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The filamentous ascomycete Aspergillus awamori secretes large amounts of glucoamylase upon growth in
medium containing starch, glucose, or a variety of hexose sugars and sugar polymers. We examined the
mechanism of this carbon source-dependent regulation of glucoamylase accumulation and found a several
hundredfold increase in glucoamylase mRNA in cells grown on an inducing substrate, starch, relative to cells
grown on a noninducing substrate, xylose. We postulate that induction of glucoamylase synthesis is regulated
transcriptionally. Comparing total mRNA from cells grown on starch and xylose, we were able to identify an
inducible 2.3-kilobase mRNA-encoding glucoamylase. The glucoamylase mRNA was purified and used to
identify a molecularly cloned 3.4-kilobase EcoRI fragment containing the A. awamori glucoamylase gene.
Comparison of the nucleotide sequence of the 3.4-kilobase EcoRI fragment with that of the glucoamylase I
mRNA (as determined from molecularly cloned cDNA) revealed the existence of four intervening sequences
within the glucoamylase gene. The 5’ end of the glucoaimylase mRNA was mapped to several locations within a
region —52 to —73 nucleotides from the translational start. Sequence and structural features of the
glucoamylase gene of the filamentous ascomycete A. awamori were examined and compared with those reported

in genes of other eucaryotes.

Glucoamylases comprise a class of extracellular enzymes,
secreted by a variety of organisms, which progressively
hydrolyze starch to yield glicose (17). The glucoamylase [a-
(1-4),(1-6)-p-glucan glucohydrolase (EC 3.2.1.3)] of the fila-
mentous ascomycete Aspergillus awamori is an inducible
glycoprotein that possesses both a(1-4) and «a(1-6) (de-
branching) activities (63, 68). Glucoamylases from A. awa-
mori and other Aspergillus species have been widely used in
commercial processes requiring the saccharification of
starch (42). The glucose produced is used as a substrate for
the enzymatic production of fructose syrup and as a feed
source for fermentations of various organisms. Although
Aspergillus glucoamylase production has been extensively
studied in the fermentation literature, little is known at the
molecular level concerning the structure and regulation of
the glucoamylase gene. In this paper, we report the molecu-
lar cloning of the glucoamylase gene of A. awamori. The
organization of the A. awamori glucoamylase gene is deter-
mined by comparison of the genomic DNA sequence with
that of the glucoamylase mRNA as obtained from molecular-
ly cloned glucoamylase cDNA. We describe several struc-
tural aspects of the A. awamori glucoamylase gene and
compare structural and regulatory features with those de-
scribed in gene systems of the single-celled ascomycete
Saccharomyces cerevisiae and of higher eucaryotes.

MATERIALS AND METHODS

Strains and culture conditions. A. awamori (NRRL 3112)
was obtained from the Northern Regional Research Labora-
tory, Peoria, Ill. For growth, spores were inoculated in
medium containing (grams per liter): yeast extract (Difco
Laboratories, Detroit, Mich.), 10; (NH;),SO4, 6.5;
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MgSO, - 7TH,0, 0.2; citric acid - H,0, 2.0; K,HPO,, 10;
NaNH,HPO, - 4H,0, 3.5; and various carbon sources (as
described in text), 50. Cultures were agitated at 200 to 250
rpm at 30°C for 3 to 5 days.

Glucoamylase assay. Mycelia-free culture supernatants
were incubated in the presence of 2% soluble starch (Difco)
in 10 mM potassium succinate buffer (pH 5) for 1 to 4 h at
60°C. Glucose was determined by using a glucose analyzer
(model 23, YSI Co.). One unit of activity corresponds to the
formation of 10 mg of glucose per h.

Glucoamylase purification and preparation of antisera. A.
awamori glucoamylase was purified from culture superna-
tants of cells grown in medium containing starch as the
carbon source. Aspergillus niger glucoamylase was purified
from a preparation (AMG 150 L) obtained from Novo
Industries, Bagsvaerd, Denmark. Glucoamylase represents
the major protein found in these culture supernatants. Con-
sistent with previous results (33, 59), two molecular weight
forms of glucoamylase were observed. Although molecular
weight estimates of these glycoproteins vary with the analyt-
ic procedure used (59), typical values are 75,000 for gluco-
amylase I (GA I) and 54,000 for glucoamylase II (GA II) (32).
The enzymes were purified by ion-exchange chromatogra-
phy (DEAE-Sephacel; Pharmacia Fine Chemicals, Inc.,
Piscataway, N.J.), gel filtration chromatography (Sephacryl
S-200 [Pharmacia] or Bio-Gel P-300 [Bio-Rad Laboratories,
Richmond, Calif.]). On occasion, cyclohexamylose affinity
chromatography (22) was used. A. niger GA I and GA 1I
possess similar enzymatic activities and have been previous-
ly shown to be immunologically indistinguishable (33, 40)
and to have identical N-terminal amino acid sequences (59).
We have found the two forms of the A. awamori glucoamy-
lase to be likewise immunologically indistinguishable. We
have determined the N-terminal amino acid sequence of A.
awamori GA 1 to residue 49: 1-ATLDSWLSNE ATVAR
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TAILN NIGADGAWVS GADXGIVVAX PXTDXPXYF-
49 (K. Watt, unpublished data) (refer to the IUPAC-IUB
Commission on Biochemical Nomenclature for an explana-
tion of the one-letter code for amino acids). The C-terminal
amino acid is arginine. The N-terminal sequence agrees with
that of A. niger GA I published by Svenssen et al. (58). The
GA 1 proteins of A. niger and A. awamori are also indistin-
guishable by immunological criteria (R. Cox, unpublished
data).

Purified glucoamylase protein was used to generate anti-
bodies in rabbits; 0.2 to 1.0 mg of protein was injected in
conjunction with complete Freund adjuvant. The protein
was not very immunogenic, and several injections were
required to generate useful antisera.

Nucleic acid isolation. Total cellular RNA was isolated
from A. awamori mycelia by using the guanidium thiocya-
nate procedure of Chirgwin et al. (14). Mycelia were wrung
dry in cheesecloth and ground to a powder in liquid nitrogen
with a mortar and pestle. The cell power was homogenized
in guanidium thiocyanate solution containing 10 mM adeno-
sine:vanadyl sulfate complex (7). After centrifugation to
pellet cell debris, CsCl was added, and RNA was pelleted
through a CsCl pad as described by Glisin et al. (20).
Polyadenylated [poly(A)*] RNA was isolated by two cycles
of oligodeoxythymidylate cellulose chromatography (type 3;
Collaborative Research, Inc., Waltham, Mass.) (2).

Glucoamylase mRNA was isolated from methyl mercury
(MeHgOH)-agarose gels (3) after staining with ethidium
bromide by the method of Sehgal (51). Low-gelling-tempera-
ture agarose (Miles Laboratories, Inc., Elkhart, Ind.) was
used to form the gel, and gel slices containing glucoamylase
mRNA were heated to 70°C to melt the agarose before
freezing and centrifugation.

A. awamori genomic DNA was prepared from frozen
mycelia as described by Murray and Thompson (41).

In vitro translation and immunoprecipitation. A. awamori
RNA was translated in vitro by the rabbit reticulocyte lysate
slystem (New England Nuclear Corp., Boston, Mass.).
[**SImethionine was used to label protein products. Immu-
noprecipitation, with either rabbit anti-GA I immunoglobulin
G (IgG) or normal rabbit IgG, was performed essentially as
described by Ivarie and Jones (24), using Formalin-fixed
Staphylococcus aureus Cowan cells (IgGsorb, The Enzyme
Centre) to precipitate immune complexes. In some cases,
lysates were first treated with sodium dodecyl sulfate, and
the sodium dodecyl sulfate was then removed by the forma-
tion of micelles with Triton X-100 before reaction with
antibodies (69). This procedure appeared to reduce back-
grounds in these experiments. Antibody specificity was
demonstrated by inhibition of glucoamylase activity (Cox,
unpublished data) as well as by immune electrophoresis and
Ouchterlony analysis.

Molecular cloning; cDNA library preparation. cDNA was
synthesized by modifications of previously published
procedures (12, 43). Poly(A)* mRNA was pretreated with
MeHgOH and added to the reaction mixture containing
oligodeoxythymidylate as a primer and 2-mM adenosine:
vanadyl sulfate as an RNase inhibitor. Before use of the
cDNA as hybridization probe, remaining mRNA was de-
graded by treatment with sodium hydroxide. A library was
prepared from cDNA essentially as described by Land et al.
(28). Single-stranded cDNA was tailed with deoxycytidine
and used as template for second-strand cDNA synthesis with
oligodeoxyguanosine primer. Double-stranded cDNA was
again tailed with deoxycytidine and annealed to plasmid
pBR322 that had been linearized and tailed with deoxyguan-
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osine at the Pstl site. This material was used to transform
Escherichia coli K-12 MM294 to tetracycline resistance. The
cDNA library obtained was screened by hybridization as
described by Grunstein and Hogness (21).

Molecular cloning and genomic library preparation. A.
awamori DNA was digested to completion by EcoRI,
HindIIl, Bgill, and complete genomic libraries were con-
structed with either lambda Charon 4A (66), lambda 1.47.1
(34), or lambda Charon 30 (66), respectively, using modifica-
tions of previously published procedures (9, 57). The EcoRI
library was screened as described by Benton and Davis (6),
using a glucoamylase cDNA probe derived from gel-purified
glucoamylase mRNA (see text). Other libraries were
screened by using glucoamylase sequences derived from the
EcoRl library.

Nucleic acid analysis. Genomic DNA was analyzed for
specific glucoamylase sequences by the method of Southern
(55, 65). RNA was analyzed for specific glucoamylase se-
quences by electrophoresis in MeHgOH-agarose gels (3) and
transfer to nitrocellulose (61) as described by Alwine et al.
(1). Nick-translation of DNA was performed as described by
Rigby et al. (47).

DNA nucleotide sequence was determined primarily by
the dideoxynucleotide method of Sanger et al. (48, 49) with
the phages M13mp8 and M13mp9 (37). In some instances,
the chemical method of Maxam and Gilbert (35) was used.

Restriction endonucleases and DNA polymerase I were
obtained from New England Biolabs, Beverly, Mass., or
Bethesda Research Laboratories, Gaithersburg, Md. Termi-
nal deoxynucleotidyl transferase was obtained from Ratliff
Biochemicals, Los Alamos, N. Mex. Reverse transcriptase
(from avian myeloblastosis virus) was obtained from Life
Sciences, Inc., St. Petersburg, Fla. All enzymes were used
according to the instructions of the manufacturers. DNA
ligase (T4) was provided by D. Gelfand; S1 nuclease was
prepared by the method of Vogt (64).

Mapping of 5’ termini of glucoamylase mRNA. An oligonu-
cleotide primer, ’GCGAGTAGAGATCGG3’, was synthe-
sized with a BioSearch DNA synthesizer (San Rafael, Cal-
if.). Primer extension was performed by methods described
by Proudfoot et al. (45) to determine the 5’ terminus of
glucoamylase mRNA. 5’ end-labeled primer was annealed to
poly(A)*mRNA (92°C for 5 min; 42°C for 60 min) and
extended, using avian myeloblastosis virus reverse tran-
scriptase.

The primer was also used to prepare an internally labeled
single-stranded DNA fragment complementary to the 5’
region of the glucoamylase gene for use in S1 mapping
experiments. The primer was annealed to, and copied from,
an EcoRI-Sall fragment of the glucoamylase gene in phage
M13mp8, as described by Hu and Messing (23), in the
presence of [a-*?P]dATP. After digestion with EcoRI and
alkaline denaturation the generated 213-base-pair (bp) single-
stranded fragment containing the 5’ region of the glucoamy-
lase gene was purified by electrophoresis under alkaline
conditions (36). This fragment was used in S1 mapping
experiments as described by Berk and Sharp (8) to determine
the 5’ termini of glucoamylase mRNA.

RESULTS

Regulation of glucoamylase protein and mRNA expression.
The accumulation of glucoamylase protein was examined in
culture supernatants of A. awamori grown in medium con-
taining different carbon sources (Fig. 1). These results
confirm previous reports (46; L. L. Barton, Ph.D. thesis,
University of Nebraska, 1969) that glucoamylase is secreted
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FIG. 1. Glucoamylase accumulation in culture supernatants of
A. awamori grown to stationary phase on indicated carbon sources.

into the medium upon growth on glucose, starch, or a variety
of other hexose sugars or hexose sugar polymers and that
little or no glucoamylase activity is found when glycerol or
xylose is used as the carbon source. The activity measure-
ments (Fig. 1) correlate with estimates of glucoamylase
protein as determined from sodium dodecyl sulfate-poly-
acrylamide gels (data not shown).

To determine the molecular basis for this carbon source-
dependent accumulation of glucoamylase protein, glucoamy-
lase mRNA levels were examined. Total cellular mRNA was
isolated and used to direct the synthesis of A. awamori
protein in a rabbit reticulocyte lysate system; glucoamylase-
specific mRNA was determined by immunoprecipitation of
protein products with rabbit anti-glucoamylase antibody.
The results demonstrate the presence of translatable gluco-
amylase mRNA in RNA from starch-grown cells; in con-
trast, no functional glucoamylase mRNA was detected in
xylose-grown cells (data not shown). This correlates with the
200-fold difference in glucoamylase protein observed in
culture supernatants of these cells and suggests that the
accumulation of glucoamylase protein in starch-grown cul-
tures is controlied at the level of glucoamylase mRNA.

MeHgOH-agarose gel electrophoresis of mRNA from
starch-grown cells revealed a major 2.3-kilobase (kb)
mRNA, which was absent in mRNA from xylose grown cells
(Fig. 2). It appeared likely that this prominent ‘‘induced”
mRNA represented the mRNA of the highly expressed
“‘induced’” glucoamylase. Indeed, the 2.3-kb mRNA was
found, upon elution from MeHgOH-agarose gels, to encode
the synthesis of imunoprecipitable glucoamylase protein in a
rabbit reticulocyte lysate system (data not shown). We will
present additional evidence that further establishes the iden-
tity of the 2.3-kb mRNA as glucoamylase mRNA.

Using cDNA to the glucoamylase mRNA as a hybridiza-
tion probe, we were able to isolate the glucoamylase gene
from a phage library containing A. awamori genomic DNA.
An EcoRI digest of genomic DNA was molecularly cloned in
lambda Charon 4A, and the library produced was screened
with glucoamylase cDNA. Hybridizing plaques were puri-
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fied; all contained a common 3.4-kb EcoRI fragment that
hybridized to the glucoamylase cDNA probe. This fragment
was subcloned into the EcoRI site of pACYC184 and was
designated pGAR1. Other phage libraries (HindIII, BglII)
were constructed and screened with pGARI to isolate flank-
ing genomic sequences. Approximately 20 kb of A. awamori
genomic DNA surrounding the glucoamylase gene was iso-
lated; a composite restriction map of this region is shown in
Fig. 3.

The nucleotide sequence of the 3.4-kb EcoRI fragment
containing the A. awamori glucoamylase gene, as isolated in
pGARLl, is presented in Fig. 4. Comparison of the deduced
amino acid sequence with the amino acid sequence of the
GA 1 protein (A. niger, [58]; A. awamori, K. Watt, unpub-
lished data) established that we had, in fact, isolated the
glucoamylase gene.

Restriction analysis of A. awamori genomic DNA contain-
ing the glucoamylase gene was performed by the method of
Southern (55). In this analysis (Fig. 5), sequences of the
pGAR1 probe were shown to hybridize to genomic restric-
tion fragments in a manner consistent with that predicted
from restriction maps obtained from molecularly cloned
genomic fragments (Fig. 3). No evidence was observed for
additional, cross-hybridizing, glucoamylase genes. These
results indicate that the glucoamylase gene exists as a single
copy of the A. awamori genome.
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FIG. 2. Identification of glucoamylase mRNA. Poly(A)* mRNA
from cells grown in medium containing starch (lane 1) or xylose
(lane 2) was analyzed by MeHgOH-agarose gel electrophoresis.
Human and E. coli rRNAs provide molecular weight markers. The
A. awamori TRNAs are indicated by ‘285’ and ‘'18S’'. The major
“‘induced’”’ mRNA (arrow) was isolated and used to direct in vitro
synthesis of glucoamylase protein.
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FIG. 3. Restriction endonuclease map of A. awamori genome surrounding the glucoamylase gene. The entire structural gene is contained
within the 3.4-kb EcoRI fragment isolated from the Charon 4A library. The location and orientation of the glucoamylase gene are shown

below; protein-encoding regions are indicated as solid boxes.

The molecularly cloned glucoamylase sequence (pGAR1)
was used to confirm and extend our earlier studies in which
we had shown increased levels of translatable glucoamylase
mRNA in poly(A)*RNA of starch-grown cells relative to
cells grown on xylose. Northern analysis of these RNAs,
using the method of Alwine et al. (1), demonstrates a similar
increase in the level of the 2.3-kb glucoamylase mRNA (Fig.
6). Thus, the accumulation of glucoamylase protein in
starch-grown cultures can be accounted for by a comparable
increase in glycoamylase mRNA.

Molecular cloning of A. awamori glucoamylase mRNA se-
quences. Comparison of the coding potential of the molecu-
larly cloned glucoamylase gene with the previously pub-
lished amino acid sequence of the A. niger GA 1 protein (58)
indicated the presence of several intervening sequences with
the protein coding region. To confirm the identification of
intervening sequences within the glucoamylase gene, dou-
ble-stranded cDNA was prepared from mRNA of starch-
grown A. awamori and a cDNA library was prepared in
pBR322 as described above. Several glucoamylase cDNA-
containing plasmids were identified with the pGARI1 probe;
p24A2, the largest, contains 1.8 kb of sequence derived from
the 3’ end of the glucoamylase mRNA. The nucleotide
sequence of the glucoamylase cDNA in p24A2 was deter-
mined and found to span the genomic sequence (Fig. 4) from
nucleotide 501 through the polyadenylation site at positions
2494 to 2496. (The precise polyadenylation site cannot be
determined due to the presence of two adenosine residues at
nucleotides 2495 and 2496.) Comparison between these
sequences and with the amino acid sequence has identified
four intervening sequences within the A. awamori glucoamy-
lase gene. (The junctions of the first intervening sequence
were deduced from our incomplete amino acid sequence
data at residues 43 to 49 of A. awamori GA 1 [43-TDXPXYF-
49] [see above; unpublished data].) The intervening se-
quences are short (ranging from 55 to 75 bp) and are all
located within protein-encoding sequences.

The 5’ end of the glucoamylase mRNA was determined by
primer extension and S1 mapping techniques. A synthetic
oligonucleotide 5'GCGAGTAGAGATCGG3’, complemen-
tary to sequences within the signal peptide-encoding region
near the 5’ end of the glucoamylase mRNA, was used to
prime reverse transcriptase synthesis from the mRNA tem-
plate. Several primer extension products are synthesized
from total poly(A)*mRNA from starch-grown cells (Fig.
7A). To examine the possible effects of RNA secondary
structure on this pattern, primer extension was performed at

both 42 and 50°C; the pattern of primer extension was
unchanged, supporting the conclusion that the observed
extension products represent distinct 5' mRNA termini.

To corroborate these results, S1 mapping experiments
were performed with an internally labeled single-stranded
DNA fragment generated by the use of the synthetic oligonu-
cleotide to prime reverse transcription of 5’ genomic gluco-
amylase sequences in phage M13mp8 (see above). After
hybridization to total poly(A)*mRNA from starch-grown
cells and digestion with S1 nuclease (8), protected DNA was
examined by electrophoresis under denatured conditions
(49). The results (Fig. 7B) demonstrate a pattern coincident
with that observed in primer extension experiments. (One
site predicted from primer extension results is absent in the
S1 experiment.) Taken together, these results indicate that
several distinct 5’ termini exist within the population of
glucoamylase mRNA. The termini are localized within a
region —73 to —52 from the site of translation initiation (Fig.
4). The coincidence of bands generated by primer extension
and S1 mapping demonstrates the absence of additional
intervening sequences within this region of the glucoamylase
gene.

DISCUSSION

We report the molecular cloning and structural character-
ization of the glucoamylase gene of A. awamori. The results
presented here examine, on a molecular level, the regulation
and organization of glucoamylase gene expression in the
filamentous ascomycete A. awamori.

Regulation of glucoamylase gene expression. Growth of A.
awamori in medium containing glucose, starch, or a variety
of other hexose sugars or hexose sugar polymers resulted in
the accumulation of high levels of glucoamylase in culture
supernatants. Little or no glucoamylase was secreted into
culture supernatants of cells grown in medium containing
glycerol or xylose. We have shown that the increase in
glucoamylase accumulation in cultures grown on starch
resulted from a comparable increase in the level of glucoa-
mylase mRNA found in these cells.

The 2.3-kb glucoamylase mRNA from starch-grown cells
constituted 1 to 5% of cellular poly(A)* RNA, as judged
from its appearance on MeHgOH-agarose gels. We estimate
that this represents a several hundredfold increase in gluco-
amylase mRNA over the level found in xylose-grown cells.
We speculate that the increased levels of glucoamylase
mRNA accumulation in starch-grown cells resulted from
increased levels of transcription of the glucoamylase gene.



2310

NUNBERG ET AL.

— S—
GAATTCAAGC TAGATGCTAA GCRATATTGC ATGGCAATAT GTGTTGATGC ATGTGCTTCT TCCTTCAGCT TCCCCTCGTG CAGATGAAGG TTTGGCTATA AATTRAAGTG
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GTTGETCGG6 GTTCCETGAG RGGC]"(';AIGT GCTTCC;CCC TTT“GACGC AACTGAGAGC CTGAGCTTCA TCCCCAGCAT CATTACACCT CAGCAATG TCG TTC CGA
t

TCT CTA CTC GCC CTG AGC GGC CTC GTC TAC
SER LEU LEU ALA LEU SFR GLY LEU VAL CYS

6C6 ACC GTG GCT CGT ACT GCC ATC CTG AAT
Ala Thr Val Ala Arg Thr Ala lle Leu Asn

CCC AGC ACG GAT AAC CCG GAC T gtatgtttc
Pro Ser Thr Asp Asn Pro Asp

TAC ACC TGG ACT CGC GAC TCT GGT CTC GTC
Tyr Thr Trp Thr Arg Asp Ser Gly Leu Val

AAC TAC ATC TCC GCC CAG GCA ATT GTC CAs
Asn Tyr Ile Ser Ala GIn Ala Ile Val Gin

AAT GTC GAT GAG ACT GCC TAC ACT GGT TCT
Asn Val Asp Glu Thr Ala Tyr Thr Gly Ser

MET SER PHE ARG

ACA GGG TTG GCA AAT GTG ATT TCC AAG CGC GCG ACC TTG GAT TCA TGG TTG AGC AAC GAA
THR GLY LEU ALA ASN VAL ILE SER LYS ARG Ala Thr Leu Asp Ser Trp Leu Ser Asn Glu

AAC ATC GGG GCG GAC GGT GCT TGG GTG TCG GGC GCG GAC TCT GGC ATT GTC GTT GCT AGT
Asn Ile Gly Ala Asp Gly Ala Trp Val Ser Gly Ala Asp Ser Gly Ile Val Val Ala Ser

gagctcagat ttagtatgag tgtgtcattg attgattgat gctgactgge gtgtcgtttg ttgtagTAC H'C

yr Phe
CTC AAG ACC CTC GTC GAT CTC TTC CGA AAT GGA GAT ACC AGT CTC CTC TCC ACC ATT GAG
Leu Lys Thr Leu Val Asp Leu Phe Arg Asn Gly Asp Thr Ser Leu Leu Ser Thr Ile Glu

GGT ATC AGT AAC CCC TCT GGT GAT CTG TCC AGC GGC GCT GGT CTC GGT GAA CCC AAG TTC
Gly Ile Ser Asn Pro Ser Gly Asp Leu Ser Ser Gly Ala Gly Leu Gly Glu Pro Lys Phe

TGG GGA CGG CCG CAG CGA GAT GGT CCG GCT CTG AGA GCA ACT GCT ATG ATC GGC TTC GGG
Trp Gly Arg Pro GIn Arg Asp Gly Pro Ala Leu Arg Ala Thr Ala Met Ile Gly Phe Gly

CAA TGG CTG CTT gtatgttctc caccceccttg cgtctgatct gtgacatatg tagctgactq gtcagGAC AAT GGC TAC ACC AGC ACC GCA ACG GAC ATT

Gln Trp Leu Leu

6TT TG6 CCC CTC GTT AGG AAC GAC CTG
Val Trp Pro Leu Val Arg Asn Asp Leu

gatgcgccag cagagctaac ccgegatcge ag

GTC GAA GGT AGT GCC TTC GCG ACG
Val Glu Gly Ser Ala Phe Ala Thr

TTC TGG ACC GGC AGC TTC ATT CTG
Phe Trp Thr Gly Ser Phe Ile Leu

GAT CCT GAG GCC GCA TGC GAC GAC
Asp Pro Glu Ala Ala Cys Asp Asp

TCA ATC TAT ACC CTC AAC GAT GGT
Ser [le Tyr Thr Leu Asn Asp Gly

TG6 TTC CTG TGC ACC TTG GCT GCC
Trp Phe Leu Cys Thr Leu Ala Ala

TCG CTG GAC TTC TTC AAG GCA CTG
Ser Leu Asp Phe Phe Lys Ala Len

676 AAG ACT TTC GCC GAT GGC TTC
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CAC GCC GCA AGC AAC GGC TCC ATG
His Ala Ala Ser Asn Gly Ser Met

6CT CTG CTR ACC GCC AAC AAC CGT
Ala Leu Leu Thr Ala Asn Asn Arg

GCC ACA TCT GCC ATT GGT ACC TAC
Ala Thr Ser Ala lle Gly Thr Tyr

CCC ACT GGA TCC GGC AG" GTG ACC
Pro Thr Gly Ser Gly Ser Val Thr

ACT €CC ACC 6CC GTG GCT GTG ACT
Thr Pro Thr Ala Val Ala Val Thr

GGT GAC TGG GAA ACC AGC GAC GGC
Gly Asp Trp Glu Thr Ser Asp Gly

GCT GGT GAG TCG TTT GAG TAC AAG
Ala Gly Glu Ser Phe Glu Tyr Lys

CCT CAG GCG TGC GGA ACG TCG ACC
Pro Gin Ala Cys Gly Thr Ser Thr

TGAGGGRCAAT TGGTTATATG
AATACAGACA CCGTRAAAGC
GCTTGCTCTR CTGATATCAC
CATTGCTTTC CCCAGRGGCC
ATCAAACCCA GTTCAATAAT
GCCACTAAAT CCGATCATTG
TACCTACTGG TCTGATCGGC
CTTGGTGACG GAGTATCGRT
GRATCGATGC CCTCCTRTGC
TGAATTC

ATCATGTATG
CATGRTCTTT
TRTCATTCAA
TCCCAACGAC
AGCCRAGATG
ATCCACCGCC
TCCATCAGAL
GAGTGACAAC
AGCAGCAGRT
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TcC
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cTC
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TAC
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GTr
val

TcC
Ser

C6T
Arg

AGC

Ser

TCG
Ser

T7C
Phe

ATA
Ne

17
Phe

6C6
Ala

TCG
Ser

Asp Asn Gly Tyr Thr Ser Thr Ala Thr Asp e

TAT GTG GCT CAA TAC THG AAC CAG ACA GGA TAT G gtgtgtttg ttttatttta aatttccaaa
Tyr Val Ala Gin Tyr Trp Asn Gin Thr Gly Tyr

AT CTC TGG GAA GAA GTC AAT GGC TCG TCT TTC TTT ACG ATT GCT GTG CAA CAC CGC GCC CTT
Asp Leu Trp Glu Glu Val Asn Gly Ser Ser Phe Phe Thr Ile Ala Val Glin His Arg Ala Leu

GTC
val

AAC
Asn

ACC
The

AGT
Ser

GAG
Glu

AGC
Ser

TCcT
Ser

GAG
Glu

AAC
Asn

AGT
Ser

ACC
Thr

GAT
Asp

GCT
Ala

ATC
Ne
ACG
Thre

GGC TCG TCC TGC TCC THG TGT GAT TCT CAG GCA CCC GAA ATT CTC TGC TAC CT6 CAG TCC
Gly Ser Ser Cys Ser Trp Cys Asp Ser Gin Ala Pro Glu lle Leu Cys Tyr Leu Gin Ser

TTC GAT AGC AGC CGT TCC GCC AA5 GAC GCA AAC ACC CTC CTG GGA AGC ATC CAC ACC TTT
Phe Asp Ser Ser Arg Ser Gly Lys Asp Ala Asn Thr Leu Leu Gly Ser Ile His Thr Phe

TTC CAG CCC TGC TCC CCG CRC GCG CTC GCC AAC CAC AAG GAG GTT GTA GAC TCT TTC CGC
Phe Gin Pro Cys Ser Pro Arg Ala Leu Ala Asn His Lys Glu Val Val Asp Ser Phe Arg

GAC AGC GAG GCT GTT GCG GTG GGT CGG TAC CCT GAG GAC ACG TAC TAC AAC GGC AAC CCG
Asp Ser Glu Ala Val Ala Val Gly Arg Tyr Pro Glu Asp Thr Tyr Tyr Asn Gly Asn Pro

CAG TTG TAC GAT GCT CTA TAC CAG TGG GAC AAG CAG GGG TCG TTG GAG GTC ACA GAT GTG
GIn Leu Tyr Asp Ala Leu Tyr Gin Trp Asp Lys GIn Gly Ser Leu Glu Val Thr Asp Val

GAT GCT GCT AT GGC ACC TAC TCT TCG TCC AGT TCG ACT TAT AGT AGC ATT GTA GAT GCC
Asp Ala Ala Thr Gly Thr Tyr Ser Ser Ser Ser Ser Thr Tyr Ser Ser Ile Val Asp Ala

AR ACT

ATT GTG gtaagtctac gctagacaag cgctcatqtt gacagagggt gcgtactaac agaagtag G
-_— Glu Thr

e val

CAA TAC GAC AAG TCT GAT GGC GAG CAG CTT TCC GCT CGC GAC CTG ACC TGG TCT TAT GCT
Gin Tyr Asp Lys Ser Asp Gly Glu Gin Leu Ser Ala Arg Asp Leu Thr Trp Ser Tyr Ala

GTC GTG CCT TCC GCT TCT TGR GGC GAG ACC TCT GCC AGC AGC GTG CCC GGC ACC TGT GCG
Ser Val Val Pro Ala Ser Trp Gly Glu Thr Ser Ala Ser Ser Val Pro Gly Thr Cys Ala

GTG ACT GTC ACC TCG TGG CCG AGT ATC GTG GCT ACT GGC GGC ACC ACT ACG ACG GCT ACC
Val Thr Val Thr Ser Trp Pro Ser Ile Val Ala Thr Gly Gly Thr Thr Thr Thr Ala Thr

AGC AAG ACC ACC GCG ACT GCT AGC AAG ACC AGC ACC AGT ACG TCA TCA ACC TCC TGT ACC
Ser Lys Thr Thr Ala Thr Ala Ser Lys Thr Ser Thr Ser Thr Ser Ser Thr Ser Cys Thr

CTR ACA GCT ACC ACC ACC TAC GGC GAG AAC ATC TAC CTG GTC GGA TCG ATC TCT CAG CT6
Leu Thr Ala Thr Thr Thr Tyr Gly Glu Asn Ile Tyr Leu Val Gly Ser Ile Ser Glin Leu

CTG AGT GCT GAC AAG TAC ACT TCC AGC GAC CCG CTC TGG TAT GTC ACT GTG ACT CTG CCG
Leu Ser Ala Asp Lys Tyr Thr Ser Ser Asp Pro Leu Trp Tyr Val Thr Val Thr Leu Pro

CGC ATT GAG AGC GAT GAC TCC GTG GAG TRG GAG AGT GAT CCC AAC CGA GAA TAC ACC GTT
Arg 1le Glu Ser Asp Asp Ser Val Glu Trp Glu Ser Asp Pro Asn Arg Glu Tyr Thr Val

GTG ACT GAC ACC TGG CGG
Val Thr Asp Thr Trp Arg

TAGACAATCA ATCCATTTCG CTATAGTTAA AGGATGGGGA

TAGTGGGTGT GCATAATAGT AGTGAAATGG AAGCCAAGTC ATGTGATTGI A:TCGACCGA CGGAATTGAG GATATCCGGA
-

CCTTCGTGTA GAAGACCAGA CAGACAGTCC CTGATTTACC CTRCACAAAG CACTAGAAAA TTAGCATTCC ATCCTTCTCT

TGCATAGCCA TGAGCTCATC TTAGATCCAA GCACGTAATT CCATAGCCGA GGTCCACAGT GGAGCAGCAA CATTCCCCAT

TAAATCAAGA GTATATCTCT ACCGTCCAAT AGATCGTCTT CGCTTCAAAA TCTTTGACAA TTCCAAGAGG GTCCCCATCC

CATGRTGRAG TCAATTAGGC AGTATTACTG GAATGRTCGGR GCCAGTTCCG GGTGGTCATT GRCCGOCTGT GATGCCATCT

CACGAGGRCG TCTTTGCTTT TTGCGCGGLG TCCAGGTTCA ACTCTCTCTG CAGCTCCART CCAACGCTGA CTGACTAGTT

CTATGRCGTT ATCCCGTREC GTTGCTGCGE AATCGCTATC TTGATCGCAA CCTTGAACTC ACTCTTGTTT TAATAGTGAT

CAACATCGTG CAAGGGAGAT TGATACGGAA TTGTCRCTCC CATCATGATG TTCTTGCCGG CTTTGTTGGC CCTATTCGTG

ACTGCTGGAT GAGGAGCCAT CGGTCTCTGC ACGCAAACCK AACTTCCTCT TCATTCTCAC GGATGATCAG GATCTCCGGA
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FIG. 4. Nucleotide sequence of 3.4-kb EcoRI fragment containing the A. awamori glucoamylase gene. Intervening sequences are in
lowercase letters. The deduced protein sequence is also presented: amino acid residues —24 to —1. in uppercase letters, represent the
presumed signal peptide sequence. Regions of transcription initiation. as determined from primer extension and S1 mapping products ( 1 and
| ., respectively), and the polyadenylation site (***) of glucoamylase mRNA are indicated. (The polyadenylation site cannot be precisely
determined due to the presence of A's within the genomic sequence at the site.) The TATA and CCAAT sequences. upstream of transcription
initiation, are overlined; the consensus sequence PuCTPuAC found near the 3’ terminus of intervening sequences of ascomycetes is

underlined.
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FIG. 5. Analysis of A. awamori DNA by using pGAR1 glucoa-
mylase probe. Genomic DNA was digested to completion with the
indicated restriction endonucleases, and the fragments were sepa-
rated by agarose gel electrophoresis and transferred to nitrocellu-
lose. Hybridization, with nick-translated pGAR1, was as described
by Wahl et al. (65).

At present, we have no direct data to support this hypothe-
sis.

Multiple forms of glucoamylase protein. Two forms of
glucoamylase protein of differing molecular weights were
found in culture supernatants of A. awamori cultures grow-
ing on starch. These forms were enzymatically and immuno-
logically related and had identical N-terminal amino acid
sequences. The peptide molecular weight of the glucoamy-
lase protein deduced from the DNA sequence (69,000)
agrees with that observed for the major in vitro translation
product of glucoamylase mRNA (data not shown) and is
consistent with that estimated for an unglycosylated form of
the larger of the two forms of glucoamylase, GA 1. The
amino acid composition (unpublished data) and C terminus
of the deduced GA I protein are also consistent with this
identification.

The two forms of glucoamylase were not derived from two
related glucoamylase genes, as we have demonstrated the
glucoamylase gene to exist as a single copy gene in the A.
awamori genome. Southern analysis of genomic DNA, as
well as the analysis of molecularly cloned genomic se-
quences, showed no evidence for multiple genes. Possible
mechanisms for the generation of multiple forms of protein
from a single gene include post-translational processing and
differential mRNA splicing. During preparation of this manu-
script, Boel et al. (10) have reported the isolation of an
additional form of glucoamylase cDNA from A. niger; this
cDNA differs from the larger glucoamylase cDNA isolated

GLUCOAMYLASE GENE OF ASPERGILLUS AWAMORI 2311

by both groups in that it appears to result from an additional
mRNA splicing event within sequences encoding the C-
terminal portion of GA I. The authors propose that this
smaller nRNA may encode the smaller GA II protein. In our
in vitro translation studies, we saw a minor immunoprecipi-
table product which may correspond to GA II, but we have
not isolated a cDNA copy of the presumptive GA II mRNA.

Mature GA I and GA II contain an identical N-terminal
amino acid sequence and initiate at the Ala residue shown in
Fig. 4. Consistent with the observed secretion of glucoamy-
lase protein, a presumptive signal peptide sequence can be
deduced from the molecularly cloned DNA sequence. This
24-amino-acid region possesses the characteristic features of
eucaryotic signal peptides (56), containing a long hydropho-
bic region preceded by a basic amino acid. The presence of a
Lys-Arg dipeptide preceding the cleavage site raises the
possibility of a second, trypsin-like processing step in the
formation of the mature protein.

Characterization of the glucoamylase gene. Comparison of
the nucleotide sequence of the molecularly cloned glucoa-
mylase gene with that of GA I mRNA, as determined from
molecularly cloned cDNA, and with the GA I amino acid
sequence, has revealed the presence of four intervening
sequences within the A. awamori glucoamylase gene. The
intervening sequences were short (ranging from 55 to 75 bp)
and were all located within protein-encoding sequences.
Short intervening sequences have also been found in genes
of other filamentous ascomycetes, namely, the cellobiohy-
drolase gene of Trichoderma reesei (54) and the glutamate
dehydrogenase gene (26) and histone H3 and H4 genes (67)
of Neurospora crassa. In contrast, the trp-1 gene of N.
crassa has been shown to lack intervening sequences (50).
Although virtually ubiquitous within genes of higher eucary-
otes (11), intervening sequences appear to be limited to a

‘28s’,

‘188’ »

2 3 4

FIG. 6. Analysis of A. awamori mRNA by using pGAR1 gluco-
amylase probe. mRNA from cells grown in medium containing
starch (lanes 1 and 3) or xylose (lanes 2 and 4) was separated by
MeHgOH-agarose gel electrophoresis, transferred to nitrocellulose,
and hybridized to nick-translated pGAR1 DNA as described by
Thomas (61). Lanes 3 and 4 represent a long exposure to demon-
strate the presence of low levels of glucoamylase mRNA in xylose-
grown cells. 28S' and '18S' markers refer to A. awamori rRNAs.
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FIG. 7. Mapping of glucoamylase mRNA 5’ termini. (A) Primer extension. The 15-mer, 5'->**P-GCGAGTAGAGATCGG3', complemen-
tary to a region near the 5’ terminus of glucoamylase mRNA, was hybridized to total cellular mRNA and used to prime reverse transcriptase
synthesis. The products of primer extension at 42°C (lane 1) and 50°C (lane 2) are displayed on a sequencing gel (49) in parallel with m13-di-
deoxynucleotide sequencing reactions, utilizing the identical 15-mer primer. The sequence presented represents the glucoamylase mRNA
sequence and is complementary to that read from the sequencing reactions shown. (B) S1 nuclease mapping. An internally labeled single-
stranded 213-bp DNA fragment corresponding to the 5’ end of the glucoamylase gene was hybridized to total poly(A)* mRNA from starch-
grown cells, and S1 nuclease-resistant products were analyzed by gel electrophoresis under denatured conditions (49). Products resulting from
increasing times of S1 nuclease digestion (15, 30, and 45 min) are displayed in lanes 1, 2, and 3, respectively. Sequencing reactions and the se-

quence presented are as described above.

small number of specific genes of the single-celled ascomy-
cete S. cerevisiae. Among nuclear genes in S. cerevisiae,
only the actin gene (18), the MATal gene (38), and several
genes encoding ribosomal proteins (rp51 [60], S10 [31], and
cyh2 [25]) have been shown to contain intervening se-
quences. Analysis of additional genes from ascomycetes is
necessary to establish whether differences in the frequency
of intervening sequences exist between the single-celled and
filamentous ascomycetes.

Sequences at intervening sequence junctions of the glu-
coamylase gene were found to conform closely to consensus
splice junction sequences of S. cerevisiae in particular (30)
and from eucaryotes in general (39). An additional consensus
sequence, PuCTPuAC, was found within and near the 3’
terminus of all intervening sequences of the glucoamylase
gene. An identical sequence is similarly located within
intervening sequences of other filamentous ascomycetes (T.
reesei [54] and N. crassa [26, 67]) and is related to the
consensus sequence TACTAAC found within intervening
sequences of S. cerevisiae genes (30). This latter sequence
has been postulated to be required for RNA splicing in S.
cerevisiae.

Using the methods of primer extension and S1 mapping,
we determined several distinct 5’ termini within the popula-
tion of gluicoamylase mRNA. The multiple transcription
initiation sites mapped to a region —73 to —52 nucleotides
from the translational start site. DNA sequences 5’ of the
region of transcription initiation contained sequences ho-
mologous to consensus sequences previously shown to be
involved in transcription initiation by RNA polymerase II. A
sequence related to the Goldberg-Hogness TATA sequence
(19; M. L. Goldberg, Ph.D. thesis, Stanford University,
Stanford, Calif., 1979) (TATAAAT) was found 31 bp up-
stream of the first transcription initiation site, and a se-
quence related to the canonical CCAAT box (15) (CAAT)
was found 62 bp upstream of the TATA box.

A virtually universal feature of the 3’ untranslated region
of mRNAs in higher eucaryotes is the presence of the
sequence AATAAA preceding the site of polyadenylation
(44). Although this sequence has been shown to be required
for polyadenylation of simian virus 40 late mRNAs (16),
isolated examples exist in which the presence of this se-
quence is neither necessary (52, 53) nor sufficient (62) for
polyadenylation. In contrast to the case in higher eucary-
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TABLE 1. Codon utilization in the glucoamylase gene A.

awamori
. No. of . No. of
Amgno Codon times A"‘5“° Codon times
acid acid
used used
Phe uuu 4 Ter UAA 0
uucC 18 UAG 1
UUA 0 His CAU 0
UuG 6 CAC 4
Leu Cuu 3
CucC 17 Gin CAA 4
CUA 2 CAG 13
CUG 20
Asn AAU 6
Ile AUU 12 AAC 19
AUC 11
AUA 1 Lys AAA 0
) AAG 13
Met AUG 3
Asp GAU 21
Val GUU 6 GAC 23
GUC 15
GUA 2 Glu GAA 9
GUG 19 GAG 17
Ser ucCu 16 Cys uUGU 3
ucCcC 19 UGC 7
UCA 4
UCG 14 Ter UGA 0
Pro CCU 4 Trp UGG 19
CCC 10
CCA 0 Arg CGU 4
CCG 8 CGC 7
CGA 4
Thr ACU 20 CGG 3
ACC 39
ACA 5 Ser AGU 12
ACG 10 AGC 23
Ala GCU 25 Arg AGA 1
GCC 19 AGG 1
GCA 10
GCG 11 Gly GGU 14
GGC 22
Tyr UAU 6 GGA 7
UAC 21 GGG 4

otes, the 3’ untranslated region of mRNAs in S. cerevisiae
may or may not contain this sequence or related sequences
(70). Zaret and Sherman presented a consensus sequence
preceding the polyadenylation site of several genes of §.
cerevisiae; this consensus included the sequences TAGT or
TATGT, which the authors postulated to be involved in
polyadenylation, transcription termination, or both (70). The
3’ untranslated region of the A. awamori glucoamylase
mRNA did not contain the sequence AATAAA. (The trun-
cated sequence ATAA appeared 35 bp preceding the poly-
adenylation site and may be significant.) We did, however,
find the sequences TAGT and TATGT preceding the site of
polyadenylation of glucoamylase mRNA. The functional
significance of specific sequences in the 3’ untranslated
region of mRNA remains unclear.

Codon selection of isoacceptor tRNAs has been postulat-
ed to serve a regulatory function in the expression of specific
genes in S. cerevisiae and E. coli. Extreme codon bias
toward the major isoacceptor tRNA species has been ob-
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served in several highly expressed genes of S. cerevisiae (5).
An opposite bias has been observed in several E. coli genes
expressed at very low levels (27). Species differences in
codon utilization within well-expressed genes may reflect
species differences in the distribution of isoacceptor tRNA
species. We examined codon utilization in the glucoamylase
gene of A. awamori (Table 1). Clear preferences in codon
utilization were seen for many of the amino acids present in
this glucoamylase. The pattern of codon preferences was
quite consistent among the three filamentous ascomycetes
examined to date (A. awamori, T. reesei, and N. crassa) and
adhered to the preferences previously noted by Schechtman
and Yanofsky (50). This pattern differed strikingly, in several
instances, from that observed in a compilation of genes from
the single-celled ascomycete S. cerevisiae (5); differences in
codon preference were most evident in Glu, Gln, Cys, Pro,
and Arg codons. We speculate that these differences may
reflect evolutionary distance between the yeasts and the
filamentous ascomycetes (13).

We have described several structural aspects of the A.
awamori glucoamylase gene and have compared structural
and regulatory features with those described in other eucary-
otic gene systems. Differences exist in features thought to be
involved in gene expression in S. cerevisiae and higher
eucaryotes. This is perhaps best demonstrated by the inabil-
ity of S. cerevisiae to process heterologous intervening
sequences (4, 29). Species specificity, and evolution, of
control elements is not unexpected. Ascomycetes other than
S. cerevisiae have been studied to a limited extent; examina-
tion of structural differences between genes of the single-
celled ascomycete S. cerevisiae and the filamentous ascomy-
cetes, e.g., A. awamori, may be informative in defining and
studying the evolution of eucaryotic gene control elements.
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