesis, using the oligonucleo-
tide as a primer hybridised with either total or poly(A)*
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Fig. 5. Poly(A)®™ RNA (3 ug) was separated by electrophoresis,
transferred to a filter and hybridized to nick translated pMW11.
Sizes are given in nucleotides

RNA (Fig. 4B). The major transcription start points ap-
peared to be at positions 268, 304 and 310 (Fig. 2) with
the middle one of these probably being the most frequently
used. The multiple bands corresponding to these sites seen
with S1 mapping were probably due to incomplete nuclease
digestion. Initiation also appeared to occur to a lesser de-
gree around position 251. An apparently major start point
at position 364 was also indicated by some of the primer
extension experiments, but this was not observed using S1
nuclease mapping and may be an artifact.

In order to identify the 3’ transcript end points a 32P-
labelled, single-stranded DNA fragment with one end at
the Ball site at position 708 and extending beyond the ter-
mination codon by >550 nucleotides was synthesised on
an M13mp template. S1 nuclease mapping of this fragment
identified several regions in which transcripts appeared to
terminate (Fig. 4C), the major sites being around nucleo-
tides 1,174 and 1,183 (Fig. 2). It was also apparent from
this mapping that there was no intron near the 3’ end of
the gene.

There is a potential hairpin loop structure approximate-
ly 60 nucleotides beyond the translation stop codon which,
if formed in the mRNA, would have a stem of 18 nucleotide
pairs, a loop of 21 nucleotides and a AG(25°C) of
—15.3 kcal calculated by the method of Tinoco et al.
(1973).

Northern blotting demonstrated a major transcript
band of approximately 1,000 nucleotides and a minor band
of around 800 nucleotides (Fig. 5). This is in agreement
with the transcript end-point mapping data, the major band
representing initiation and polyadenylation at the major
sites and the minor band possibly representing initiation
at the major sites and polyadenylation at the minor site
around nucleotide 984.

Discussion

Mitochondrial import

Although no consensus sequence for mitochondrial import
has previously been identified, it has been noted that leader
sequences tend to contain high proportions of threonine,
serine and basic (arginine and lysine) residues, and low
numbers of acidic residues. This generalisation holds true
for the A. nidulans pre-subunit 9. Substitution of arginine
residues in the leader peptide of human ornithine transcarb-
amylase prevented import and processing (Horwich et al.
1985). The pre-subunit 9 of N. crassa is cleaved as a two-
stage process to yield the mature protein, possibly reflecting
separate functional units within the pre-sequence (Schmidt
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1 MAA-SR-VFAQRLASTM----KVARP--AARI
2 MAS-TR-VLASRLASQMAASAKVARP--AVRV
3 MNS-LR-I-A-RAA--L-—---RV-RPT-AVRA
4 MLS--RAIF--RNPVINRTLLR-ARPG-AYHA
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Fig. 6. Alignment of regions of the presequence of some imported
mitochondrial proteins. 1, A4. nidulans ATP synthase subunit 9;
2, N.crassa ATP synthase subunit 9 (Viebrock et al. 1982); 3,
N. crassa ATP synthase delta subunit (Sebald and Kruse 1984);
, yeast cytochrome c oxidase subunit VI (Wright et al. 1984);
, yeast cytochrome ¢ oxidase subunit IV (Maarse et al. 1984);
, N. crassa cytochrome ¢ oxidase subunit V (Sachs et al. 1986);
7, A. nidulans ornithine transcarbamylase (Upshall et al. 1986); 8,
rat ornithine transcarbamylase (Takiguchi et al. 1984); 4+, basic
residues used to align the sequences. A consensus sequence i8 given
underneath the sequences

A

et al. 1984). While for the most part there is a high degree
of complete or functional homology between the N. crassa
and A. nidulans pre-subunit 9 leader sequences, there is
little homology in the region around the N. crassa interme-
diate cleavage point (between residues —32 and —31). It
is possible that only a single cleavage occurs in A. nidulans
or that an intermediate cleavage point exists elsewhere.
There is interesting homology between the intermediate and
final cleavage sites of pre-subunit 9 from N. crassa, and
the final cleavage sites of 4. nidulans and the N. crassa pre-
subunit delta of ATP synthase (Sebald and Kruse 1984;
Fig. 3). A somewhat similar sequence is present around the
—22 to —19 position in both the N. crassa and A. nidulans
pre-subunit 9. This could represent an intermediate cleavage
site for the Aspergillus preprotein and cannot be ruled out
as a possible third cleavage site in N. crassa.

All the information required for mitochondrial uptake
may reside within approximately the first 30 residues (i.e.
before the intermediate cleavage point of the Neurospora
protein) of the leader sequence of pre-subunit 9. If the As-
pergillus and Neurospora preproteins are aligned with the
precursors of the Neurospora ATP synthase delta subunit
(Sebald and Kruse 1984) and the yeast cytochrome ¢ oxi-
dase subunits IV and VI (Maarse et al. 1984; Wright et al.
1984) using the basic residues as reference points, some
homology is evident (Fig. 6). The regions for which a con-
sensus has been derived may have some functional signifi-
cance, either for import or subsequent processing. The ho-
mology in the region before the first basic residue can also
be seen in the ornithine transcarbamylase presequences
from A. nidulans and the rat (Upshall et al. 1986; Takiguchi
et al. 1984) although the second region of homology is not
evident. Additionally, some proteins imported by plant
chloroplasts have the sequences MAAS, MAST or MASS
at their amino-terminal end (Karlin-Neuman and Tobin
1986) which are similar to that found in pre-subunit 9. The
second region of homology can also be identified in the
N. crassa precursor of cytochrome ¢ oxidase subunit V
(Sachs et al. 1986) but in this case it is very close to the
cleavage site which yields the mature protein. Although this
sequence is present in the precursor of yeast cytochrome
¢ oxidase subunit I'V (just prior to an intermediate cleavage
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site) it is apparently not required for import since the
first 12 residues of the presequence (ending within the sec-
ond region of homolgy) are sufficient to target a cytosolic
protein into mitochondria, although they do not also direct
proteolytic cleavage (Hurt et al. 1985). Clearly, if these re-
gions of homology are important for some aspect of import
they are only required by a subset of imported proteins
since they cannot be found in many other imported prepro-
teins.

5" untranslated region

Subunit 9 is an abundant protein (10% of the ATP synthase
complex and 0.2%-0.4% of total cellular protein in
N. crassa; Sebald et al. 1979) and this is reflected in a high
amount of N. crassa pre-subunit 9 mRNA (Viebrock et al.
1982). An abundant message was confirmed for A. nidulans
by the strength of signal observed with Northern blotting.
It is reasonable to suppose that sequences 5 to the oliC
gene will represent a strong promoter for A. nidulans, al-
though the possibility of a highly stable mRNA species
leading to high levels of expression cannot be discounted.

Higher eukaryotic genes almost invariably possess a well
defined TATA box at a constant distance (approximately
30 bp) from the, usually single, transcription initiation point
(Corden etal. 1980). In comparison, the presumptive
TATA box of yeast genes, while generally recognisable, can
vary greatly from the consensus sequence and can be situ-
ated at variable distances (up to 200 bp) from the transcrip-
tion start points (Dobson et al. 1982; Hahn et al. 1985).
In addition multiple initiation points are a common feature
of yeast genes (Hahn et al. 1985) as they are also of genes
from filamentous fungi (Sebald and Kruse 1984; Upshall
et al. 1986; Mullaney et al. 1985; Legerton and Yanofsky
1985; Kinnaird and Fincham 1983; Clements and Roberts
1986; Munger et al. 1985; Rutledge 1984). However, a
TATA box is only recognisable in about half of the genes
from filamentous fungi sequenced to date, where it is lo-
cated at various distances from the likely transcription initi-
ation sites (Kinnaird and Fincham 1983 ; Clements and Ro-
berts 1986 ; Munger et al. 1985; Shoemaker et al. 1983 ; Boel
et al. 1984; McKnight et al. 1985; Arends and Sebald 1984).
A potential TATA box, situated a plausible distance from
the presumed transcription initiation sites is present in the
oliC31 gene (Fig. 2) but cannot be identified in the N. crassa
subunit 9 or delta subunit genes (Sebald and Kruse 1984)
both of which also would be expected to be highly and
constitutively expressed.

One striking feature of the 5" region of the ol/iC31 gene
is the long pyrimidine-rich tracts between the putative
TATA box and the suggested transcription start points.
Transcription appears to initiate at the first purine follow-
ing these tracts in each case. Similar regions have been
noted in highly expressed yeast genes for which it has been
suggested that the level of expression correlates with the
extent of these CT-rich areas (Dobson et al. 1982; Kozak
1986). However, in these yeast genes transcription was ini-
tiated at a sequence (CAAG) approximately 10 nucleotides
downstream. CT-rich regions can also be found within the
promoter regions of other, possibly highly expressed, genes
from filamentous fungi (Sebald and Kruse 1984; Kinnaird
and Fincham 1983; Clements and Roberts 1986; Shoemak-
er etal. 1983; Arends and Sebald 1984), although these
are not as extensive as in the oliC31 gene even in the

N. crassa subunit 9 gene. There is no clear correlation with
expected level of expression and extent of pyrimidine-rich
regions, since the A. niger glucoamylase (Boel et al. 1984)
gene does not contain an obvious CT-rich region whereas
the weakly expressed trpC gene of A. nidulans does, albeit
a short one (Mullaney et al. 1985).

The repeating hexamer, TCCATC, in the 5" end of the
oliC31 transcribed sequence is also present, but as a single
copy, close to the 5" end of the major transcripts of several
other potentially highly expressed genes of filamentous
fungi (Legerton and Yanofsky 1985; Kinnaird and Fin-
cham 1983; Clements and Roberts 1986; Arends and Se-
bald 1984). However, this sequence is not present as an
exact copy in the N. crassa subunit 9 or delta subunit genes
(Sebald and Kruse 1984).

The sequence immediately surrounding the translation
initiation codon may be important for ribosome assembly
and modulation of translation (Kozak 1986). The sequence
immediately preceding the ATG codon matches perfectly
the consensus sequence of ATCAC2ATG derived from 11
N. crassa genes by Legerton and Yanofsky (1985).

Multiple polyadenylation sites were evident at the 3°
end of the o/iC31 gene as have been observed for other
genes from filamentous fungi (Upshall et al. 1986; Mul-
laney et al. 1985; Clements and Roberts 1986; Rutledge
1984). In higher eukaryotes, polyadenylation of transcripts
occurs at a position 5’ to the transcription termination point
and may be signalled by the sequences AAUAAA and
CAYUG nearby (Berget 1984). Similar sequences have been
found close to the polyadenylation sites in a few genes from
filamentous fungi (Mullaney et al. 1985; Clements and Ro-
berts 1986). However, in yeast transcription termination
and polyadenylation may be linked, and other conserved
sequences have been reported in this region (Zaret and Sher-
man 1982; Henikoff et al. 1983). In the 0/iC3! gene there
is the sequence AAUAA which lies next to a potential hair-
pin loop structure (Fig. 2) but this is a large distance from
the major polyadenylation sites. No significant homology
was found around these sites with sequences from genes
of yeast or filamentous fungi.

We have identified several potentially important fea-
tures within the promoter region of the oliC31 gene and
also in the presequence of pre-subunit 9. Determination
of the functional significance of these with respect to gene
expression or mitochondrial protein import will require in
vitro mutagenesis and gene replacement, techniques which
are now feasible for A. nidulans.
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