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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 acuE and 
acu-9 proteins both contain a C-terminal S-K-L se- 
quence, which has been implicated in transport into per- 
oxisomes. The acuE 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 acuE 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 infacB-mediated acetate regulation of the amdS gene, 
were found but their functional significance remains to 
be determined. 

Key words: Aspergillus nidulans - Neurospora crassa - 
Acetate - Malate synthase - Glyoxysome transport - 
Gene regulation - Introns 

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/acuA (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 f acB  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 f acB  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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facA-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 A. nidulans 
aeuE 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 MI3 and a universal 
primer (mp18 and mpl9, 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 (acuE, Aspergillus nidulans). 

The cloning and initial characterization of the malate 
synthase gene of N. erassa 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 KpnI 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. 1 B 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 (aeu-9, Neurospora crassa). 

Transcript mapping. $1 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 
Ps t I -Sa l I  M13 subclone (coordinates - 4 0 4  to +10, 
see Fig. 2) was used as a source of the 32P-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 $1 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 A. nidu- 
lans (acuE) and N. crassa (acu-9) are presented in Fig. 1 
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Fig. l A 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 line and the direction 
of sequencing by the arrow. The dashed line and arrow show the 
position and direction of a eDNA clone that  was sequenced. + 1 
marks the start of translation of the aeuE gene. B A restriction 
map of the acu-9 gene. pEMBLI8  and 19 subclones that  were 
sequenced are shown below the restriction map. The extent of the 
sequenced region is shown by the line and the direction of sequenc- 
ing by the arrow. + 1 marks the start of translation of the acu-9 
gene 
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met ser gln val asp ala gln leu lys asp val ala ile leu gly ser val ser asn glu ala 
AA~GCTACCATC ATG TCT CAG GYC GAC GCC CAG CIT AAG GAT GTG GCC ATC CIU GGC TCC GTG AGC AAC GAA GCC 

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 
C~ ~GATC CIUA~ ~G GAAGCC TGT GCr 

leu @n ~gargv~ asp ~g @n ala @u 
CTG ~G CGC C~ G'IT GAT CGTCAG GCC GAG 

arg asp asp pro s~ trp ~s @y a~ pro 
C~ GAT GAT C~ A~ TGG~G GCAGCr CCC 

ITC CTC GCCA~ TEAGAC C~ A~ ITC~C CCTA~ C~ ~G GCT CTC 

~e aspl~ gly his ~u ~oasp p~ ~u ~oglu t~ lys his ~e 
ATC GAC AAG GGC GAC CTC C~ GAC TTC CTC CCAGAGA~ ~G ~C A~ 

pro ~apro gly leuv~ asp argarg v~ ~uile t~ ~y ~o t~ 
CCA~G CCTGGT CTC GTC GAC C~ C~ GITGAGA~ ACT ~T CCTA~ 

asp arg lys met val val asn ala leu asn ser asp va 
GAC CGG AAG AYG GTC GTC AAC GCA CTG AAC TCG GAT GT gtggacttacatggctgatttogagggtatgcatcacagatctgcaaaca 

1 ala pro thr trp asp asn met ile asn gly gln ile asn leu tyr 
t t t cgat gagtaacagctaacggcgt gaagact ccag 

asp ala ile arg arg gln val asp phe lys 

C GCC CCT ACT YC43 GAT AAC ATG ATC AAC GGC CAG ATC AAC CIT TAC 

gln gly gln lys glu tyr lys leu arg thr asp arg thr leu pro thr 
GAT GCC ATC CGC CGC CAG GTC GAC TIC AAG CAG GGT CAG AAG 

leu ile ala arg ala arg gly trp his leu asp glu lys his 
CTG AYT GCT CGT GCC CGT GGC TGG CAC CTC GAC GAG AAG CAC 

phe asp phe gly leu tyr phe phe his asn ala lys glu leu 
YTC GAC TIT GGT CTG ~C TrC TIC CAC AAC GCC AAG GAA TTG 

lys met glu ser his leu glu ala arg leu trp asn asp val 
AAG ATG GAG TCT CAC CTC GAA GCT CGT CTG TGG AAC GAT GI~ 

GAG TAC AAG CIT CGC ACA GAC CGA ACC CTG CCC ACC 

phe thr val asp gly glu pro ile set gly ser leu 
TI~ ACT GTC GAT GGC GAG CCC AYC TCC GGC AGT CTG 

val ala arg gly phe gly pro tyr phe tyr leu pro 
GTG GCT CGC GGG TIV GGT CCT TAC TIC EAC CIT CCC 

phe ash leu ala gln asp tyr ile gly met pro arg 
TI~ AAC CYG GCT CAG GAC TAC AYT GGC ATG CCC CGC 

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 AYT C4~A ACC ATC ACT GCf GCG TIT GAG ATG GAA GAG gtgtgttttctttgcttgctc 

ile ile tyr glu leu arg asp his ser ser gly leu ash cys gly arg trp asp 
gtttagggctaogctaacagctta~ ATC ATC TAC C~A CTC CGT CAC CAC AGC %L'C GGT CTC AAC YGC GGC CGC YGG GAC 

tyr ile phe set phe ile lys lys phe arg gln his pro asn phe val leu pro asp arg set asp val thr met thr 
TAC A2C TII: TCC T~C ATC AAG A~A TI~ CGC CAA CAC CCC AAC TIT GIC CIT CCT GAC CGC TCT GAT GTC ACC ATG ACC 

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 TIU AYG CAT GCC TAC GTG AAG CTC CTC ATC AAG ACC TGT CAC AAG CGA GCA GTC CAC GCT ATG gtat~zcc 

gly gly met ala ala gln ile pro ile lys asp asn ala glu ala 
tttcttttgcaaagttcggtatcegtactaacgtatgcag 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 CTC CGT 

his pro ala leu ala ser ile ala ser glu val phe asn lys 
CAC CCG GCT CrC GCT YCG ATT GCC AGT GAA GIT TIC AAC AAG 

glu asp val asn ile thr ala asn asp leu leu asn thr ash 
GAG GAC GTC AAC ATC ACC GCC AAC GAC CTC CTC AAC ACC AAC 

asn leu asn ile gly leu ger gyr get glu gly trp leu arg 
AAC CTG AAC ATC GGT CTC YCC TAC ATG GAG GGT TGG CIT CGT 

gtaagqacccctgcact t t ct t agcccaagaaat gatgttaatgat gaaata~ 

gln leu trp gln trp ala arg his gly val thr thr set glu 
CAG CTT EGG CAA TGG GCC CGC CAC GGT GTr ACC ACC TCT GAG 

leu lys glu gln ala asp ala leu ala ala lys gly pro lys 
CTG AAG CAA CAG GCC GAT GCC CTr GCA GCC AAG GGT CCT AAG 

glu aln val thr gly glu asp tyr ala asp phe leu thr ser 
GGC CAG GTT ACC GGT CAA GAT TAC GCC GAC T~C YTG ACC AGC 

ser lys leu *** 
AAG CTC TAA ~TCcI'I'I'ITIIgI'I~CCGG-'i~I~IL'I'i'/LA~~C ~c~_q~I~TGAT]2 

C C A A A ~  I'£~TIL~I'i'i GAq21CATC TIX:AGI3G'TGE~~GC21TATCI~L-qlA~ ~ T r A ~  TATG TATAT 

CFAAAATCCAAAC CAGATC CAC CTYC GTATIqVATGC TITATITCA~CACAGGIUNC TAAC CCAAAJA~I~2Nci T£TAAACAAACCAA2N~CIT 

~CCYGATCCCYCCAGAAATITCATGGATCAAAAGGTPIACCCAA~TrCAACTGT~CCAAAAA2ACAACTCAggCT~ ~ 

CACC CAAYTCIIgC TCAC GCACA~ TAGCIVAGATCT 
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CAA GIT CGT GCA GGC CAC C~C GGC ACA YGG GTY GCG +1258 

tyr met pro thr pro asn gln met his val arg arg 
~C ATG CCC ACC CCC AAT CAG ATG CAC GTC CGC CGC +1336 

val pro gly lys ile thr glu asp gly ile arg lys 
GIT CCC GGA AN3 ATC ACC C~G GAC GGT ATC CGC AAG +1414 

gly val gly cys ile pro ile asn tyr leu met 
GGT GTC GGA TGT ATC CCT ATT AAC TAC CTG ATG +1489 

glu asp ala ala thr ala glu val ser arg ser 
GAG GAC GCC GCT ACC GCC GAA GTC TCC CGC AGC +1575 

gly lys lys val asp lys ala tyr ala leu arg leu 
GGC AAG AAG GIT GAC AAG GCT TAT GCC ETA CGT CTG +1653 

gly asn lys phe gln leu ala gly arg tyr phe ser 
GGC AAC AAG TIC CAG CIT GCT GGT CGC EAC TIT TCC +1731 

leu leu tyr asn glu ile ser ser pro gly thr ala 
CTG CTG TAC AAC GAG A_TT YCG ~?CT COG GGT ACT GCT +1809 

+1907 

+2010 

+2113 

+2216 

+2256 

Fig. 2. D N A  and  a m i n o  acid sequence  o f  the  acuE gene. The  D N A  sequence is n u m b e r e d  in relat ion to the  t rans la t ion  startsite.  The  
C A A T  and  T A T A A  boxes  are doubly underlined, the  t ranscr ip t ion  s tar ts  are arrowed and  in t ron  5' a n d  3' splice sites an d  signals 
are in boldface 
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Fig. 3. D N A  and amino acid sequence of 
The TATAA box is doubly underlined, the 
face 

the acu-9 gene. The D N A  sequence is numbered in relation to the translation startsite. 
transcription starts are arrowed and intron 5' and 3' splice sites and signals are in bold 
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F i g .  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 

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 o f  the ma/ate 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 et al. 1989) and Cucumis sativus (Smith and 
Leaver 1986) sequences are shown in Fig. 5. The acuE 
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 ofintrons of the fungal genes lie within 
regions that are conserved between all five proteins. 

D i s c u s s i o n  

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 61 364 daltons. The two genes show a similar 
bias against adenosine in the third position of codons. 

S1 nuclease mapping and primer extension of the 5' 
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 acuE 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 (see Fig. 1 A). 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- 

Comparisons of the DNA and amino acid sequences 
of the malate synthase genes ofA.  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 acuE 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 qa-y gene of N. crassa. Sim- 
ilarly, the qutG gene ofA. niduIans has four introns while 
the homologous qa-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 et 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 f acA  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 A. 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 

N.c. MASVETLLQG--VTI SGP--I EEHQR ............ K I LTPQALSFVALLHRSFNQT-RKNLLERRHVRQAE IDRGVLPDFLPE TKH I RENPTWKGAA 

A.n. MS QVDAQLKD --VAI LG S- -VSNEAR ............ K I LTKEACAELAI LHRTFNPT-RKALLQRRVDRQAE IDKGHLPDFLPETKH I RDDP SWKG-A 
* *C * * * * C C * **** C* *C*C***C** * ** **C** ******C* ************CC*C*** * 

E.c. MTEQATTT-D -E LAFTRP--YGEQEK ........... Q I LTAEAVEFLTE LVTHFTPQ-RNKLI/kARI QQQQD IDNGTLPDF I SETAS I RDAD -WK i RG 
B. n. ME L-ETSVYRPNVAV ..... YDSPDGVEVRGRYDQVFAK I LTRDALGFVAE LQREFRGHVRYAMECRREVKRR-YNSGAVPGFDPS TKF I RDGE-WVCAS 

C.s. MGSLGMYSESGLTKKGS SRGYDVPEGVDIRGRYDEEFAKILNKEALLF IADLQRTFRNH IKYSMECRREAKR -YNEGGLPGFDPATKYIRDSE-WTCA_ 

* C ** C* *C * * C C * CC * C* * * **C * 

N.c. PAAPPLV-DRRVEMTGPTDRKMVVNALNSDVYTYMADFEDS SAPTWANMVNGQVNLYDA IRRQ I DFKQ--GPKE YKLRTDRTLPTL IVRPRGWH LEEKHV 
A.n. PPAPGLV-DRRVE ITGP TDRKMVVNALNSDVWTYMADFEDS SAPTWDNMINGQ INLYDA IRRQVDFKQ--GQKE YKLRTDRTLPTL IARARGWHLDEKHF 

* ** ** *********************** ************** ********************* * *************** * *****C***C 
E. c. IPAD-LE-DRRVEITGPVERKMVINALNANVKVFN/H3FEDSLAPDWNKVIDGQ INLRDAVNGT I SYTNEAG-KI YQLKPNAV---L ICRVRGLHLPEKHV 

B. n. VP PA--VADRRVE I TGPVE RKMI INALNS G A ~  FEDALS P S WENIXMRGQVNLKDAVD G S I TFNDKARNKVYKLN-D QVAK -LFVRP RGWH LPEAH I 
C.s. PVPPA-VADRRVE I T GPVE RKMI INALNS GAKVFMAD FE DALSPNWENLMRGQ INLKDAVD GT I SFHDRVRNRVYKLN-DRTAK-LFVRP RGWH LPEAH i 

*****C*** C***CC**** C****** * * CC **C** **C C C C C * * C *C * ***** * *C 

N.c. TI DGEPVS GS LFDFGLYFF HNAKELVQR---GF GP YF YPPKME SHLEARLWNDAFNLAQDYVG IP LST I RGTVL IE TI TAAFEMDE I i FELRNHTSGLNR 
A.n. TVDGEP I SGSLFDFGLYFF HNAKELVAR---GF GPYF YLPKME SHLEARLWNDVFNLAQDY IGMPRGTI RGTVL IETI TAAFEMEE i i yE LRDH S SGLNC 

************************** * ******* ************** *******C'C* ******************************** 

E.c. TWRGEAIPGSLFDGALYFFHNYQALLAK---GSGPYFYLPKTQSWQGAAWWSGVF SYAEDRFNLPHGTIKATLLIETLPAVFQMDE ILHALRDH IVGLNC 
B.n. LI DGEPATGCLVDFGLYFFHNYAKFRQTQGSGFGPGG YLPKMEHSREAK I WNSVFERAEKMAG IERG S IRATVL IETLPAVFQMNE i LYE LRDHSVGLNC 

C.s. FIDGEPATGCLVDFGLYFFHNHANFRRSQGQGYGPFFYLPKNEHSREAKIWNSVFERAEKMAG IERGSIRATVLIETLPAVFQMN-E ILYELRDHSVGLNC 

** * *C* ****** * ** * ** C * * * *C C C*C *C****C * *C*C**C **C* *** 

N. c. GGWDY I FPF I KEVRRFPNFVLPDRSDVTMTVPFMEAYVKLL IKTLHRLVVHAMG-MAAQ Ip IKDDKAANDKAMEGVRADKLREARAGHDGTWVAHPALAS 

A. n. GRWD Y I F S F I KKFRQ HPNFVLPD RS DVTMTVPFYDAYVKLL IKTC HKRGVHAMGGMAAQ I p I KDNAEANDKAME GVRADKLREVRAGHDGTWVAHPALAS 
* ***** *** C* ******************C********* *C ***** *********C **************** **************** 

E. c. GRWDYIFSYIKTLKNYPDRVLPDRQAVTMDKPFLNAYSRLLIKTCHKRGAFAMGGMAAF Ip SKDE-EHNNQVLNKVKADKSLEANNGHDGTWIAHPGLAD 

B.n. GRWD Y I F S YVKTFQAHP DRLLPDRVLVGMGQHFMRS Y SD LL I RTC HKRGVHAMGGMAAQ I p I RDD PKANEMALD LVKNDKLREVRAGHDGTWAAHP GL i p 
C. s. GRWDYIFSYVKTFQAHPDRLLPDRVLVGMTQHFMRSYSDLLIRTCHRRGVHAMGGMAAQ Ip IRDDPKANEVALELVRKDKLREVKAGHDGTWAAHPGLIP 

* ***** CC* C *C C**** * * *C * ***C* *C *** *** ** C*C *C CC *C ** * ****** *** * 

N. c. IALEVFNKHMPTPNQLFN-RREDVK-I GQQD LLNMNVPG S STEDG IRKNLNTGLGYTEPWI RGVGCVP I KHPQEDAATAEVSRSQLWQWVKHRVTTAE GK 
A. n. IASEVFNKYMPTPNQMHV-RREDVN-I TAND LLNTNVPGKI TEDG IRKNLN IGLS YMEGWLRGVGC I p INYLMEDAATAEVSRSQLWQWARHGVTTSE GK 

*W ***** ******C ***** * C**** **** ********** ** * * *C*****C** **************** C* *** *** 

E.c. TAMAVFND ILGSRKNQLEVMREQDAP I TADQLLAPCD -GERTEEGMRAN IRVAVQY I EAWI SGNGCVP I YGLMEDAATAE i SRTS i WQWI HHQKTLSNGK 

B. n. I CMDAF SHMGNNPNQ IKSMKRDDASAI TEEDLLQ I PR-GVRTLEGLRLNTRVG IQYLAAWLTG SG SVPLYNLMEDAATAE I SRVQNWQWI RYGVEL-DGD 
C. s. ACMEVFTNMGNAPNQ IRSMRRDDAANLTEEDLLQQPR-GVRTMEGLRLNTRVG IQYLAAWLTGAG SVPLYNLAEDAATAE I SRVQNWAWLKYGVEL-DGD 

* C *CC CC** * * C'C* * C * *C * * C*C *******C** * * C C* 

N. c. H--- -VDKRYP LKLLKEADRQRLAKAP QGNKFNI/kAQy ...... FAS QVTG-ED YADF LTCLLYNE ITSAGNSLPASKL 
A.n. K- -- -VDKAYALRLLKE QADAIAAKGP KGNKFQLAGRY ..... F SE QVTG-EDYADF LTSLLYNE I S SPG-T--ASKL 

C *** * *C**** ** * ****C** * * **** ******** ******C* * C **** 

E. c. P----VTKALFRQMLGEEMKVIASELGE-ERFSQ-GR-FDDAARLMEQITTSDELIDFLTLPGYRLLA 
B. n. GLGVRVSKE LF GRVVEEEMER IEKEVGK-DKFKR-GMYKEACKMF TKQC TAAE - LDDF LT LAVYD H IVAH yp IN-ASRL 
C. s. GLGVRVNKE LFGRVVEEEMERIEREVGK--RFKK-GMYKEACKMF TRQC TAPN-LDDF LTLDAYNY IVI HHPRE-LSKL 

* * C CC * C* * * C C **** * 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 

the facA coding region, towards the C-terminal end of 
the protein, and occur in regions that are highly con- 
served between the facA 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/qa, 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 1990 a), coding for regulators of nitrogen cata- 
bolism, show a high degree of similarity in predicted 

amino acid sequences except that the nit-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 area 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. 
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Despite the structural differences between homolo- 
gous genes in A. nidulans and N. crassa, particularly 
in the case of thefacA/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 trans-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. facA/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 
niiA/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 thefacB 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 isfacB dependent 
(Hynes 1975, 1977; Hynes et al. 1988). A 21 bp oligonuc- 
leotide including the amdI9 sequence has been found 
to be sufficient to conferfacB-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 acuE and acu-9 genes with the amd[9 
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 thefacB, 
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 

Table 1. amdI9-1ike sequence homologies in the 5' regions of the 
aeuE, acu-9, facA and aeu-5 genes 

Gene Position Sequence Strand 

amdI9 - 219 CTGCAGCTTCCC + 
acuE -- 1 3 5 5  CTCGAGATTCCT + 

-- ] 1 7 4  GTTCATGTTCCC - -  

- 1153 CGGCCTCTTCCC - -  

- 724 CGACATCTTCCG - -  

-- 682 GGGCAGTTTCAC -- 

-- 308 TTTCAACTTCAC -}- 
acu-9 -- 626 CTCGAGGTTCCT -- 

facA - 1 3 4 9  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 contain an 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 serine-ly- 
sine-leucine at the C-terminus. This sequence is also 
shared by the B. napus ( S - R - L )  and C. sativus ( S -  
K - L )  proteins but is absent from the aceB protein 
(Fig. 5). 
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