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Summary. The sequencing and comparison of the genes
encoding the glyoxylate bypass enzyme malate synthase
of Aspergillus nidulans (acuE) and Neurospora crassa
(acu-9) are presented. The predicted amino acid se-
quences of the A. nidulans and N. crassa enzymes are
538 and 542 residues respectively and the proteins are
87% homologous. In fungi, the malate synthase proteins
are located in glyoxysomes and the deduced acuFE and
acu-9 proteins both contain a C-terminal S-K-L se-
quence, which has been implicated in transport into per-
oxisomes. The acuFE coding region is interrupted by four
introns and the acu-9 coding region is interrupted by
one intron which occurs at the same position as the
C-terminal acuFE intron. The 5" non-coding regions of
the two genes were examined for short homologous se-
quences that may represent the binding sites for regula-
tory proteins. Pyrimidine-rich sequences with weak ho-
mology to the amdI9 sequence, which has been implicat-
ed in facB-mediated acetate regulation of the amdS gene,
were found but their functional significance remains to
be determined.
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Introduction

In microorganisms the presence of the glyoxylate bypass
of the tricarboxylic acid (TCA) cycle allows the utiliza-
tion of acetate as a sole carbon source without depleting
the cell’s reserves of C4 compounds. The key enzymes
of this bypass are isocitrate lyase (EC 4.1.3.1) and malate
synthase (EC 4.1.3.2) (Kornberg 1966). In the ascomy-
cete fungi Aspergillus nidulans and Neurospora crassa
mutations have defined loci required for growth on ace-
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tate (Apirion 1965; Armitt et al. 1976; Flavell and Fin-
cham 1968). A number of genes encoding enzymes in-
volved in acetate utilisation have recently been cloned.
The acuD gene of A. nidulans, encoding isocitrate lyase,
was cloned by complementation (Ballance and Turner
1986) and the facA/acuAd (acetyl CoA synthetase) and
acuE (malate synthase) genes were cloned by differential
hybridization screening of cDNA (Sandeman and Hynes
1989). The identity of these genes was confirmed by com-
plementation of existing mutations. In N. crassa the ace-
tyl CoA synthetase (acu-5) and malate synthase structur-
al genes were cloned by differential hybridization to ace-
tate-induced mRNA (Thomas et al. 1988). The identity
of the acu-5 gene was established by complementation
of an acu-5 mutant and the identity of the malate syn-
thase gene was established by complementation of an
acuE mutation in A. nidulans, as no malate synthase-
deficient mutants had been isolated in N. crassa (Thom-
as et al. 1988). Recently, the RIP (repeat-induced point
mutation) phenomenon in Neurospora (Selker et al.
1987; Selker and Garrett 1988) has been exploited to
generate mutations at the N. crassa malate synthase lo-
cus using the cloned malate synthase genes of both A.
nidulans and N. crassa. The new locus has been desig-
nated acu-9 (Connerton 1990).

In A. nidulans mutations in the facB gene affect the
acetate inducibility of isocitrate lyase and malate syn-
thase, as well as acetyl CoA synthetase and acetamidase,
amdS (Hynes 1977). It is likely that the facB gene en-
codes a positive regulatory protein that coordinately
controls the facA, acuD, acuE and amdS genes by bind-
ing to the 5’ non-coding regions of these genes (Hynes
and Davis 1986; Hynes et al. 1988). As yet, no mutations
have been isolated that identity a facB-like gene in N.
crassa.

The transformation of the acu-9 clone into A. nidulans
not only established the identity of this gene but also
demonstrated trans-specific gene expression, which in
some transformants was regulated by the presence of
acetate (Thomas et al. 1988). In similar experiments, us-
ing an acu-5 clone to transform an A. nidulans
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SfacA strain and facA DNA to transform an N. crassa
acu-5~ strain, transformants were obtained that dis-
played acetate-induced expression of the acetyl CoA syn-
thetase genes, suggesting that the cloned genes were re-
sponding to regulatory signals in the alternative host
(Connerton et al. 1990). This is despite the fact that com-
parison of the sequences has that shown a number of
differences exist between these two genes, particularly
at the 5" ends (Connerton et al. 1990). The A4. nidulans
acuFE gene also remains regulated by acetate when used
to complement an N. crassa acu-9 mutant (I.F. Conner-
ton, unpublished).

This paper describes the sequencing and structure of
the malate synthase genes from A. nidulans and N. cras-
sa. The 5 non-coding regions of these genes are com-
pared and examined for possible protein-binding sites.
The acuE and acu-9 amino acid sequences are also com-
pared, together with other malate synthase gene se-
quences, and are examined for glyoxysomal targeting
signals.

Materials and methods

Cloning and sequencing. The cloning and initial charac-
terization of the acuE gene of A. nidulans have been
described (Sandeman and Hynes 1989). Sequencing of
the acuE gene was accomplished by the dideoxy chain-
termination method (Sanger et al. 1977) using the single-
stranded bacteriophage vector M13 and a universal
primer (mp18 and mp19, Norrander et al. 1983). Sub-
clones were either sequenced directly or subjected to pro-
gressive deletion using T4 DNA polymerase (Dale et al.
1985). The sequencing strategy is shown in Fig. 1A and
the entire gene was sequenced in both strands. These
sequence data will appear in the EMBL/Genbank/DDBJ
Nucleotide Sequence Data Libraries under the accession
number X56671 (acukE, Aspergillus nidulans).

The cloning and initial characterization of the malate
synthase gene of N. crassa have been described (Thomas
et al. 1988). This gene was sequenced using the dideoxy
chain-termination method (Sanger et al. 1977) with frag-
ments cloned in pEMBL 18 and 19. Small Kpnl frag-
ments from the centre of the gene were sequenced in
both strands using chemical cleavage (Maxam and Gil-
bert 1977) because of secondary structure problems. The
sequencing strategy is shown in Fig. 1B and the entire
gene was sequenced in both strands. These sequence data
will appear in the EMBL/Genbank/DDBJ Nucleotide
Sequence Data Libraries under the accession number
X56672 (acu-9, Neurospora crassa).

Transcript mapping. S1 nuclease mapping of the 5 end
of the acuE gene of A. nidulans was performed according
to Burke (1984) in order to determine the start point(s)
of transcription. An M13 subclone containing a 414 bp
Psi1— Sall M13 subclone (coordinates —404 to +10,
see Fig. 2) was used as a source of the *?P-labelled single-
stranded probe and hybridized to total RNA from either
non-induced or acetate-induced wild-type strains. Two
fragments of 90 and 72 bp were protected from S1 nucle-

ase digestion by induced RNA but not by non-induced
RNA.

The transcription startpoint(s) of the acu-9 gene of
N. crassa were determined by primer extension using
the oligonucleotide AGGATCTTCCTCTGGTG which
primes at coordinate + 58, by the method described pre-
viously (Connerton et al. 1990). Extension products of
84 and 119 bp were observed with poly(A)* RNA from
an acetate-induced culture.

Computer analysis. Homology matrix analysis, compari-
sons of the 5’ non-coding regions and subsequence anal-
ysis of the acuE and acu-9 genes were performed using
the DNA Inspector II" and MacVector programs on
an Apple Macintosh computer.

Results
Structure of the malate synthase genes

Restriction maps of the malate synthase genes of 4. nidu-
lans (acuE) and N. crassa (acu-9) are presented in Fig. 1
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Fig. 1A and B. Restriction maps and sequencing strategies of the
acuE and acu-9 genes. A A restriction map of the acuE gene. M13
subclones that were deletion cloned and sequenced are shown im-
mediately below the restriction map. Smaller M13 subclones that
were sequenced are shown below the deletion subclones. The extent
of the sequenced region is shown by the fline and the direction
of sequencing by the arrow. The dashed line and arrow show the
position and direction of a cDNA clone that was sequenced. -+ 1
marks the start of translation of the acuE gene. B A restriction
map of the acu-9 gene. pEMBL18 and 19 subclones that were
sequenced are shown below the restriction map. The extent of the
sequenced region is shown by the /ine and the direction of sequenc-
ing by the arrow. +1 marks the start of translation of the acu-9
gene



CTCGAGATTCCTGTCCCGCCECTATCCAAGGGTGAGGATATGCGCGGCEAGACGATAAGGGAGTACGGCTTGCTAAGAAT TTGGETCGGCGATCGCCACGTIT 1253
ACGCGAAAAGACAGTCTCGCACGEEAAGTCTTTGGCGATEC T TTCGRTTGATCACT TTGGTGGGACTC GGGAACATGAACTGCGCT TG TGGGAAGAGGCCGTRAA ~1150
CGGACTGGTATGCTC TACCTAATGGGATG T TCAATGGCATATGCTGACT TGATATAGGGAGGTGCGACGGTATATTGAGACAGTCTAGTGACCGGGCCTCACC ~1047
GATCAAAGTTTAGGACCTTGGAAGACAAGEC TGRAGGT TGACAGATGACCCGTTCGATCCOGAACTCGETCAGCGCGTAGATTCCGGEETCGATCCGGAGCTG ~944
GGATGTATCCATATTATGATATCACATGT TAGGATAGC TCATGTTGGTC TG T TCATGGGTTTTCACGTGCCAGCGETGCTGITITICAGCGATTGAGGTATAG  -841
ATACACAATTGTCGATGTTGGTCAAGTTTGGTTCCTT TCCTGCTAGCAGTGACTCACCGCGATATCGAGTCAATGTAATAATTATAGTAGCAGCTGGACAAAC 738
CTCGGANGATCTCGCTGACAGAGCTTCAGTATGACGGACGARAGGTGAAACTGCCCEGGECGATCAACCGCGGCACTGEGAGCTCATAGGAGCTGCTCGCTCCG ~635
GCGTGECCGGGAGTITTICCACCTTGTTTGCCTCCTGGCTGGECAGCETCACGCAGARAACATATGTAGCCACTCTGCATCTGCAATTGTAGACCAACATGTTGTA  ~532
GATTCGTTCTATTAAAACTCGTAATTGATAAACTGTAGCCTTCAGT COGTCGAGAGCTCGGICGTCTCGETCECTCGETCGACGCCGTTCGCCGTGTAGRATG —429
CTGGGACTCGCAGCATTAAGAGCTCTGCAGTCGECCGAGTAGCT TCGTATCTCGTGACTTTCCCGCGGGARAATCACATGACTAGATACCGGATTCGGCCAGA =326
TCCGTTCATCCTGACGCTTTCAACTTCACGATCAACCGTCTGAATGGCTCAATTCCTATCGACCCTGCTCCATCCTTCCTGATTTGCCCGCGCTCATGGATCC. ~223
AWW%M%&M@TMACMWWW@M@MW@@MK@@W ~120
mmmmm&mcmmmcmmm@mmmmmm -18
met ser gln val asp ala gln leu lys asp val ala ile leu gly ser val ser asn glu ala
AAGTGAACGCTAGCATC ATG TCT CAG GIC GAC GCC CAG CTT AAG GAT GIG GCC ATC CTC GGC TCC GIG AGC RAC GAA GCC +63
arg lys ile leu thr lys glu ala cys ala phe leu ala ile leu his arg thr phe asn pro thr arg lys ala leu
CGC AAG ATC CIC ACA AAG GAA GCC TGT GCT TTC CTC GCC ATC TTA CAC CGT ACC TTC AAC CCT ACT CGC BAG GCT CIC +141
leu gln arg arg val asp arg gln ala glu ile asp lys gly his leu pro asp phe leu pro glu thr lys his ile
CTG CAG OGC CGC GIT GAT CGT CAG GCC GAG ATC GAC AAG GGC CAC CIC CCC GAC TTC CIC CCA GAG ACC AAG CAC ATC +219
arg asp asp pro ser trp lys gly ala pro pro ala pro gly leu val asp arg arg val glu ile thr gly pro thr
CGC GAT GAT CCC AGC TGG AAG GGA GCT CCC CCA GCG CCT GGT CTC GIC GAC CGT CGC GIT GAG ATC ACT GGT CCT ACC +297
asp arg lys met val val asn ala leu asn ser asp va
GAC CGG ARG ATG GIC GTC AAC GCA CTG AAC TCG GAT GT gtggacttacatggctgatttogagggtatgcatcacagatetgeaaaca +385
1 ala pro thr trp asp asn met ile asn gly gln ile asn leu tyr
tttcgatgagtaacagetaacggegtgaagactccag C GCC CCT ACT TGG GAT AAC ATG ATC AAC GGC CAG ATC AAC CTT TAC +468
asp ala ile arg arg gln val asp phe lys gln gly gln lys glu tyr lys leu arg thr asp arg thr leu pro thr
GAT GCC ATC CGC CGC CAG GIC GAC TTIC AAG CAG GGT CAG AAG GAG TAC AAG CTT CGC ACA GAC CGA ACC CTG CCC ACC  +546

leu ile ala arg ala arg gly trp his leu asp glu lys his phe thr val asp gly glu pro ile ser gly ser leu

CIGA'ITGCTCGI’GCC('I;T%CTGGCACCTCGACGAGAAGCACTICACTGTCGATGGCGAGCCCATCTCCGQCAGTC’IC +624

phe asp phe gly leu tyr phe phe his asn ala lys glu leu val ala arg gly phe gly pro tyr phe tyr leu pro

TTC GAC TTT GGT CTG TAC TIC TIC CAC AAC GCC AAG GRA TTG GIG GCT CGC GGG TTC GGT CCT TAC TIC TAC CTT CCC  +702

lys met glu ser his leu glu ala arg leu trp asn asp val phe asn leu ala gln asp tyr ile gly met pro arg

AAG ATG GAG TCT CAC CIC GAA GCT CGT CTG TGG AAC GAT GIC TTC AAC CTG GCT CAG GAC TAC ATT GGC ATG CCC CGC  +780

gly thr ile arg gly thr val leu ile glu thr ile thr ala ala phe glu met glu glu

GGC ACC ATC CGT GGT ACC GIT CTG ATT GAA ACC ATC ACT GCT GCG TTIT GAG ATG GAA GAG gtgtgttttetttgettgete +861

ile ile tyr glu leu arg asp his ser ser gly leu asn cys gly arg trp asp

gtttagggctacgetaacagettag ATC ATC TAC GAA CIC OGT GAC CAC AGC TCC GGT CIC AAC TGC GGC CGC TGG GAC +940

tyr ile phe ser phe ile lys lys phe arg gln his pro asn phe val leu pro asp arg ser asp val thr met thr

TAC ATC TTC TCC TTC ATC AAG APA TTC CGC CAA CAC CCC AAC TIT GIC CTT CCT GAC CGC TCT GAT GIC ACC ATG ACC +1018

val pro phe met asp ala tyr val lys leu leu ile lys thr cys his lys arg gly val his ala met

GTA CCT TTIC ATG GAT GCC TAC GIG AAG CTC CIC ATC AAG ACC TGT CAC AAG CGA GGA GIC CAC LT ATG gtatgece  +1095
gly gly met ala ala gln ile pro ile lys asp asn ala glu ala

tttcttttgeasagtteggtatecgtactaacgtatgecay GGT GGA ATG GCC GCT CAA ATC CCC ATT AAA GAC AAC GCC GAG GCC +1180

asn asp lys ala met glu gly val arg ala asp lys leu arg glu val arg ala gly his asp gly thr trp val ala

AAC GAC AAG GCC ATG GAA GGC GIG CGC GCC GAT AAG CIC CGT GAA GIT CGT GCA GGC CAC GAC GGC ACA TGG GIT GOG +1258

his pro ala leu ala ser ile ala ser glu val phe asn lys tyr met pro thr pro asn gln met his val arg arg

CAC CCG &CT CIC GCT TCG ATT GCC AGT GAA GIT TIC AAC AAG TAC ATG CCC ACC CCC AAT CAG ATG CAC GTC OGC CGC +1336

glu asp val asn ile thr ala asn asp leu leu asn thr asn val pro gly lys 1le thr glu asp gly ile arg lys

GAG GAC GIC AAC ATC ACC GCC AAC GAC CTC CTC AAC ACC AAC GIT CCC GGA AAG ATC ACC GAG GAC GGT ATC COGC AAG +1414

asn leu asn ile gly leu ger gyr get glu gly trp leu arg gly val gly cys 1lle pro ile asn tyr leu met

AAC CTG PAC ATC GGT CTC TCC TAC ATG GAG GGT TGG CIT CGT GGT GTC GGA TGT ATC CCT ATT AAC TAC CTG ATG +1489

glu asp ala ala thr ala glu val ser arg ser

gtaaggacccetgeactttettageccaagaaatgatgttaatgatgaaatag GAG GAC GCC GCT ACC GCC GRA GTC TCC CGC AGC +1575

gln leu trp gln trp ala arg his gly val thr thr ser glu gly lys lys val asp lys ala tyr ala leu arg leu

CAG CIT TGG CRA TGG GCC CGC CAC GGT GIT ACC ACC TCT GAG GGC AAG AAG GIT GAC AAG GCT TAT GCC TTA CGT CTG +1653

leu lys glu gln ala asp ala leu ala ala lys gly pro lys gly asn lys phe gln leu ala gly arg tyr phe ser

CTG AAG GAA CAG GOC GAT GCC CTT GCA GCC AAG GGT CCT AAG GGC AAC AAG TTIC CAG CTT GCT GGT CGC TAC TTT TCC +1731

glu aln val thr gly glu asp tyr ala asp phe leu thr ser leu leu tyr asn glu ile ser ser pro gly thr ala
GGC CAG GIT ACC GGT GAA GAT TAC GCC GAC TTC TTG ACC AGC CIG CIG TAC AAC GAG ATT TCG TCT CCG GGT ACT GCT +1809

ser lys leu **¥

TCA AAG CIC TAA TTTCATCCTTTTTTGTTACCGGTTTCTITATGGICTICTAATCTIGGETETTATGTTCGTTATCC TAGATATGTATGATTATGATT +1907
CCARACTCATGGT TATTCT TTGAT TCATCTTCAGGGTGTACGAGGCARAGCATATCTATGCTTGATC TAGTATGCTATCC TGTECTAAATTATCTATGTATAT +2010
CTAARATGCAAACCAGATCCACCTTCGTATTTCATGCTTTAT TTCATGTAGTAACCACAGGT TACTAACCCAAATATATACT TTTAAACAAACCAATATACTT +2113
GAAARACCTGATCCCTCCAGAAATTTCATGGATCAAAAGGTTTACCCAATGGCAGGTTTC TTGAACTGTAGCCAACCCAAAAATAGAACTCATCCTTCGGCAG +2216
CACCCAATTCTGCTCACGCACACTCCAGTAGCTCAGATCT +2256

Fig. 2. DNA and amino acid sequence of the acuE gene. The DNA sequence is numbered in relation to the translation startsite. The
CAAT and TATAA boxes are doubly underlined, the transcription starts are arrowed and intron 5 and 3’ splice sites and signals
are in bold face
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Fig. 4. DNA homology matrix analysis of the acuE and acu-9
genes. The matrix was constructed by comparing the DNA se-
quences of the protein coding regions of both genes using a search
element length of 8 bp with a maximum mismatch of 1 bp

and the complete nucleotide sequences are presented in
Figs. 2 and 3 respectively. The A. nidulans acuE gene
encodes a protein of 538 amino acids with a molecular
weight of 60744 daltons. The N. crassa acu-9 gene en-
codes a protein of 542 amino acids with a molecular
weight of 61364 daltons. The two genes show a similar
bias against adenosine in the third position of codons.

S1 nuclease mapping and primer extension of the &'
ends of the malate synthase genes showed that there
were two transcription startpoints for each gene (Figs. 2
and 3). The acuE gene has transcription startpoints 59
and 77 bp upstream of the translation initiation codon
and the acu-9 gene has transcription startpoints 23 and
58 bp upstream of the translation initiation codon. A
CT-rich sequence is found between the transcription
startpoints in both genes (Figs. 2 and 3). Both genes
also contain TATAA-like sequences at the expected po-
sitions prior to the transcription startpoints and the acuE
gene also contains a CCAAT-like sequence (Figs. 2 and
3).

The acuFE coding region is interrupted by four introns
ranging in size from 46 to 54 bp. The positions of these
introns were determined by examining open reading
frames and consensus 5 and 3’ splice site and 3’ splice
signal sequences. The positions were then confirmed by
comparing the acuE sequence with the Eschericia coli
aceB sequence (Byrne et al. 1988). The fourth intron in
acuE was also localized by sequencing a cDNA clone
from the 3’ end of the gene (sece Fig. 1A). The acu-9
coding region is interrupted by a single intron of 69 bp
that corresponds in position with the fourth acuE intron.
The position of this intron was determined by S1 nucle-
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ase mapping. The 5’ and 3’ splice site and 3’ splice signal
sequences from the introns of both genes conform to
consensus sequences determined from sequenced fungal
genes (Gurr et al. 1988). DNA homology matrix analysis
displays the high degree of similarity and the positions
of introns of the malate synthase genes of A. nidulans
and N. crassa at the DNA level (Fig. 4).

Comparison of the malate synthase amino acid sequences

A comparison of the predicted amino acid sequences
of the acuE, acu-9 and aceB genes and the Brassica napus
(Comai etal. 1989) and Cucumis sativus (Smith and
Leaver 1986) sequences are shown in Fig. 5. The acukE
and acu-9 coding regions are very similar, with 87%
conserved residues, although there is a drop in conserva-
tion towards the N-terminal end of the protein (43%
conserved residues in the first 21 amino acids). When
the aceB, B. napus and C. sativus malate synthase se-
quences are compared with the fungal proteins the over-
all homology between the proteins is approximately 50%
(Fig. 5). The sites of introns of the fungal genes lie within
regions that are conserved between all five proteins.

Discussion

Comparisons of the DNA and amino acid sequences
of the malate synthase genes of 4. nidulans and N. crassa
have shown that there is a high degree of conservation
between these genes. However, there are a number of
structural differences, both in the number of introns and
in the 5’ non-coding regions of the genes. Despite these
obvious diferences the acuFE and acu-9 genes are func-
tionally interchangeable in both species as regards both
protein product and, to a certain extent, regulation
(Thomas et al. 1988). Thus, differences in the number
of introns and in the 5 untranscribed sequences have
little effect on the expression of these genes in the alter-
native host.

Differences in structural organisation have been ob-
served on comparison of a number of genes from A.
nidulans and N. crassa. In the genes of the quinic acid
utilization cluster there is a high degree of conservation
between homologous genes. However, the qutB gene of
A. nidulans is interrupted by two introns that are not
observed in the homologous ga-y gene of N. crassa. Sim-
ilarly, the qutG gene of A. nidulans has four introns while
the homologous ga-x gene has two introns (Hawkins
et al. 1988; Geever et al. 1989). In both cases these in-
trons fall within regions of the genes that are otherwise
highly conserved in both DNA and amino acid sequence
(Hawkins et al. 1988; Geever ct al. 1989).

A comparison of the acetyl CoA synthetase genes
of A. nidulans and N. crassa also revealed similar differ-
ences in gene structure. The facA gene of A. nidulans
contains six introns, two of which are contained within
the 5" leader mRNA and the N-terminal end of the pro-
tein where there is no conservation between the 4. nidu-
lans and N. crassa genes. Four more introns interrupt
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Fig. 5. Comparison of the acuE, acu-9, aceB, Brassica napus and
Cucumis sativus amino acid sequences. Identical amino acids are
indicated by *, conservative substitutions by C. Gaps, indicated
by —, have been introduced into the sequences to maximise the

the facA coding region, towards the C-terminal end of
the protein, and occur in regions that are highly con-
served between the fac4 and acu-5 genes in both DNA
and amino acid sequence. In contrast the acu-5 gene
of N. crassa contains only one intron which matches
the position of the final facA intron (Connerton et al.
1990). Thus, the three comparisons qut/ga, facA/acu-5
and acuE/acu-9 all give similar results. In each case, the
A. nidulans gene contains more introns in comparison
with its N. crassa counterpart, with the intron(s) com-
mon to both confined to the downstream end of the
coding sequence. The NADP-specific glutamate dehy-
drogenase genes am (N. crassa) and gdhA (A. nidulans)
each have two introns, in precisely corresponding posi-
tions (Hawkins et al. 1989). Comparison of A. nidulans
areA (Kudla et al. 1990) and N. crassa nit-2 (Fu and
Marzluf 1990a), coding for regulators of nitrogen cata-
bolism, show a high degree of similarity in predicted

C C **x*%x% * C *C*

homology. Conservative substitutions were determined according
to Dayhoff et al. (1972) and Kos et al. (1988). N.c. Neurospora
crassa, A.n. Aspergillus nidulans, E.c. Eschericha coli, B.n. B. napus,
C.s. C. sativus

amino acid sequences except that the niz-2 product has
an N-terminal sequence of 218 amino acid residues not
present in the areA protein. Whereas nit-2 contains two
introns, one in the 218 codon extension, areA has none.
In spite of the gross differences at the N-terminal ends
of these proteins the nit-2 gene has been successfully
transformed into an A. nidulans areA™ strain and com-
plemented the lost ared protein activity (Davis and
Hynes 1987).

It appears that in the evolution of the filamentous
Ascomycetes introns have been acquired or lost rather
freely. Whether gain or loss is the predominant event
is unclear. One conclusion that does emerge is that the
coding sequences flanking fungal introns are strongly
conserved; there is no indication of imprecise removal
or insertion, nor of any change in intron/exon bound-
aries such as might result from the adoption of alterna-
tive donor or receptor splice sites.



Despite the structural differences between homolo-
gous genes in A. nidulans and N. crassa, particularly
in the case of the facA/acu-5 and areA/nit-2 genes where
the N-terminal regions are very different (Connerton
et al. 1990; Fu and Marzluf 1990a; Kudla et al. 1990),
these genes perform similar functions in their respective
organisms. The facA/acu-5, qutE/qa-2 and acuE/acu-9
genes have also been frans-genically expressed in the al-
ternative hosts (Connerton et al. 1990; Hiatt and Case
1990). These results suggest that gross structural differ-
ences between homologous genes have little effect on
their correct expression and function. Moreover, the fact
that some induction of these genes can occur transgeni-
cally, e.g. fucA/acu-5 (Connerton et al. 1990) and acuE/
acu-9 (Thomas et al. 1988), suggests that similar regula-
tory proteins and binding sequences are shared by A.
nidulans and N. crassa. The nit-2 gene has been shown

to function in vivo in A. nidulans (Davis and Hynes

1987), which is consistent with the recent demonstration
of in vitro binding of nit-2 protein to the A. nidulans
niid/niaD intergenic region (Fu and Marzluf 1990b).

The comparison of the 5 non-coding regions of coor-
dinately regulated genes has proved useful in identifying
regulatory protein binding sites in a number of organ-
isms. As the acuE and acu-9 genes can be transgenically
expressed and induced it might be expected that these
two genes would share a common regulatory protein
binding site. The acuE gene is known to be positively
controlled by the presence of the facB protein and the
inducer acetate at the level of transcription (Sandeman
and Hynes 1989). The fact that induced expression of
the acu-9 gene in A. nidulans can be achieved would
suggest that the facB protein can recognise a binding
sequence in the 5’ region of the acu-9 gene.

Analysis of the promoter region of the amdS gene
of A. nidulans, which is also regulated by the facB gene,
has revealed a sequence involved in facB-mediated ace-
tate induction. This sequence was identified by a single
base pair mutation, amdI9, that causes increased induci-
bility of the amdS gene by acetate that is facB dependent
(Hynes 1975, 1977; Hynes et al. 1988). A 21 bp oligonuc-
leotide including the amdI9 sequence has been found
to be sufficient to confer faucB-dependent acetate induci-
bility on an amdS-lacZ fusion construct (T.G. Littlejohn
and M.J. Hynes, unpublished data). Comparison of the
5’ regions of the acuFE and acu-9 genes with the amdl9
region sequence indicates a number of related pyrimi-
dine-rich sequences. Similar sequences are found in the
5" regions of the facA and acu-5 genes which are also
regulated by acetate (Table 1; Connerton et al. 1990).
These sequences are potential binding sites for the facB,
or N. crassa equivalent, protein. However, the homolo-
gies are weak and detailed functional analysis is required
to investigate their significance.

In organisms that contain a glyoxylate bypass the
isocitrate lyase and malate synthase enzymes have been
found to be located within a subcellular organelle, the
glyoxysome, and this is also the case for A. nidulans
and N. crassa (Dijkema and Visser 1987; Zimmerman
and Neupert 1980; Thomas and Baxter 1987). Recent
work on peroxisomally located proteins has identified
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Table 1. amdI9-like sequence homologies in the 5’ regions of the
acuE, acu-9, facA and acu-5 genes

Gene Position Sequence Strand
amdI9 — 219 CTGCAGCTTCCC +
acukE —1355 CTCGAGATTCCT +
—1174 GTTCATGTTCCC —
—1153 CGGCCTCTTCCC —
— 724 CGACATCTTCCG —
— 682 GGGCAGTTTCAC -
— 308 TTTCAACTTCAC +
acu-9 — 626 CTCGAGGTTCCT -
facA —1349 CGCCTGCTTCCC +
- 97 CTGCATTTTCCC +
acu-5 — 517 CTGCTTGTTCGC —
— 449 TTTCAGATTCCA +

All sequences are positioned, from the start of the sequence, in
comparison with the startpoint of translation. + represents the
coding strand and — the non-coding strand

a tripeptide at the C-terminus of these proteins that is
both necessary and sufficient to direct protein transport
into the peroxisome (Gould et al. 1987, 1988, 1989). The
tripeptide from the luciferase gene has been extensively
studied using site-directed mutagenesis to alter the se-
quence of the residues and immunofluorescence to exam-
ine the partitioning of the mutant proteins (Gould et al.
1989). It was found that the first two residues of the
tripeptide could be either one of three possible amino
acids but that the final leucine residue may be fixed.
Thus, this peroxisomal targeting sequence is likely to
conform to the sequence S/A/C—K/H/R—L (Gould
et al. 1989). A survey of peroxisomal and glyoxysomal
proteins showed that a number of the proteins contained
this sequence at the C-terminus, including the cucumber
and rapeseed malate synthase proteins (Comai et al.
1989; Smith and Leaver 1986). However, this sequence
is not found at the C-terminus of all peroxisomally locat-
ed proteins (Osumi and Fujika 1990). For example, acyl
CoA oxidase of Candida tropicalis was shown to have
two internal regions that directed transport into the per-
oxisome. Although this protein did containan S—K —L
sequence, the tripeptide was not associated with the tar-
geting regions (Small et al. 1988). Thus, a number of
different topogenic signals that direct protein transport
into peroxisome-like organelles are likely to occur.

The malate synthases from both A. nidulans and N.
crassa, which have been shown to be localised in glyoxy-
somes (Dijkema and Visser 1987; Zimmerman and Neu-
pert 1980), do conform to the consensus defined by
Gould et al. (1989). Both have the sequence scrine-ly-
sine-leucine at the C-terminus. This sequence is also
shared by the B. napus (S—R—L) and C. sativus (S—
K-—1L) proteins but is absent from the aceB protein
(Fig. 5).
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