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Three a-amylase genes of Aspergillus oryzae exhibit
identical intron-exon organization
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Summary

We have cloned three genes {amyi, amy2 and amy3)
encoding u-amylase in the filamentous fungus Asper-
gillus oryzae. The established overall sequences have
a very high degree of homoiogy, shovi/ing divergences
mainty in the 3'-untranslated regions. The positions
and the sequences of the eight introns were found to
be absolutely identical in the three genes. The
sequence analysis of the 5'-regions revealed pre-
sumptive TATA, CAAT and GC boxes. Primer exten-
sion analysis was performed to determine the
transcription start. We were able to detect mRNAs
from amyi and amy3 but not from amy2 with gene-
specific oligonucleotide probes complementary to the
3'-noncoding regions.

Introduction

The major group of starch-hydrolysing enzymes, a-amy-
lases (EC 3.2.1.1, a-1,4-glucan-4-glucanohydrolases),
catalyse the endoamylolytic cleavage of a-1.4-glycosidic
linkages in starch and related substrates releasing short
oligosaccharides and «-limit dextrins. A wide range of
organisms produces amylases. Alpha-amylases of micro-
bial origin are exoenzymes and are widely used in biotech-
nology. Examples of the technical applications of fungal
n-amylases include the production of bread, maltose
syrups and asian fermentation products like soya sauce,
miso and sake (Cheetham, 1985; Hesseltine, 1983).

Aspergiiius oryzae is one of the most efficient a-amy-
lase-secreting fungi. This amylase is well characterized,
including the complete amino acid sequence (Toda et ai.,
1982). From the three-dimensional structure, based on
X-ray structure anaiysis, suggestions have arisen regard-
ing the catalytic sites of this enzyme (Matsuura et ai.,
1984). In contrast to the importance of this fungal enzyme
and the well-established protein data there is a lack of
information about the organization and the regulation of
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the corresponding structural gene{s). Errat et ai. (1984)
considered an initial transcription control for the produc-
tion of a-amylase in A. oryzae.

In higher eukaryotes, amylases often exist as different
isoenzymes: for example the salivary and pancreatic
types in mammals. The genetic organization of mamma-
lian amylase genes and the regulation of their expression
have been investigated (Gumucio etai., 1985; 1988; Horii
etai., 1987; Emiefa/., 1988). It was shown that the human
genome has a large clustered gene family encoding the
different isoenzymes of a-amylase. Additionally, pseudo-
genes were detected in this gene family.

To date, the lower eukaryote A. oryzae is known to
produce only one type of a-amylase. We were interested
in verifying this assumption as well as in revealing the
genetic organization of the structural gene(s). In this report
we show the existence of several copies of a-amylase
genes in the genome of A. oryzae. We analyse the coding
regions and the distribution of introns in the genes with the
intention of clarifying the existence of different iso-
enzymes. A further question resulting from the initial
experiments was which gene copy is expressed in the
fungus, with regard to the presumptive regulatory regions.
A means of answering this question will be discussed with
respect to the data obtained.

Results

Analysis ofcDNA coding for A. oryzae a-amyiase

Poly(A)^ RNA isolated from starch-grown mycetia of A.
oryzae was used to construct a cDNA library. About 10 000
recombinant colonies were screened using a 5'-phospho-
rylated 63-mer derived from the published sequence of
Taka amylase A (Toda ef ai., 1982). A total of 26 positive
clones were obtained. The recombinant plasmids con-
tained cDNA inserts ranging in size from about 1100 to
1800bp. Overlapping subclones of the longest insert
{pGW8) were used to establish the nucleotide sequence of
the cDNA (Fig. 1). The DNA sequence of 1822bp com-
prises one open reading frame coding for 499 amino
acids, a 5'-untranslated region of 20 bases, and a 3'-
untranslated region of 278 bases excluding the poly(A) tail
of 27 residues. Comparison with data obtained later from
our genomic clones confirmed the cDNA sequence but
revealed that the 5'-untranslated region of pGW8 lacks the
first 42 nucleotides of the mRNA.
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AAACCCCACAGAAGGCATTTATG ATG GTC GCG TGG TGG TCT CTA TTT CTG TAC GGC CTT CAG GTC GCG GCA CCT GCT TTG GCT
Met Met Val Ala Trp Trp Ser Leu Phe Leu Tyr Gly Leu Gin Val Ala Ala Pro Ala Leu Ala

-20 -10

GCA ACG ccr GCG GAC TGG CGA TCG CAA TCC ATT TAT TTC CTT CTC ACG GAT CGA TTT GCA AGG ACG GAT GGG TCG ACG
Ala Thr Pro Ala Asp Trp Arg Ser Gin Ser lie Tyr Phe Leu Leu Thr Asp Arg Phe Ala Arg Thr Asp Gly Ser Thr
1 10 20

ACT GCG ACT TGT AAT ACT GCG GAT CAG AAA TAC TGT GGT GGA ACA TGG CAG GGC ATC ATC GAC AAG TTG GAC TAT ATC
Thr Ala Thr Cys Asn Thr Ala Asp Gin Lys Tyr Cys Gly Gly Thr Trp Gin Gly H e H e Asp Lys Leu Asp Tyr H e

30 40 50
CAG GGA ATG GGC TTC ACA GCC ATC TGG ATC ACC CCC GTT ACA GCC CAG CTG CCC CAG ACC ACC GCA TAT GGA GAT GCC
Gin Gly Met Gly Phe Thr Ala H e Trp H e Thr Pro Val Thr Ala Gin Leu Pro Gin d r H n Ala Tyr Gly Asp Ala

60 70

TAC CAT GGC TAC TGG CAG CAG GAT ATA TAC TCT CTG AAC GAA AAC TAC GGC ACT GCA GAT GAC TTG AAG GCG CTC TCT
Tyr His Gly Tyr Trp Gin QXn Asp H e Tyr Ser Leu Asn Glu Asn Tyr Gly Thr Ala Asp Asp Leu Lys Ala Leu Ser

80 90 100

TCG GCC CTT CAT GAG AGG GGG ATG TAT CTT ATG GTC GAT GTG GTT GCT AAC CAT ATG GGC TAT GAT GGA GCG GGT AGC
Ser Ala Leu His Glu Arg Gly Met Tyr Leu Met Val Asp Val Val Ala Asn His Met Gly Tyr Asp Gly Ala Gly Ser

110 120 130
TCA GTC GAT TAC AGT GTG TTT AAA CCG TTC AGT TCC CAA GAC TAC TTC CAC CCG TTC TC?r TTC ATT CAA AAC TAT GAA
Ser Val Asp Tyr Ser Val Phe Lys Pro Phe Ser Ser Gin Asp Tyr Phe His Pro Phe Cya Phe H e Gin Asn Tyr Glu

140 150

GAT CAG ACT CAG GTT GAG GAT TGC TGG CTA GGA GAT AAC ACT GTC TCC TTG CCT GAT CTC GAT ACC ACC AAG GAT GTG
Asp Gin Thr Gin Val Glu Asp Cys Trp Leu Gly Asp Asn Thr Val Ser Leu Pro Asp Leu Asp Thr Thr Lys Asp Val

160 170 180
GTC AAG AAT GAA TGG TAC GAC TGG GTG GGA TCA TTG GTA TCG AAC TAC TCC ATT GAC GGC CTC CGT ATC GAC ACA GTA
Val Lys Asn Glu Trp Tyr Asp Trp Val Gly Ser Leu Val Ser Asn Tyr Ser H e Asp Gly Leu Arg H e Asp Thr Val

190 200

AAA CAC GTC CAG AAG GAC TTC TGG CCC GGG TAC AAC AAA GCC GCA GGC GTG TAC TGT ATC GGC GAG GTG CTC GAC GGT
Lys His Val Gin Lys Asp Phe Trp Pro Gly Tyr Asn Lys Ala Ala Gly Val Tyr Cys H e Gly Glu Val Leu Asp Gly

210 220 230

GAT CCG GCC TAC ACT TGT CCC TAC CAG AAC GTC ATG GAC GGC GTA CTG AAC TAT CCC ATT TAC TAT CCA CTC CTC AAC
Asp Pro Ala Tyr Thr Cys Pro Tyr Gin Asn Val Met Asp Gly Val Leu Asn Tyr Pro H e Tyr Tyr Pro Leu Leu Asn

240 250 260

GCC TTC AAG TCA ACC TCC GGC AGC ATG GAC GAC CTC TAC AAC ATG ATC AAC ACC GTC AAA TCC GAC TGT CCA GAC TCA
Ala Phe Lys Ser Thr Ser Gly Ser Met Asp Asp Leu Tyr Asn Met H e Asn Thr Val Lys Ser Asp Cys Pro Asp Ser

270 280
ACA CTC CTG GGC ACA TTC GTC GAG AAC CAC GAC AAC CCA CGG TTC GCT TCT TAC ACC AAC GAC ATA GCC CTC GCC AAG
Thr Leu Leu Gly Thr Phe Val Glu Asn His Asp Asn Pro Arg Phe Ala Ser Tyr Thr Asn Asp H e Ala Leu Ala Lys

290 300 310
AAC GTC GCA GCA TTC ATC ATC CTC AAC GAC GGA ATC CCC ATC ATC TAC GCC GGC CAA GAA CAG CAC TAC GCC GGC GGA
Asn Val Ala Ala Phe H e H e Leu Asn Asp Gly H e Pro H e H e Tyr Ala Giy Gin Glu Gin His Tyr Ala Gly Gly

320 330

AAC GAC CCC GCG AAC CGC GAA GCA ACC TGG CTC TCG GGC TAC CCG ACC GAC AGC GAG CTG TAC AAG TTA ATT GCC TCC
Asn Asp Pro Ala Asn Arg Glu Ala Thr Trp Leu Ser Gly Tyr Pro Thr Asp Ser Glu Leu Tyr Lys Leu H e Ala Ser

340 350 360
GCG AAC GCA ATC CGG AAC TAT GCC ATT AGC AAA GAT ACA GGA TTC GTG ACC TAC AAG AAC TGG CCC ATC TAC AAA GAC
Ala Asn Ala H e Arg Asn Tyr Ala H e Ser Lys Asp Thr Gly Phe Val Thr Tyr Lys Asn TlP Pî o H e Tyr Lys Asp

370 380 390

GAC ACA ACG ATC GCC ATG CGC AAG GGC ACA GAT GGG TCG CAG ATC GTG ACT ATC TTG TCC AAC AAG GGT GCT TCG GGT
Asp Thr Thr H e Ala Met Arg Lys Gly Thr Asp Gly Ser Gin H e Val Thr H e Leu Ser Asn Lys Gly Ala Ser Gly

400 410

GAT TCG TAT ACC CTC TCC TTG AGT GGT GCG GGT TAC ACA GCC GGC CAG CAA TTG ACG GAG GTC ATT GGC TGC ACG ACC
Asp Ser Tyr Thr Leu Ser Leu Ser Gly Ala QXy Tyr Thr Ala Gly Gin Gin Leu Thr Glu Val H e Gly Cys Thr Thr

420 430 440

GTG ACG GTT GGT TCG GAT GGA AAT GTG CCT GTT CCT ATG GCA GGT GGG CTA CCT AGG GTA TTG TAT CCG ACT GAG AAG
Val Thr Val Gly Ser Asp Gly Asn Val Pro Val Pro Met Ala Gly Gly Leu Pro Arg Val Leu Tyr Pro Thr Glu Lys

450 460

TTG GCA GGT AGC AAG ATC TGT AGT AGC TCG TGA AGGGTGGAGAGTATATGATGGTACTGCTATTCAATCTGGCATTGGACAGTGAGTTTGAG
Leu Ala Gly Ser Lys H e Cys Ser Ser Ser stop

470 478

TTTGATGTACAGTTGGAGTCGTTACTGCTGTCATCCCCTTATACTCTTCGATTGTTTTTCGAACCCTAATGCCAAGCACGCTAGTCTATTATAGGAAAGGATC

TTACCCCACC(A)27

Fig. 1. Nucleotide sequence of cloned A. oryzae a-amylase cDNA and deduced amino acid sequence. 1 indicates the first amino acid of the mature
protein. Underlined positions indicate differences from the published sequence of Taka amylase A [Toda et al.. 1982).
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identification and cloning of A. oryzae genomic
a-amyiase DNAs

Southern-blot analysis of nuclear DNA was employed to
obtain initial information about the organization of the
a-amy!ase gene(s) in A. oryzae. DNA was hydroiysed with
the restriction enzymes EcoRI, H/ndlll and Sai\. The
blotted DNA was hybridized consecutively with two nick-
translated Pst\ fragments isolated from the cDNA clone,
pGW8- Figure 2 shows the corresponding fluorographs.
Hybridization with the 1450bp 3'-terminal Psfl fragment
resulted in a pattern generally consisting of three bands.
Rehybridization of the membrane-bound DNA with the
370bp 5'-terminal Pst\ fragment generated the same
bands with the exception of the Sail lane, in which three
additional bands appeared. Sa/I cuts the cDNA once in a
region covered by the second probe. This probe should
therefore overlap the appropriate genomic Sail fragments.
The obtained hybridization patterns indicate the existence
of three amylase genes in the genome of A. oryzae.

A library of the A. oryzae genome was constructed in the
phage \ substitution vector EMBL3 in order to isolate the
three presumptive genes. From 50000 recombinant pla-
ques screened with the 1450bp Psfl fragment of pGW8
we isolated 26 hybridizing clones. Sa/I-hydroiysed phage
DNAs were analysed by the same approach as that used in
the genomic Southern hybridization experiments. Figure
3A demonstrates the fragment pattern of hybridization
with the 1450bp probe; Fig. 3B represents the rehybridi-
zation with the 370bp 5'-terminal Psfl fragment. The
hybridizing bands of the recombinant EMBL3 clones
could be correlated to the corresponding bands of the
Sa/l-cut genomic DNA. The data show that a set of clones
was isolated for each gene spanning about 20-30 kb of the
corresponding genomic DNA loci. There are no indications
for the clustering of the three genes within these regions.
For further anaiysis the clones \StW7, \StW26 and
\StW28 were chosen, in that order, representing the
genes named amyi, amy2 and amy3, respectively.
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Fig. 2. Southern analysis of genomic DNA from A oryzae DSM63303.
DNAs hydroiysed wrth fcoRI (lane IJ, H/ndlll (lane 2) and Sal\ (lane 3)
were separated on a 0.8% agarose gel. Molecular weight marker: phage
SPP1 DNA hydroiysed with EcoRI.
A. Hybridization with a nick-translated 1450bp Psfl fragment of pGW8.
B. Hybridization with the corresponding 370bp PstI probe.

Genetic organization of the three a-amyiase genes in A.
oryzae

Partial restriction maps were established and appropriate
fragments of each gene subcloned in pUC19. The
recombinant plasmids were called p i 9.7.4 Eco, p19.26.3
Eco and pi 9.28 Sal. Plasmid DNAs were subjected to
DNA-sequencing reactions using universal primers. The
sequences of the second strands were filled by priming
further reactions with specific oligonucleotide probes.
Figure 4 shows the major restriction sites for the estab-
lished sequences and the genetic organization of the three
genes. The overall DNA sequence of the genes is pre-
sented in Fig. 5. The three a-amyiase genes in A. oryzae
encode for nearly identical proteins of 478 residues. The
genes amy1 and amy2 have identical sequences from the
upstream EcoRI site down to the 6g/ll site; amy3 shows
deviations from the other genes at two nucleotides which
would change the amino acids at the appropriate posi-
tions. Alignment of the cDNA and the three genomic
sequences demonstrates that the coding regions are
disrupted by eight introns. It should be noted that there
were differences neither in the localization of the introns
nor in their sequences.

The transcription start was determined by primer exten-
sion (Fig. 6). An oiigonucleotide which hybridizes to
codons 6-10 of the mRNA could be extended to a position
63+1 nucleotides upstream from the translation start.
Weaker signals 66 ± 1, 59 ± 1 and 56 ± 1 bases away from
the ATG were detected beside the major band.

The DNA sequence of the 5'-flanking regions has been
established to about 630 bp upstream from the initiation
codon. The comparison of the three genes revealed a very
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Fig. 3. Southern analysis of recombinant EMBL3 phage DNAs. Lanes 1-9 and 11-15. recombinani phage DNAs; iane 10. A. oryzae genomic DNA. The
Sa/l-hydrolysed DNAs were separated on a 0.8% agarose gel. Molecular weight marker: phage SPP1 DNA hydroiysed with EcoRi.
A. Hybridization with a nick-translated 1450bp Psll fragment of the cDNA (pGWS).
B. Hybridization with the corresponding 370bp Psfl probe. In lane 6 of panel B, two fragments match exactly with a 7.1 - and a 3.0kb band of lane 10. In
lanes 1-5, one of tfiese bands is shortened, reflecting the distribution of fragments generated by the partial Sau3A hydrolysis during the construction of
the library. Comparison with panel A revealed the order of Sa/I fragments 577.1 kb-3.0kb/3' for this gene. The analogous evaluation of the bands in lanes
7-9 in comparison with lane 10 revealed the order 572.2kb-3.6kb/3' for the second gene. The maximum insert size for EMBL3 is 23kb (Frischauf etal.,
1983). Hence one does not expect to find recombinants with both remaining hybridizing Sa/I fragments, which are about 20kb and 13kb in length.
Therefore the clones in lanes 11-15 only contain parts of these. For further analysis, clones XStW28 (lane 6). \StW26 (lane 9) and \StW7 (lane 14) were
chosen.

high degree of homoiogy. Only one nucleotide was
changed at position 243 downstream from the fcoRI site
in amy3. Typical TATA boxes are found at a distance of 32
nucleotides from the major transcription start. A CAAT
motif located 125 residues upstream from the transcrip-
tion start exists in all three genes. In addition, a second
CAAT motif in amy1 and amy2 was identified just at the
position of the altered nucleotide, which is about 310bp
upstream of the transcription start, amyi and amy2 have
the sequence CCAATT, whereas amy3 has the sequence
CCAAAT.

Analysis of the 3'-nontranslated regions of the three
genes revealed striking differences. The BgiW sites of the
genes correspond to codons 473 to 475 of the mature
protein, which is 478 residues in length. For 85 nucleotides
downstream from the BgiW site, the genes have exactly the
same DNA sequence (Fig. 5). Beginning with the base at
position 86, the three genes share no further sequence
similarities. Comparison of these three genomic
sequences with the appropriate region of the cDNA
demonstrated that pGW8 represents the transcript of the
gene amyi. This means that the 3' divergence of the three

structural genes is manifested in at least one transcript.
These results encouraged us to construct specific

oligonucleotide probes for each gene in order to obtain
information about the expression of the genes amy2 and
amy3. Probes were chosen which are complementary to
nucleotides 76-94 downstream from the BgiU sites cover-
ing the beginning of the 3' divergence. The three probes
were examined in standard Southern blot analyses of the
primary X clones cut with Sa/I to rule out possible
cross-hybridization to determine the most stringent
washing conditions. Each probe hybridized specifically to
the expected fragment (data not shown). Poly(A)^ RNA
isolated from starch-grown mycelia was analysed in
Northern hybridization experiments (Fig. 7). As expected
from the isolated cDNA, the oligonucleotide comple-
mentary to the 3'-region of amyi hybridized to poly(A)*
RNA. Surprisingly, a second signal was obtained with the
specific probe derived from amy3. Both hybridizing
mRNAs had the same length within the limits of RNA gel
electrophoresis and could be correlated to the length of
the cDNA. The intensity of the signals was about the same.
The gene-specific probe for amy2 gave no signal.
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Fig, 4. Restriction maps of pGW8. pl9.7.4 Eco, p19.26.3 Eco and p9.28 Sal. Schematic representation of three genomic sequences and a cDNA coding
tor A. oryzae d-amylase. The coding regions are indicated by bold lines. The eight introns and the 5'- and 3'-non-coding regions are marked by thin lines.

Discussion

In this paper we report the structural organization and the
sequence analysis of the a-amylase gene family in A.
oryzae. Although the overall gene structure in the three
genes was found to be the same, we could only detect two
gene-specific mRNAs in about the same amounts under
the conditions investigated. We therefore analysed the
5'-sequences in order to find hints for this phenomenon.
Only one nucleotide varied between the three sequenced
upstream regions, but this alteration is found in amy3,
which was shown to be transcribed. Therefore we can rule
out the possibility that the upstream regions, as far as
sequenced, are responsible for the lack of a detectable
mRNA from amy2.

The presumptive promoter regions of the three A.
oryzae tx-amylase genes are identical and have a TATA
box 32 bp upstream from the transcription start and a
CAAT motif in a distance of 125bp. This arrangement is
similar to that often observed in higher eukaryotes. A
second CAAT motif at -310 is only found in amy1 and
amy2. The minimal requirements for fungal promoters are
not yet established. Only some analysed genes have the

typical core elements, i.e. TATA and CAAT boxes (Corrick
et ai., 1987). In those cases in which they are found, the
distance to the transcriptional start point seems to be
more variable than in genes of higher eukaryotes. The
sequence GGGCGG or its reverse complement has been
determined as the core binding sites for the SP1 transcrip-
tion factor in several genes of higher eukaryotes (Wingen-
der, 1988). In a position 200bp upstream from the
transcription start we found the sequence AGGGGCG-
GAAA and at -100 the motif TCCCCGCCCCT, both of
which show strong similarities to the reported consensus
sequences. In a previous publication, Gwynne etai. (1987)
found similar GO boxes in the upstream regions ofthe aidA
and aicA genes of Aspergiiius niduians. We can perfectly
align 12 nucleotides of our - 200 motif to the region of the
GC box in the aicA gene. Possibly these sites are involved
in the initiation of transcription. A perfect paiindromic
structure (TTTACGTAAA) is found about 450 bp upstream
from the transcription start. A further feature of our
sequence is a 13bp direct repeat (GGGCAACTCGCTT)
separated only by 4 nucleotides. These elements of
unknown function lay approximately 500bp upstream of



8 S. Wirsei, A. Lachmund, G. Wiidhardt and E. Ruttl<owski

EcoRI 50
TTCATGGTGTTTTGftTCATTTTAAArrTTTATATGGCGGGTGGTGascaACrCGCTTGCGCGGGCAACTCGC^

100 150

any2
any 3

200 250
AGAAG^

A any 3
300 350

AAAGGTCGGCCCGTCGGCCTTTTCTGCAACGCTGATCACGGGCAGCGATCCAACCA^ anyl
any2
any 3

400 450
GGGATTAATTTCCACTCAACCACAAATavCAGTCGTCCCCGGTArrGTCCTGCAGMTfiCMnTAAACT^ anyl

any2
any 3

500
CCCCGCCCCTGGCCGTAGftarrTAAAGTATGTCCCTTGTCGATGCGftTGTATCACAACJVTAIflMTACTA^ am/1

any 3
550+ 600 Met

GGATAGCAACCGACAACATCACATCAAGCTCTCCCTKriXrrGAACAATAAACCCCACAGAAaSCAT^ anyl

650 700
ATTTCTGTACGGCCTTCAGGTCGCGGCACCTGCTTTGGCTGCAACGCCTtXGGACTGGCGATCGCAATCCaT^

any2

750 800
CGATTTGCAAGGACGGATGGGTCGACGACTGCGACTTGTMTACTGCGGATCAGgtgtgttgttacctactagctttcagaaagaggaatg anyl

any2
G any 3

850 900
taaactgacttgatatagAAATACTGTGGTGGAACATGGCAGGGCATCATCGACAAGgtaaattgcccctttatcaaaaaaaaagaaggaa anyl

any2
any3

950 1000
aagcagaagaaaaataaaataaaaagaactctagtcctaaccatcacatagTTGGACIATATCCAGGGAATGGGCTTCACAGCCATCTGGA attyl

any2
any3

1050
TCaCCCCCGTTAOUXCCAGCTGCCCCAGaCaiCCGCaTATGGAGATGCCTAayiT^^ anyl

any2
any 3

1100 1150
taaatatctacctgtcatcttttacatcaatatgaactaacttgatggttttagATACTCTCTGRACGAAAACTACGGCACTGCAGATGAC anyl

1200 1250
TTGAAGGCGCTCTCTTCGGCCCTTCATGAGAGGGGGATGTATCTTATGGTCGATGTGGTTGCTAACCATATGgttcgtggtcctttgcaac anyl

any2
any 3

1300 1350
tgacttcgcggatatggttcatttcagtactgacaatgagtaatatcagGGCTATGATGGftGCGGGTAGCrCAGTCGATTACAGTGTGTTT anyl

any2
anT/3

1400 1450
AAACCGTTCAGTTCCCAAGACTACTTCCACCCGITCTGTTTCATTCAAAACT^ anyl

any2
C any 3

1500

any2
any3

1550 1600
CTCa^taagatatttctccctcattctacaacttggctgatcgatgatacttacgaaatcagTTGACGGCCTCCGTATCGACACAGTAAA anyl

any2
any3

1650 1700
anyl
aity2
any3
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1750 1800
TGrcCCTACCAGAACGTCATa3ACG(XS3TACTGAACTATCCCATgtatggttcctccaaccatgagccttcttgcaagtctcatctcctaa anyl

any2
any3

1850 1900
cgaaacggctaaaaccagTTACTATCCACTCCTCAACGCCTTCAAGTCAACCTCCGGCAGCATGCaCGACCTCTACAACAl^SV^^ anyl

any2
any3

1950 2000
(TTCAAATCCGACTCn'CCAGACTCAACACTCCTGGGCACATTCGTCGAGAACCACGACAACCCACG^̂  anyl

any2
any 3

2050
ttttccgttCCCaatttccacacagaaccccacctaacaagagcaaagTTACACCAACGACATAGCCCTCGCCAAGAACGTCGCAGCATTC anyl

any2
any 3

2100 2150
ATCATCCTCAACGACGGAATCCCGATCATCTACGCCGGCCAAGAACAGCACTACGCCGGCGGAAACGACCCCGCGAACCGCG^ anyl

any2
aay3

2200 2250
GGCTCrcGGGCTACCCGACCGACAGCGAGCTGTAGAAGTTAATTGCCTCCGCGAACGCAATCCGGAACTATGCCATTAGCAAAGATACAGG aayl

any2
any3

2300 2350
ATTCGTGACCTACAAGgtaagcacaacctctaagcataccctaatggcctatcttcagagtatctgacacaagagactaatcactggcaat anyl

any2
any 3

2400 2450
acagAACItKXX:CATCTACAAAGACGACACAACGATCGCCATGCGGAAGGGCACAGATGGGTCGCAGATCGTGACTAT^ a n y l

any2
any J

2500
GGTGCTTC«3GTGATTCGrrATACCCTCTCCCT«GTGGTGCGGGTTACACAGCCGGCCAGCAATTGACGGAGGT^ anyl

any2
airy3

2550 2600
TGACGGTTGGTTCGGATOSAAATGTGCCTGTTCCTATGGCAGGTGGGCTACCTAGGGTATTGTATCaaCTC^ a n y l

any2
any3

2650 a t o p 2700
GATCTGTAGTAGCTCGTGAAncyTTtyĵ fiAGTRTATGATGGTACTGCTATTCAATCTGGCATTGGACAGTGAGTTTGAGTTTGATGTACA^ a i iy l

TGTA any2
ACTT any3

2750 2800
TGGAGTCGTTACTGCTGTCATCCCCrrrATACTCTTCGATTGTTTTTCGAACCCTAATGCCAAGCACGCTAGTCTATTATAGGAAAGGATCC anyl
TAAATCTAGTGTACTTTa:ACCCACCACGCAATGAAACGGCACCGGGCCCCGTCTGAGAGCCCGTCTCGAATCCCTGTTGGTCATCTT^ any2

2850 2900
GGATTAATGTGTTTTCaiMCGCGGTACTGTATGGTACTrCTGTATTATATCACCGAAGCTCATGTATCTTACATGrATA^ anyl
TCGCTTCGTCCTCCAGAGGCGAGGATGCACCCCAGCCCTGCGAGCTGTGAGTTGTTAAGGTGTAACGCTTGGTGGGTCGGTGGCTTC^ any2
ATCCATCACAACCTTACAAGGTTAATTCCGAGCTATATTCCACCGACACAAATAGGCftGTATCTTCrrCTCGCCAGAGAATC^^ ajiy3

I 2950 3000
aiCAACCrrGGTTACCCCACCATGATGTTTCCTXKaiGATAATCTCCTGACGATCAATCTTACCACAGGGATATGATGG^ anyl
CATTTGCCGGTACCAGCCTGGTATACGTAAAGATTGTCCTCACCATCCGGACrTCGGAGTAAAATCCAGTCATGATCTGCGTXXJrGTTO any2
Ta^CATGCAAATAACGATAACTGTCTCCAGAAGGTAAATATATGCAGTCTTGAAACCTAAACAAGGCTTCTCAATCCATTGATTCTCAGTG a«y.3

3050
GCCTTaXARCATCAAATTATrrGTGATATGATCAAGTGCGATCCATCACTTACTAATGCCCAGATAGCTGAAGCTGCTAACTGCA^ anyl
AGTCCTTCGGTCTTATTCTTCCGCTGTGGTCTGGAGACCTGTACCTGCAGATCGAACAGGTTATAAAAATGTATAATATGTAGATATCT^ airy2
ATATCCTCTTACGAGAATAGGGAAGCTATATACCGTTGCTGGGGTTGCGTTTAGGCTAAATTCGTATGATAGTTGAATCTGTrrGGATGOT amyJ

3100 3150

GCGTTTTACTGGAGGAACTACGAGTGAATATGTACCATGTTCTCCGAATGTTCAAACCACTAGGAA E c o R I aDy2
TATGCTGTGGTTTTATTTGGCATATCATTAGGGTTTGACCTGGTGGTTGCTCG N r u l any3

3200 3250
CAATAATGCTGGAGGCTCTTTGTGATCATCTTCTTGAAAAGCCTGATCTATACCTTGACGAAATGGCGATCTTTCTATGGGATGAGTTCCA anyl

3300 3350
anyl

EcoRI

Fig. 5. DNA sequence of amyl. amy2 and amy3. Dots are placed in positions in whicti amy2 and amy3 have the same nucleotides as amyl. Small letters
indicate introns: + shows the major transcription start; # marks a polyadenylation site of amyl as deduced from the poiy(A) tail of pGW8; and the
underlined sequences are described in the Discussion, These sequence dala have been submitted to the EMBL/GenBank Data Ubrahes under the
accession numbers X12725 {amyi). X12726 {amy2) and X12727 (amy3).



10 S. Wirsel. A. Lachmund, G. Wildhardt and E. Ruttkowski

2 3

-29
-32
-36
-39

Fig. 6. Determination of the transcription start by primer extension.
Aboui 25 fmol p^P)-labelled oligonucleotide complementary to codons
6-10 of «-amylase transcripts was hybridized to different amounts of
poty(A)' RNA from starch-induced mycelia and extended with reverse
transcriptase. The resulting cDNAs were fractionated on a 6%
sequencing gel. The cDNA was transcribed from 1600ng (lane 1) and
800ngpoly(A)* RNA (lane 2). Lane 3: control (no RNA). An EcoRI/Sa/l
subclone of p19.7.4 Eco (Fig. 4) was sequenced using the same primer.
The sequencing reactions A, C, G and T served as precise markers to
determine the distances of the labelled fragments in lanes 1 and 2 from
the TATA box. These are shown on the right.

the transcription start. At the moment we can only
speculate about the regulatory nature of the motifs
described. Future experiments may elucidate possible in
vivo functions. It would be very interesting to identify the
upstream regulatory elements in the a-amylase genes of
A. oryzae and to compare them with the upstream
activating sites in yeast and the enhancers in vertebrates.
Recent results indicate that common principles of trans-
criptional activation have been retained in the evolution of
eukaryotes (Guarente, 1988).

The sequence analysis of the coding regions revealed
deviations from the previously described protein
sequence of Taka amylase A (Toda et al., 1982) which are
listed in Table 1. The data of our genomic clones con-
firmed the cDNA sequence presented in Fig. 1. Firstly, the
deviations could be caused by different isofomis of
a-amylase in different strains investigated. Beyond the
genes of a wild-type A. oryzae described here we cloned
an a-amylase gene of a production strain (to be published

elsewhere). The established DNA sequence of the latter
supports the observed amino acid changes outlined in
Table 1. Secondly, the published protein sequence could
be incorrect. In this case the consequences for the
established structure of the protein have to be examined.

Comparing our three genomic sequences we
determined that amy3. which was shown to be trans-
cribed, encodes a protein with variations at two positions.
Codon 35 is changed from CAG to CGG (Gin to Arg) and
codon 151 from TTC to CTC (Phe to Leu). These differ-
ences are not identical to those shown in Table 1.

It has been proposed that codon selection has a
regulatory function in the expression of genes in Saccha-
romyces cerevisiae (Bennet2en and Hail, 1982). A. oryzae
uses 60 codons out of the possible 61 codons for the
synthesis of a-amylase. Generally, there is only a weak
bias in codon preference. In those cases in which it is
observed, it is quite similar to that of the glucoamylase of
Aspergiilus niger (Boel et ai., 1984). Using the published
protein sequence and the first ATG of our cDNA sequence
as the translational startpoint we found a leader peptide of
21 residues followed by 478 amino acids of the mature
enzyme. A hydrophilicity plot revealed the hydrophobic
character of the leader sequence (data not shown). Leader
peptides cover three regions designated as n-, h- and
c-regions (von Heijne, 1985). The c-region follows the
' ( -3 , - 1)'-rule for defining the cleavage site of the leader
(von Heijne, 1984). We find alanine residues in these
positions as expected. The positive charge of the N-termi-
nal regions has a statistical mean value of +1.7, which is
somewhat higher than the +1.0 of the «-amylase leader.

The nucleotide sequence ACCAUGG has been pro-
posed as a consensus for the region of the translation start
in higher eukaryotes (Kozak, 1986) and the sequence
A(Y)AA(U)AAUG UC U has been proposed for the corres-
ponding site in yeast (Cigan and Donahue, 1987). The

Table 1. Differences between the deduced protein sequence of pGW6
and the published sequence of Taka amylase A.

aa position

72
73
80
85

324
385
387
386
427
476

477

pGW8

TTir

Thr
HiB
Gin
Ito
T>p
Re
Tyr
ay
Sw

Sir

Taka amylase A

Asp
Cyt
Thr
Thr
L M
—
Tyr
He
Str
Sw

Sir'

Tfie numbering of the amino acid positions is applied to the deduced
protein sequence of pGW8 shown in Fig. 1.
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1 2 1 2 1 2

1850

amy1 amy2 amy3

Fig. 7. Northern analysis of A. oryzae RNA. RNAs from starch-induced
mycelia were fractionated on oligo(dT) cellulose, glyoxylated and
separated on a 1.2% agarose gel. Lanes 1, polyfA) fraction; lanes 2,
poly(A)' fraction. Each lane contained about 8jj.g RNA. amyl, amy^and
amy3: hybridization with p^P)-labell6d oligonucleotides complementary
to 3'-untranslated regions of the corresponding genes (Fig. 5).

sequenoe around the translation start in the A. oryzae
a-amylase genes shows no significant similarity to one of
the two.

The comparison of the intron distribution revealed
further striking homologies. Not only the positions but also
the sequences of the eight introns are absolutely identical
in the three amylase genes of A. oryzae. The features of the
eight introns are summarized in Table 2. The small size of
the introns is typical for filamentous fungi. All Introns obey
the GT/AG rule for 5' and 3' splice sites (Mount, 1982), but
the previously proposed consensus sequences (5'
GTRNGT YAG 3') for fungal intron boundaries (Corrick
ef al., 1987) are not found exactly in all introns. The

amylase genes olA. oryzae have a higher variability in thei
intron junctions. An internal conserved sequence located
near the 3'-boundary of introns has been suggested as a
putative splicing signal. In yeast, it is a strictly conservedl
sequence (TACTAAC), and in filamentous fungi, the
weakened consensus RCTRAC has been proposed
(Corrick et al.. 1987). In each intron we found a derivative
of the latter sequence in a distance of 8 to 18bp from the 3'
splicing sites.

The strong homology of the three genes only extends to
a point 70bp downstream from the stop codon. With
gene-specific oligonucteotide probes derived from the
3'-untranslated sequences we showed that two of the
three a-amylase genes in A. oryzae are transcribed under
the conditions investigated. We can imagine some
reasons for the lack of a signal from amy2. Firstly, If the end'
of the message of amy2 terminates before the region from
which the oligonucleotide was derived we can never prove
the existence of this specific mRNA. Secondly, this gene
could represent a silent copy in general or a copy which is
only transcribed in specific environmental or cellular
conditions. Thirdly, the effect could be caused by reduced
mRNA stability.

To date, it is uncertain whether the signal AATAAA
commonly found in poiyadenylated mRNAs of higher
eukaryotes functions in the same manner in fungi. Com-
parison of the 3'-terminal sequences from amy1 with the
end of the cDNA revealed that no canonical AATAAA
signal precedes the poiyadenyiation site. Nevertheless, it
is found in the truncated form ATAA about 90 nucleotides
upstream from the site of poiyadenyiation in pGW8. On the
other hand, in amy3, which has also been shown to be
transcribed, there exists the sequence AATAAA about 140
nucleotides downstream from the stop codon. Its relation-
ship to the actual poiyadenyiation site has yet to be
demonstrated. Previously reported results indicate that
futher signals should be involved in the generation of
mature 3'-termini of poiyadenylated RNAs. McLauchtan et
al. (1985) found an 8 bp consensus sequence (YGTGTTYY)
and Renan (1987) identified a distinct 12bp consensus

Table 2, Analysis of 5'-, 3'-intron boundaries and
putative Internal splice signals.

Intron

1
2
3
4
5
6

7
8

Length

55 bp
85 bp
69 bp
68 bp
58 bp
66 bp

65 bp
79 bp

5'-

G
G
G
G
G
G

G
G

Boundary

T G T G
T A A A
T A A G
T T C G
T A A G
I A T G

T A A G
T A A G

T
T
T
T
A
G

T
C

Internal signal

A C
C C
A C
A C
A C
C C
G C
C C
A C
A C

T G A
T A A
T A A
T G A
T T A
T A A
T A A
T A A
T A A
T G G

C
C
C
C
c
c
A

c
T
C

Distance to
3-boundary

9bp
lObp
13bp
15bp
8bp

18bp
6bp

lObp
14bp
7bp

3'

T
T
T
C

c
c

A
C

-Boundary

A G
A G
A G
A G
A G
A G

A G
A G

Introns 6 and 8 show two alternative internal consensus sequences.
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sequence (TTRNNNI11 I 11) Iccated 5-20bp down-
stream from the poly(A) sites in many genes of higher
eukaryotes. Our sequence data did not match the expec-
ted requirements concerning their positions and the length
of the message. Further analysis of the 3'-regions of the
three genes revealed an interesting element consisting of
an overlapping direct repeat 15 nucleotides in length
located immediately before the 3' divergence.

In the investigations described in this publication we
found no hints that A. oryzae possesses several a-amy-
lase isoenzymes in a strict sense. Nevertheless, the fungal
genome contains a gene family encoding this enzyme. The
reasons for the presence of multiple genes for u-amylase
in A. oryzae are unknown. On the one hand it could be a
quantitative effect to increase the synthesis of enzyme. On
the other hand, the question remains as to why amy2
seems not to be transcribed.

The overall DNA sequences of the three genes analysed
in this paper show a very high degree of homology,
indicating that the genes have a common ancestor. We
suggest two possible reasons for the observed homoiogy.
Firstly, there could have been a strong evolutionary
tendency not to change the acquired organization of the
genes. Secondly, the increase of the gene copy number
could be the result of very recent gene duplications. In a
previous analysis of the human amylase genes, Gumucio
et al. (1988) showed a recent reorganization of this gene
family. The authors assumed less than 1 million years for
the evolution of the three salivary type genes and about 7
million years for the two pancreatic type genes. The
suggestion that recent events led, likewise, to the present
gene arrangement in A. oryzae is supported by the finding
that the intron-exon organization is found to be identical in
the three gene copies, even at nucleotide level.

Interestingly, the phenomenon of a gene family for
a-amylase is a common feature of higher eukaryotes, e.g.
mammals and plants (Gumucio, et al., 1985; 1988; Baul-
combe et ai, 1987). One might even speculate about an
evolutionary reason to explain the presence of several
copies of a-amylase genes in the genomes of all euka-
ryotes.

To our knowledge there have only been two analyses
reported for fungal gene families. The three genes for the
elongation factor EF-1a in Mucor racemosus are trans-
cribed, but transcription has different levels {Sundstrom ef
ai., 1987). The EF-1 a genes also show only two amino acid
changes but they have different 5'-sequences as well as
different 3'-untranslated regions. A further feature con-
cerned the distribution of introns. An intron near the 3'-end
exists in all three genes. A second intron near the 5'-end is
only present in two of them. Two of the genes encoding
alcohol dehydrogenase in A. nidulans have been isolated
and sequenced (McKnight ef a/., 1985; Gwynne ef al.,
1987). Comparison reveals that the gene products are real

isoenzymes, showing 85 differences out of 348 amino
acids. In these examples of fungal gene families, the
observed differences are more marked than those of the
Q-amylase genes in A. oryzae.

In future we will investigate whether it is possible to find
conditions in which amy2 is transcribed, perhaps in a
pattern of differential expression. Our further intention is to
identify the c/s-acting elements of the upstream regions in
the a-amylase genes in A. oryzae and to compare them
with previously analysed examples from yeast and higher
eukaryotes.

Experimental procedures

Strains and culture conditions

The source of fungal RNA and genomic DNA throughout this
investigation was A. oryzae DSM63303 (German type strain
collection, Braunschweig. FRG). The mycelia were grown as
described earlier (Errat etal., 1984). Escherictiia coii strains DH2
and DH5« (Hanahan, 1985) were the host strains for the plasmids
pUC9 and pUC19 (Yanisch-Pen-on ef al.. 1985). E. coli strains
NM538 and NM539, respectively, were host strains for the
propagation of the phage lambda EMBL3 and its derivatives
(Frischauf et ai., 1983). Bacterial cells and phage were grown in
LM media under the appropriate selective conditions (Maniatis ef
at.. 1982).

Northern and Southern analyses

DNAs and glyoxal-denatured RNAs were separated on agarose
gels, transferred to Hybond N membranes (Amersham) and
hybridized with pP]-labelled probes, according to the manufac-
turer's suggestions.

Isolation of poly(A)* RNA and cDNA cloning

Fungal total RNA was prepared from starch-induced mycelia
(Errat etai. 1984) with the guanidinium isothiocyanate procedure
as described by Chirgwin etal. (1979). Poly(A)' RNA was isolated
by chromatography on oligo(dT) cellulose (Taylor, 1979). Double-
stranded cDNA was synthesized according to the procedure of
Gubler and Hoffman (1982) using M-MLV-reverse transcriptase
(BRL). 40ng of ds cDNA was incubated with 1 U of Mung bean
nuclease (Pharmacia) for 30 min at 37°C, followed by fractionation
on a Bio-Gel A-50 column (Huynh et ai. 1985). Fractions
containing RNA of about 2.7 to 0.9 kb were pooled. The dC-tailing
of the cDNAs was carried out using established methods
(Maniatis ef a/., 1982). lOng of dG-tailed pUC9 (Pharmacia) was
annealed with approximately 1 ng of the dC-taiied cDNAs and
transformed into E. co//DH5u (Hanahan, 1985). The colonies were
transferred to a Hybond N membrane and screened with a
P^P]-labelled oligonucleotide probe derived from the published
A oryzae a-amylase protein sequence (Toda ef ai, 1982). This
probe, a 63-mer complementary to codons 375-395 was synthe-
sized using the phosphoramidite method (Beaucage etal., 1981).
The sequence of the probe was selected using the criteria of
Aganwalefa/. (1981).



Isolation of nuclear DNA and cioning of the genomic
DNAs

The preparation of fungal nuclei was carried out essentially as
described by Gealt ef ai (1976). DNA was isolated from the
nuclear pellet fraction using standard procedures (Maniatis et al.,
1982). The DNA was partially digested with Sau3A and 15- to
20-kbp fragments were isolated from a NaCI gradient (Kaiser and
Murray, 1985). DNA from bacteriophage EMBL3 was digested
with Bam HI and Eco RI. followed by the removal of the small linker
fragments (Frischauf ef ai, 1983). Then about 80 ng of Aspergillus
DNA fragments was ligated to 500ng of vector arms and the
products were packaged in vitro using the method of Hohn
(1979). An aliquot of the packaging extract was plated on an £
coii NM539 lawn. Plaque hybridization was performed on a
Hybond N membrane with a nick-translated cDNA probe {see
Results). Phage DNAs were isolated from plaque-purified positive
clones according to Helms et ai (1985).

DNA sequencing and computer analysis

DNAs in double-stranded forms were sequenced using the
dideoxy method with the published modifications (Sanger ef ai.
1977; Biggin ef a/., 1983; Tabor and Richardson, 1987). The data
were processed on an Apple Macintosh SE with a software
package from Texco (West Lebanon, N.H.).

Primer extension

The hybridization and extension reactions with starch-induced
poly(A)* RNA were carried out according to Williams and Mason
(1985). The synthetic oligonucleotide primer (5'-AATGGATTGC-
GATCGCCA-3') complementary to codons 6-10 of the cDNA
sequence of pGW8 (Results) was extended with M-MLV-reverse
transcriptase (BRL),
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