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Aspergillus oryzae has two nearly identical Taka-amylase genes, each containing eight introns *
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SUMMARY

¢DNA and genomic DNA for two nearly identical genes, Amyl and Amyll, coding for the enzyme Taka-
amylase A (TA-A) of the fungus Aspergillus oryzae have been cloned and characterized. These genes are
apparently unlinked, differing by only 3 nucleotides (nt) out of the 2720 nt that span the coding regions. The
617-nt 5'-flanking regions differ only at nt —372 (T or A) from the putative ATG start codon and contain four
sets of short, inverted repeats (IR) upstream from the putative TATAAA box at nt —100 and the transcription
start point at nt —69. The coding regions consist of 499 codons disrupted by eight intervening sequences. The
putative proenzymes differ by only two amino acids (aa) and consist of the 478-aa extracellular enzyme plus
a 21-aa hydrophobic leader sequence. Except for the replacement site changes in codons 35 (Arg < Gln) and
151 (Phe « Leu), the identity of the two genes continues downstream for 58 nt past the TGA stop codon before
diverging. Exon 9 codes for 94 of the 98 aa of the domain B of mature TA-A. Little conservation of TA-A exons
was found when these exons were aligned with those of human amylase. The genes are flanked by at least 6
to 10 kb of unrelated chromosomal nucleotide sequence. The Amy genes are co-expressed, since mRNA
{(cDNA) specific to the 3'-UTR of both genes was recovered from mycelia grown on starch, a known inducer
of TA-A biosynthesis. The 3'-UTRs of cDNAs related to Amyl are shorter (128 nt and 145 nt) than those of
AmyIT (179 nt and 297 nt). The Amyl specific 3'-UTR is characterized by the absence of IR sequences and
the presence of a putative ‘AATAAA’ polyadenylation signal.
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INTRODUCTION

The a-amylases (EC 3.2.1.1, a-1,4-glucan 4-glu-
canohydrolase) represent a major family of glyco-
sidases for which a substantial diversity of amino
acid sequences, structure and gene sequences are
known (MacKay etal, 1985; Rogers, 1985;
Nakajima et al., 1986). Much of our knowledge of
a-amylase structure and function comes from the
extensive physical and chemical studies on the com-
mercially useful TA-A of the fungus 4. oryzae. The
inclusion of this enzyme in a patented fermentation
process by Jokichi Takamine in 1894 marked the
start of modern enzyme technology (Barbesgaard,
1977; Bennett, 1985). The mature, secreted TA-A is
a glycoprotein comprised of 478 aa residues (Toda
et al., 1982), folded into two globular domains, A (aa
1-380) and B (aa 381-478) (Matsuura et al., 1984).
The aa residues involved in substrate binding and in
glucosidic cleavage of starchy substrates are located
in domain A. The function of the glycosylation at
Asn-197 (Todaet al., 1982; Hase et al., 1982) and aa
of domain B, which show very little evolutionary
conservation (MacKay et al., 1985; Ito et al., 1987),
remain unclear. Further testing of the TA-A model
would require manipulation of the gene if it were
available. We describe here the unexpected finding of
two nearly identical genes, Amyl and Amyll which
code for TA-A proenzymes that differ by only 2 aa.
Excluding the signal peptide, TA-Al and TA-AII
differ by 8 aa in comparison to the published amino
acid sequence of mature, secreted TA-A (Todaet al.,
1982). The consensus changes to the original amino
acid sequence at aa positions 72-73 (Asp-Cys —
Thr-Thr), 384-385 (Asn-Pro — Asn-Trp-Pro) and
476 (Asp is deleted) actually rule out earlier specula-
tions on genetic variation of TA-A inferred from
amino acid sequence work (Narita, 1975; Toda,
1982).

MATERIALS AND METHODS
(a) The ¢DNA and genomic DNA cloning

Poly(A)* RNA was prepared from total RNA of
A. oryzae (NRC401013) grown as a suspension in
2% starch medium for 6 h or 10 h as described
(Erratt et al., 1984). Abundance of TA-A mRNA

was measured by in vitro translation and immuno-
precipitation with anti-TA-A antibody as described
earlier (Erratt et al., 1984). Blunt-ended ds cDNA
synthesis and construction of cDNA libraries using
Hincll-cut M13mp9 vector were performed as de-
scribed (Rutledge et al., 1988). Using Escherichia coli
JM103 (Messing, 1983) as the host, about 3 x 10°
clones (pfu) were recovered from a cDNA pre-
paration involving 10 ug of methyl mercury treated,
10-h poly(A)* RNA, 2 ug oligo (dT),,,s and 50
units AMYV reverse transcriptase (Life Sciences Inc.)
in a final volume of 50 ul.

A genomic DNA library consisting of 2.2 x 10°
hybrid A Charon 4A phage particles was constructed
using 10 ug of partially EcoRI-digested A. oryzae nu-
clear DNA (Seligy et al., 1980) and 6 ug of purified,
preligated, EcoRI-cut 1 phage arms prepared as de-
scribed (Slightom et al., 1980). Plaque pure clones
were amplified using megaplates as described
(Slightom et al., 1980). Ten randomly selected re-
combinant A phage clones yielded an average insert
size of 15.6 kb.

(b) Gene isolation and characterization

M 13-cDNA phage was first probed by hybridiza-
tion (Gillen et al., 1987) with the G + C-rich, 20-mer
[32P] oligo 5'CC(Z)CGCAT(Z)GG(Z)AC(Z)GG-
(Z)AC3' (Z = A or C or G) which was back-trans-
lated from aa residues 451 to 457 of the TA-A aa
sequence (Toda etal, 1982). The cDNA and
genomic libraries were probed with the 500-bp
c¢cDNA insert of clone M71 labelled with
[3?P]dAMP by primer extension as described by
Burke (1984). Cloned DNA and total A. oryzae
DNA, prepared by the method of Yelton et al
(1984), were subjected to restriction endonuciease
site mapping using the manufacturer’s protocols for
the use of the various nucleases. Subcloning of DNA
was carried out in pUC18 and pUC19 plasmids and
M13 phage vectors (Yanisch-Perron et al., 1985).
Nucleotide sequencing was carried out by the dide-
oxy chain-termination method described by Messing
(1983).

(¢) Transcript mapping

Mapping of the 5’ end of the TA-A transcripts
was according to Burke (1984) using 10° cpm (10 ng)



of the 338-nt, PstI-Sall[*?P]DNA ss fragment
synthesized by Pollk off a subclone of the Amyll
gene called M13mp18.18Q. Five units of S1 nuclease
(Pharmacia) were used to delete unbound portions
of this DNA after it was annealed to 5pug of
poly(A)* RNA isolated from mycelia grown on
starch for either 6 h or 10 h (see section a above).
Size of the protected DNA fragment and its nucle-
otide sequence were estimated as described before
(Yang et al., 1986) using as a sequencing primer the
50-nt Pvul-Sall DNA fragment also derived from
subclone M13mp18.18Q. The 3’ end(s) of the TA-A
transcripts were deduced from the sequencing of
several TA-A-specific ¢cDNA clones. Computer
analysis of nt sequences was carried out as previously
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RESULTS AND DISCUSSION
(a) Isolation of TA-A-specific cDNA

Previous results indicated that TA-A expression
was regulated at the level of its mRNA, since TA-A
mRNA, measured by in vitro translation, was 10-20
times higher when starch was used as the carbon
source instead of glucose (Erratt et al., 1984). For
construction of the cDNA banks we used the
poly(A)* RNA fraction isolated from a 10-h starch
culture because this RNA yielded the maximum
amount of translatable TA-A mRNA. Two TA-A-
specific clones (M71 and M91) were initially isolated
from 3 x 10* plaques by hybridization with the syn-

described (MacKay et al., 1985; 1986). thetic oligo probe described in MATERIALS AND
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Fig. 1. Mapping of TA-A-coding chromosomal genes and flanking regions. Digests of total A. oryzae DNA (10 ug per track), electro-
phoresed in 0.8%; agarose with EtdBr (panel A) were transferred to a nylon membrane and probed in 6 x SSC at 68°C for 16 h with
either 10° cpm/ml >?P-labelled M71 ¢cDNA (panel B) or the equivalent of 5.8-kb EcoRI fragment (hybridization result shown only by
the dashed line in panel C) from the genomic clone ACh4A.A0.3Cl. Hybridization of a similar DNA transfer with 3?P-labelied 3.35-kb
EcoRI DNA (the Amyll gene) gave identical results to that obtained with probe M71. Lanes a and k are A DNA digested with HindIIL
Lanes b—j correspond to restriction enzyme digests: E,E+ B, B, B + H, H,E + H, E, E + P, P, respectively, as defined in panel C. Panel
C summarizes the mapping data showing restriction endonuclease sites and direction of transcription (arrow), where B, BamHI; Bg,
Bglll; E, EcoRl; H, HindIII; P, Pst]; 8, Sall; Sm, Smal. Maps I and II correspond to loci for Amyl and AmylIl defined by the 7.6-kb
and 3.35-kb EcoRI genomic fragments, respectively. Panel D shows the refined map of the 2.8-kb Amy genes derived from nucleotide
sequence data presented in Figs. 2 and 3. Numbers above the gene, -21, + 1, 35,48, 87, 123, 199, 254, 303, 383 and 478 refer to positions
of codons defining the Met (start codon) of the secretion signal, start of the mature, secreted TA-A, the 5'-junctions of the eight introns
and the last codon before the TGA stop codon, respectively. The exons are indicated by El to E9. Open boxes define the coding regions
and numbers below the gene indicate sizes in bp of each intron. TATAA at the 5’ end indicates position of putative TATA box. Curved
arrows at 3’ end of the gene indicate positions of the 3' end of each of the 3’ UTRs determined from cDNA clones corresponding to
AmylI (C16, M71, M91) and AmyII (C4, 15, 17), respectively (see Fig. 3B for details).
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METHODS, section b. Use of this probe ensured the
recovery of even incomplete TA-A cDNA whose
synthesis was initiated by oligo(dT) priming at the
poly(A) tail of TA-A mRNA. The inserts of these
clones were sequenced (see section f below). The
500-bp ¢cDNA of M71 contains the codons for aa
360~478, the TGA stop codon and 154 ntof 3' UTR
terminated with an A, tail. M91 is similar to M71,
containing a 384-bp cDNA (codons 403-478) and
exactly the same 3° UTR. M71 was used further as
a hybridization probe to obtain several other cDNA
and genomic clones.

{(b) Cloning and mapping TA-A-coding genes

A. oryzae chromosomal DNA was first digested
with the four restriction endonucleases described in
Fig. 1A and probed with **P-labelled ss cDNA from
M71 (Fig. 1B) to identify the TA-A genomic se-
quence. These data showed that each enzyme or pair
of enzymes produces a pair of TA-A genomic frag-
ments. Since M71 cDNA is not cut by any of the four
enzymes, these results signify the possibility of two
TA-A-specific chromosomal loci. The copy number
and direction of transcription of each locus was
further determined by using similar DNA blots
probed separately with the 5’ and the 3" halves of the
M71 ¢cDNA cut with Bg/ll, located 5 codons
upstream from the TGA stop codon, and with a
mixed synthetic oligo probe spanning the 5” end of
the TA-A-coding region (aa residues 17-25). In each
case only two fragments were identified. These data
are further summarized in Fig. 1C and include addi-
tional information from Fig. 2.

Screening of the genomic DNA library by plaque
hybridization (see MATERIALS AND METHODS,
section b) with the M71 insert, yielded five clones
containing the 7.6-kb EcoRI fragment and six clones
containing the 3.35-kb EcoRI fragment. Clones
ACh4A.A0.3C1 and ACh.4A.A0.11Gl, which
contain the 3.35-kb and 7.60-kb EcoRI fragments
respectively, were further compared by restriction
endonuclease analysis and nucleotide sequencing to
produce the map shown in Fig. 1D. In addition to
the phage 4 DNA arms, ACh4A.A0.3C1 and
ACh.4A .A0.11G1 consist of three EcoRI fragments,
adding up to 14.7 kb and 11.4 kb, respectively. Since
the M71 3’ UTR nucleotide sequence was the same
as that of the 7.60-kb EcoRI fragment derived from

ACh4A.A0.3C1 (Fig. 3), the corresponding gene was
called Amyl and the Amyll gene was assigned to the
3.35-kb EcoRI fragment. Both EcoRI fragments
have identical restriction sites 5’ to the Bg/lI site.
Nucleotide sequences 3’ of the BgilI-HindIlI frag-
ment, including the flanking 5.8-kb EcoRI fragment
(see dashed lines in Fig. 1C) are unique to the AmylJ
locus. Since only about 2.65 kb of the 3.35-kb and
the 7.6-kb EcoRI DNA fragments are common in
sequence, the two genes must be separated by at least
6 to 10 kb of unrelated sequences, depending on their
relative orientations.

The AmylI gene was subcloned and sequenced
first because of the readily available 3'-flanking
BamH]1 and HindII sites. The use of subclones of
Amyl and Amyll in M13mp18 and M13mp1i9 and
pUC19, and additional synthetic oligo primers
enabled us to obtain approx. 3.0 kb of nucleotide
sequence (in both directions) for each gene, spanning
the 5' EcoRI site to 350 nt, 3’ of the TGA stop
codon. The TA-A-coding region and the eight
introns shown in Figs. 1D and 2, were positioned by
matching the predicted coding sequence from the
¢DNA and genomic nucleotide sequences with that
of the published TA-A amino acid sequence (Toda
et al., 1982).

(¢) Amyl and AmyIl genes have common 5'-
flanking sequences

As shown in Fig. 3A, the 617-nt sequence 5" of the
putative ATG start codon of both genes is character-
ized by the presence of four sets of putative start
codon, ATG. Only one difference in sequence was
found between Amyl and AmyII, T vs. A atnt -372,
respectively. For 5'-end transcript mapping, the 3°P-
labelled, 338-nt long, ss PstI-Se/l DNA from the
AmylI was first annealed to either 6-h or 10-h RNA
from starch cultures. After treatment with S1 nu-
clease, a single, 204-nt fragment was recovered in
each case. This signifies that initiation of Amy gene
transcriptions is uniform during growth on starch.
The 5" end of this fragment corresponds in position
to the base A of the sequence GGAGG, 24 nt
downstream from the TATAAA sequence beginning
at nt ~100 and 69 nt upstream from the putative
translation start codon (see section d below). This
100-nt region also has three G/C-AA-C/G se-
quences which are characteristic of a number of
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Fig. 2. Nucleotide sequence of Amyl and Amyl] genes and derived TA-A amino acid sequence. The 2045-nt sequence extends from
the putative start codon {(-21 codons upstream from the first codon corresponding to alanine; the N terminus of the mature TA-A,
reported by Toda et al., 1982, is shown by the arrow) to the stop codon TGA. El to E9 indicate positions of the nine exons. IVS-1 to
IVS-8 refer to the respective introns. Vertical bars at positions 35 and 151 show differences in nucleotide sequence found between Amyl
and Amyll genes, and the derived amino acid sequence of TA-Al (Arg-35, Leu-151) and TA-AIl (Gln-35, Phe-151).
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Fig. 3. Sequence of noncoding 5’ and 3’ regions of Amyl and AmyIl. (A) 5’ UTR and flanking upstream nucleotide sequence. Heavy
arrows indicate positions of the only nt difference found between Amyl (T) and AmylI (A) at nt =372, the putative TATA box starting
at nt —100 and the putative transcription start point at nt —69, relative to the first in-frame methionine (Met) start codon at + 1. The
four pairs of indirect repeat sequences (IR-1,1"; IR-2,2"; IR-3,3" and IR-4,4") are indicated by thin horizontal arrows. (B) Nucleotide
sequence of the 3' UTR and downstream flanking regions of AmylIl (upper line) and Amyl (lower line) and their related cDNA clones
C-4,C-15,C-17 and C-16, M-71, M-91, respectively. The bent arrows after each cDNA clone indicate the last nt before putative poly(A)
addition to the respective mRNA. Asterisks indicate regions of nt identity and dashed lines indicate gaps required to align nt sequences.
Sequences in lower-case letters in Amyl without asterisks emphasize no identity with AmyII sequences. The two pairs of IR sequences
(IR-1,1"; IR-2,2") found only in AmylI are shown by straight horizontal arrows.

highly transcribed genes of lower eukaryotes
(Nevins, 1983). The third one, at nt —44, is just
upstream from a pyrimidine track CTCTCCCTT-
CTCT which has a sequence similar to that found in
close association with presumed positions of tran-
scription initiation of the genes for TrpC of
Aspergillus nidulans and glucoamylase of Aspergillus
awamori (Mullaney et al., 1986).

(d) Coding region of Amyl and Amyll genes

The 2045-nt sequence spanning the coding region
is shown in Fig. 2. The first ORF, beginning with two
methionines is 63 nt (21 codons) upstream from the
N-terminal alanine (Ala-1) codon of the mature
TA-A (Toda et al., 1982) and 617 nt downstream
from the EcoRI site. Two other putative start codons
are found at 140 nt and 145 nt upstream from Ala-1
but not in the same reading frame.

The coding region consists of 499 codons dis-
rupted by eight introns and terminated at the TGA

stop codon. Except for the two replacement site
substitutions in codons 35 (4myl has CGG/Arg and
AmylI has CAG/Gln) and 151 (4myl has CTC/Leu
and Amyll has TTC/Phe), the nucleotide sequences
of the two genes are identical. The change in codon
35is 1 nt before the 5’ end of the first intron (IVS-1).
Aside from the 21-aa leader sequence, there are only
a few differences between the nucleotide-sequence-
derived amino acid sequence and the determined
amino acid sequence of TA-A (Table I and Fig. 2).
The properties of either Arg or Gln at position 35
would be different than that of Glu, believed to be
involved in amylose binding (Matsuura et al., 1984).
However, Phe-151 of TA-AII does agree with the
earlier work of Toda and colleagues (1982). Cor-
rection of the sequence of aa residues 72-73,
Asp-Cys — Thr-Thr has been reported recently by
Toda (cited in Onishi et al., 1986, pp. 234-235). The
four differences located between aa residues 384 and
476 were found in TA-AI and TA-AIl and amino
acid sequences deduced from eight independent



cDNA clones. These all included the changes at
residues 386-387 and 426. Insertion of Trp between
codons Asn-384 and Pro-385 (the original published
positions) and deletion of Asp-476 maintains the
total number of residues at 478. The 2 aa differences

TABLE 1

Relationship of exons to functional and conserved aa residues in
TA-A

Residue number* Exon Conserved regions®

Changes to original published

amino acid sequence

Glu-35 to Arg-35 (TA-AI) or El
GlIn-35 (TA-AII)

Asp-Cys-73 to Thr-Thr-73 E3 A
Thr-80 to His-80 E3 A
Thr-85 to Gln-85 E3 A
Phe-151 to Leu-151 (TA-AI)  E4 B
Asn-Pro-385 to Asn-Trp-Pro- ES8

386 (inserted)
Tyr-Ile-387 to Tle-Tyr-388 E8
Ser-426 to Gly-427 E9
Asp-476 (deleted) E9
Catalytic residues
Glu-230 E6 C
Asp-297 E7 D
Disulfide,-S-S- bonds

30- 38 El, E2 A (only in E2)
150-164 E5 B
227 (unpaired) E6 C
240-283 E6,E7 C,D
439-474 (corrected position is E9

440-475)
Carbohydrate attachment
Asn-197 Es B
Substrate binding sites
Glu-35 change to Arg-35 or EFEl

Gln-35
Tyr-74, Tyr-79, Trp-83 E3 A
His-122 E4 A
Tyr-155, Glu-156, Asp-168 ES B
Asp-206, Lys-209, His-210 E6 B
Val-231, Leu-232, Asp-233 E6 C
His-296 E7 D
Asp-340, Arg-344 E7

# Functional aa described by Matsuura et al. (1984).

® The four conserved regions A to D predicted by x-amylase
aa sequence comparisons (MacKay et al., 1985). Regions A to D
span aa residues 56-124, 154-210, 228-234 and 286-300,
located in exons E3-E4, E5-E6, E6 and E7, respectively.
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between TA-AI and TA-AII cannot account for the
earlier reported TA-A heterogeneity (Narita, 1975;
Toda et al., 1982; Hase et al., 1982; Ohnishi et al.,
1986). The C-terminal TA-AI and TA-AII sequence
differs from that reported by Toda et al. (1982) but
agrees with the earlier version reported by Narita
(1975) as Lys-lle-Cys-Ser-Ser-Ser.

(e) Introns

The most striking feature of the two genes is the
presence of the eight introns which splits the coding
region into nine exons, indicated as El to E9 in
Figs. 1D and 2. The sequence of the 3’ UTR from
the cDNAs and the 5° UTR mapping established
that there are no other introns present. All 5’ exon-
intron and 3’ intron-exon junctions of these genes
conform to the consensus sequence GTPuAGT and
T/CAG described earlier (Mount, 1982; Guthrie
et al., 1986). The GT (positions 1 and 2) and G
(position 5) of the 5’-junction consensus sequence
areinvariant in all except the G-5 of IVS-2. The third
position also shows high conservation and to a lesser
extent the fourth and sixth positions. The trinucleo-
tide, 3'-junction sequence is highly conserved, ex-
cept in IVS-7 which is AAG.

A sequence within each intron resembling the
PuCTPuAC, ICS of filamentous ascomycetes
(Guthrie et al., 1986) is also present, but not the
TACTAAC sequence required for S. cerevisiae
mRNA precursor splicing (Langford et al., 1984).
Only introns 1, 3 and 4 contain ACTPuACTT which
is similar to caGCTGACtg found in Trichoderma
reesei (Shoemaker et al., 1983; Van Arsdell et al.,
1987) and A. niger (Boel et al., 1984) glycosidases.
The introns IVS-4 and IVS-8 also contain a second
ICS. These sequences are identical in IVS-4 and
differ by 1 nt in the two found in IVS-8. The relative
distances of these sequences from the 3’ -junction are
15 nt and 14 nt and 45 nt and 27 nt, respectively.

Four introns interrupt codons: Ile-87 (IVS-3),
Ile-200 (IVS-5), Ile-254 (IVS-6) and Ser-303
(IVS-7). The remaining introns are located between
codons. Translations through the eight introns
would not be possible because of the presence of
either in-frame stop codons (IVS-1, IVS-2, IVS-3
and IVS-7) or frame-shift sequences (IVS-4, IVS-5,
IVS-6 and IVS-8). A summary of exon distribution
in relation to conserved, known functional regions of
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TA-A is given in Table I. Two of the larger conserved
amino acid sequence blocks (A and B) are disrupted
by introns. Alignment of exons of the Amy genes with
those reported for human amylase (Nishide et al.,
1986) and plant (Baulcombe et al., 1987) was done
by establishing amino acid sequence identity
(MacKay et al., 1985; Nakajima et al., 1986) before
locating the position of known introns. Homology
between TA-A and plant was very low and no pre-
dictions were possible. The analysis of TA-A and
human amylase was more encouraging but revealed
nothing as precise as that reported for the triose
phosphate isomerase gene family (Gilbert et al.,
1986). For example, four introns, IVS-1 (or IVS-2),
IVS-3,1VS-6 and IVS-7 of the Amy genes and IVS-2,
IVS-3, IVS-5 and IVS-7 of the human amylase gene
could be placed within 7, 9, 15 and 21 codons from
each other, respectively. It is interesting that only
three codons separated IVS-8 of the Amy genes and
IVS-9 of the human even though very little amino
acid sequence identity occurs in the flanking exons.
Further, exon 9 defines 94 of the 98 aa proposed to
be in domain B of the TA-A structure (Matsuura
et al., 1984).

(f) Evidence for co-transcription of Amyl and
Amyll

A total of 15 additional cDNA clones containing
partial Amyl or AmylI sequences, in reverse orienta-
tion (i.e., the cDNA insert of the M13 viral DNA
template is anti-sense) were obtained using the
Amyll (3.35-kb EcoRI fragment) as a hybridization
probe. The terminations of the 3 UTR of six of these
cDNA clones are shown in Fig. 3B along with the
corresponding Amy gene sequences. Substantial dif-
ferences in nucleotide sequence of the two genes are
found after the first 58-nt downstream from the stop
codon. The cDNA clones M71, M91 and C-16 have
identical sequences, differing from each other only in
location of the predicted terminal oligo(A) tail. C-16
is 17 nt shorter than M-71 and has a 128-nt 3’ UTR
with an 8-mer oligo(A) tail. All three cDNAs match
with the 3' UTR sequence of Amyl. The terminal
oligo(A) track of C-16 is located 8 nt upstream from
an AATAAA sequence which serves as a poly-
adenylation signal in higher animal mRNA (Nevins,
1983). However, the terminal oligo(A) track of M71
and M91 ends only 3 nt downstream from this puta-

tive signal rather than the usual 11 to 19 nt for most
gene transcripts (Nevins, 1983). This sequence is not
present in either Amyll or its related cDNAs, C-4,
C-15 and C-17 (Fig. 3B). The 3’ UTRs of C-4 and
C-15 clones end 179 nt from the TGA stop codon at
A,s and A, tracks, respectively. C-17 contains a
240-nt 3’ UTR, 63 nt more than C-4, terminating in
an A, tail 22 nt beyond the HindIII site. These data
further confirm that two genes with different 3'-
flanking sequences occur in this fungus. The data
also indicate that these genes are co-transcribed in
mycelia cultured for 10 h in starch medium and that
at least two types of transcripts with different sites
for polyadenylation are produced.

Other sequences believed to play a role in tran-
scription termination and/or polyadenylation in
some genes of yeast and filamentous fungi (Zaret and
Sherman, 1982) are found in Amyl and II and their
respective cDNAs. The Amyll and corresponding
c¢DNA clones, C-4, C-15 and C-17 contain TAGT,
TATG and TATGTTTT, similar to yeast sequences.
The yeast TAGT sequence is also found in the 3’
UTR of the Amyl gene and cDNA clones C-16, M71
and M91 but not CAA/TTG/C which is proposed to
play a role in polyadenylation in Aspergillus sp.
(Mullaney et al., 1986).

(g) Conclusions

This is the first characterization of the TA-A
amino acid sequence based on the nucleotide se-
quence determined from two, very closely related
(99.6%; ) genes and their mRNAs (cDNA). Compari-
son of the predicted amino acid sequence with that
of the published TA-A sequence revealed only a few
minor differences. A typical, hydrophobic signal
peptide accounts for the 21 aa difference in their
sizes (499vs. 478). The remaining differences
involve changes to three single and two paired aa and
a single insertion and a single deletion of an aa.
These changes are located outside the highly con-
served regions (MacKay etal., 1985; Nakajima
etal., 1986) and do not involve any specific
functions. We found that all of these aa changes
increased the aa identity (from 519, to 53% ) calcu-
lated between the a-amylase (4LP1) of Saccharomy-
copsis fibuligera (Ito et al., 1987) and the TA-A amino
acid sequence of Toda et al. (1982). The absence of
Glu at position 35, Asp at positions 72 and 426 and



a Cys at position 73 suggests that they are not neces-
sary for function.

The finding of two nearly identical genes which
appear to be unlinked by at least 6 to 10 kb of unre-
lated flanking sequence and are both transcription-
ally active, at least during maximum TA-A mRNA
production (Erratt et al., 1984), cannot readily ex-
plain the earlier reports of TA-A heterogeneity. The
high nucleotide sequence identity of Amyl and
AmylI suggests that these genes have diverged very
little from each other in comparison to human or
plant amylase genes (Nishide etal, 1986;
Baulcombe et al., 1987). The 617-nt or more of up-
stream sequence common to these two genes may be
important in the regulation of their transcription. The
co-ordinate expression of these genes could explain
why this organism is a high producer of TA-A, how-
ever, we do not know if other strains of A. oryzae
have the same number of Amy gene copies. Glucoa-
mylase production from A. niger apparently involves
only one gene (Boel et al., 1984) which is regulated
by glucose (Innis etal,, 1985). The o-amylase
(ALP1) of Sa. fibuligera is also expressed by a single
gene (Ito et al., 1987). Our preliminary experiments
indicate that the Amy genes are repressed by glucose
in the manner predicted in earlier work (Erratt et al.,
1984). What is not clear is why more than one type
of mRNA is produced with slightly different sizes of
3’ UTR and what role the introns might play in gene
expression. The 3 UTR length of the Amy/ and
Ampyll cDNAs are two to six times larger than those
of vertebrate and invertebrate amylases (Nishide
et al., 1986; Boer and Hickey, 1986). However, they
are not unusual in size compared to those reported
for other fungal glycosidase genes (Shoemaker et al.,
1983; Van Arsdell et al., 1987; Boel et al., 1984;
Innis et al., 1985).

The finding of eight small introns (range 55 to
86 nt) in fungal ascomycete genes is the highest
number recorded so far. However, the ligninase
isozyme HS from the basidiomyceteous fungus Pha-
nerochaete chrysosporium has recently been reported
to have eight introns 49 to 69 nt in size (Smith et al.,
1988). The number of introns in fungi and yeasts are
usually 2 to 5 (Gilbert et al., 1986). It is interesting
that the recently sequenced 494 aa residue amylase
(ALPI) of the yeast Sa. fibuligera (Ito et al., 1987)
does not contain any intervening sequences yet it is
53% identical with the amino acid sequence pre-
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dicted from the Amy gene sequences. The ALPI gene
can be expressed directly in Saccharomyces cerevisiae
which has not been found to be the case for other
glycosidase genes of fungi (Innis et al., 1985; Van
Arsdell et al., 1987), including the Amy genes (V.L.S.
and M.J.D., unpublished).

With the exception of fruit fly (Boer et al., 1986)
and yeast (Ito et al., 1987), the presence of introns in
eukaryotic amylase genes appears to be the rule. The
number of introns within the coding region of the
A. oryzae a-amylase genes is one less than that found
for the human salivary gland amylase gene which
contains ten introns but only nine divide the coding
region into ten exons (Nishide et al., 1986). The re-
lationship of the exon distribution within the coding
region to functional domains of the amylases
encoded by these two genes was analyzed but the
results were not too striking. In this case the conser-
vation of exons in relation to amino acid sequence
identity blocks is much less than that found for triose
phosphate isomerase (Gilbert et al., 1986). However,
it is interesting that exon 9 of the Amy genes of
A. oryzae accurately defines the structural domain B
of TA-A (Matsuura et al., 1984) and that the equiva-
lent exon in human salivary amylase, based on our
aa sequence alignments, would be exon 10 (also exon
11).

The presence of two virtually identical genes
(exons and introns) in 4. oryzae tends to rule out the
possibility that introns function to prevent recom-
bination between the Amy genes as has been
suggested for related cellulases genes (Van Arsdell
et al., 1987). The role of the various introns and the
5’ and 3’ UTR sequences in coordinated expression
of the two Amy genes, including mRNA stability and
control in translation of the TA-A will be studied
further.
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