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ABSTRACT: Saccharomyces cerevisiae has been used widely both as a model system for unraveling the
biochemical, genetic, and molecular details of gene expression and the secretion process, and as a host for the
production of heterologous proteins of biotechnological interest. The potential of starch as a renewable biological
resource has stimulated research into amylolytic enzymes and the broadening of the substrate range of S.
cerevisiae. The enzymatic hydrolysis of starch, consisting of linear (amylose) and branched glucose polymers
(amylopectin), is catalyzed by a- and B-amylases, glucoamylases, and debranching enzymes, e.g., pullulanases.

Starch utilization in the yeast S. cerevisiae var. diastaticus depends on the expression of the three unlinked |

genes, STAI (chr. IV), STA2 (chr. II), and STA3 (chr. XIV), each encoding one of the extracellular glycosylated
glucoamylases isozymes GAI, GAII, or GAIII, respectively. The restriction endonuclease maps of STA/, STA2,
and STA3 are identical. These genes are absent in S. cerevisiae, but a related gene, SGAJ, encoding an
intracellular, sporulation-specific glucoamylase (SGA), is present. SGA! is homologous to the middle and 3’
regions of the STA genes, but lacks a 5' sequence that encodes the domain for secretion of the extracellular
glucoamylases. The STA genes are positively regulated by the presence of three GAM genes. In addition to
positive regulation, the STA genes are regulated negatively at three levels. Whereas strains of S. diastaticus are
capable of expressing the STA genes, most strains of S. cerevisiae contain STA/0, whose presence represses
the expression of the STA genes in an undefined manner. The STA genes are also repressed in diploid cells,
presumably by the MATa/MATa-encoded repressor. STA gene expression is reduced in liquid synthetic media,
it is carbon catabolite repressed by glucose, and is inhibited in petite mutants.
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I. INTRODUCTION

In nature two widely distributed complex car-
bon sources, starch and cellulose, are the sources
of energy for most forms of life. Starch is there-
fore an important renewable biological resource.
This polymer, produced mainly in higher plants,
is composed of two high-molecular-weight com-
ponents, amylose and amylopectin. Amylose is
mainly a linear polysaccharide formed by a-1,4-
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linked «-D-glucose residues and some «-1,6
branching points. Amylopectin is a highly
branched tree-like structure in which linear chains
of a-1,4-linked a-D-glucose residues are inter-
linked by a-1,6-glucosidic bonds.'! The relative
content of amylose and amylopectin varies with
the source of starch. Amylose generally accounts
for 20 to 25% of the starch weight and has an
average chain length of 1000 glucose units. The
chain profile of amylopectins usually has a bi-
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modal distribution with longer and shorter chains
having average lengths of 40 to 60 and 11 to 25
D-glucosyl residues, respectively.! The propor-
tion of a-1,6-branches is an important property
of starch because amylolytic enzymes hydrolyze
substrates, differing in extent of branching, with
different specificities. There are seven classes of
amylolytic enzymes of microbial origin (Table
1). The enzymatic degradation of starch to glu-
cose (Figure 1) involves two processes, namely,
liquefaction (by a- and -amylases) and sac-
charification (by glucoamylases and debranching
enzymes).''> Amylolytic enzymes have been
studied extensively in bacteria and fungi. Studies
on bacterial a- and B-amylases have been carried
out mostly with the genus Bacillus and have
played a major role in the development of mi-
crobial enzymes for industrial applications.> Most
work on debranching enzymes has been per-
formed with the pullulanase of Klebsiella pneu-
moniae, the only pullulanase produced
commercially. Glucoamylases are rare in bac-
teria but have been found in several genera of
fungi. These fungal enzymes have been studied
in Aspergillus spp.,” Rhizopus spp.,® Schwan-
niomyces spp.,’” Lipomyces spp.,® Saccharomy-
copsis spp.,*'° and Saccharomyces spp.'!-12
The ever-increasing demand for the produc-
tion of ethanol (as a fuel extender) and single
cell protein (as food and feed supplements) from
surplus starch-rich agricultural crops and indus-
trial waste has focused on the potential of amy-
lolytic yeasts for the one-step bioconversion of
starch to ethanol and single cell protein (SCP)
(for a review see Steyn and Pretorius®). Of the
more than 500 yeast species that are currently
recognized,’® approximately 150 contain strains
that are capable of using starch as carbon and
energy sources. Amylolytic yeasts of genera other
than Saccharomyces are generally not suitable for
the production of ethanol and SCP. §. cerevisiae
has a fast growth rate, a high ethanol tolerance,
is an efficient ethanol producer,'* consists of
48% high-quality protein, and has been associ-
ated for centuries with food and beverage pro-
duction.'*'? A logical step would be to introduce
genes encoding amylolytic enzymes into indus-
trial strains of S. cerevisiae. For that reason, het-
erologous amylase genes derived from various
organisms have been cloned and expressed in S.
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cerevisiae. These include the a-amylase genes
from mouse salivary glands,'® mouse pancreas, '’
wheat,?® Bacillus amyloliquefaciens,*'+** and
Schwanniomyces occidentalis* and the gluco-
amylase genes from Aspergillus awamori,****
Rhizopus oryzae,® Saccharomycopsis fibuli-
gera,® and S. cerevisiae var. diastaticus.””*' Kim
et al.3? transformed a hybrid strain of S. cere-
visiae var. diastaticus with a plasmid containing
a mouse a-amylase gene. This strain is capable
of simultaneous secretion of glucoamylase and
a-amylase. For the same purpose our laboratory
introduced the a-amylase (AMY) gene of B. am-
yloliquefaciens and the glucoamylase (STA2) gene
of S. cerevisiae var. diastaticus into S. cerevisiae
strains.*® This genetically engineered S. cerevis-
iae strain can convert soluble starch to ferment-
able sugars with an efficiency greater than 93%.
Furthermore, our laboratory has cloned the pul-
lulanase (PUL) gene of K. pneumoniae.®* An
amylase cassette, which will harbor an a-amy-
lase, a glucoamylase and a pullulanase gene is
presently being constructed. This amylase cas-
sette will be stably introduced. into industrial
strains of S. cerevisiae to be used for the pro-
duction of ethanol and SCP from starch.
Besides glucose, S. cerevisiae and closely
related species can also utilize galactose, mal-
tose, melibiose, sucrose, and starch as carbon
and energy sources. The ability to ferment par-
ticular sugars has often been used as a taxonomic
criterion. For example, the taxonomic difference
between the brewing yeast species, S. cerevisiae
(ale yeast) and S. uvarum (carlsbergensis) (lager
yeast), was based previously on the ability of the
latter to produce a-galactosidase (that hydrolyzes
melibiose to galactose and glucose), whereas S.
cerevisiae is deficient in this extracellular en-
zyme.* In the search for the cause of superat-
tenuation (beer with a specific gravity much lower
than the usual attenuation limit), Andrews and
Gilliland*® isolated a yeast strain that could con-
vert wort dextrins to fermentable sugars and sub-
sequently ferment the sugars produced. This
diastatic (starch-degrading) yeast was assigned to
a separate species, S. diastaticus.* S. cerevisiae
and S. diastaticus are closely related and can
interbreed efficiently to produce fertile prog-
eny.!! Recently, the species S. cerevisiae was
taxonomically redefined, and both S. uvarum
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TABLE 1
Starch-Degrading Enzymes Produced by Amylolytic Microorganisms

Specific substrate and end products of
Amylolytic enzymes* amylolysis®

a-Amylase EC 3.2.1.1
(1,4-a-D-glucan glucanohydrolase)

An extracellular endoenzyme that catalyzes the
hydrolysis of the a-1,4-glucosidic linkages and
is capable of bypassing «-1,6-linkages, pro-
ducing poly- and oligosaccharide chains of
varying length (Bacillus amyloliquefaciens,
Aspergillus oryzae)

An extracellular exoenzyme that hydrolyzes al-
ternate a-1,4-glucosidic linkages from the
nonreducing end and incapable of bypassing
a-1,6-glucosidic linkages to produce dextrin
and the p-anomeric form of maltose (Bacillus
polymyxa, Clostridium thermosulfurogenes)

An extracellular exoacting enzyme that splits a-
1,4 and in some cases a-1,6-glucosidic link-
ages and also some 1,3-glucosidic linkages
from the nonreducing ends of a-glucans to
yield B-p-glucose (Aspergillus awamori, Sac-
charomyces cerevisiae var. diastaticus)

Pullulanase EC 3.2.1.41 An extracellular debranching enzyme that hy-
(a-dextrin 6-glucanohydrolase) drolyzes «-1,6-linkages of pullulan and other

branched oligosaccharides to form maltotriose
and dextrins, respectively (Kiebsislla pneu-
moniae, Bacillus stearothermophilus)

Isoamylase EC 3.2.1.68 An extracellular debranching enzyme that hy-
(glycogen 6-glucanohydrolase) drolyzes a-1,6-glucosidic linkages of amylo-

pectin, glycogen various branched dextrins
and oligosaccharides with no activity on pullu-
lan (Pseudomonas amyloderamose, Lipo-
myces kononenkoae)

Cyclodextrin glycosyltransferase EC 2.4.1.19 An extracellular enzyme that produces a series
[1,4-a-D-glucan 4-a-D (1,4-a-D- of nonreducing cyclodextrins (rings of 6, 7,
glucano)-transferase) and 8 glucose units) from starch, and other

polysaccharides (Bacillus macerans, Klebsi-
ella pneumoniae)

a-Glucosidase EC 3.2.1.20 An extracellular or intracellular enzyme that ap-
(a-D-glucoside glucohydrolase) pears to hydrolyze short chain «-1,4 or a-1,6-

linked saccharides arising from the action of

other enzymes on starch (Bacillus lichenifor-
mis, Schizosaccharomyces pombe)

pB-Amylase EC 3.2.1.2
(1,4-a-D-glucan mailtohydrolase)

vy-Amylase/glucoamylase/ EC 3.21.3
amyloglucosidase
(1,4-a-D-glucan glucanohydrolase)

For personal use only.

* Systematic names of amylolytic enzymes are listed in parentheses.
> Examples of amylolytic microorganisms are listed in parentheses.

Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12

(carlsbergensis) and S. diastaticus were included nisms, such as induction, catabolite-repression,

in S. cerevisiae.’® For the purpose of this dis-
cussion, S. cerevisiae var. diastaticus is referred
to as S. diastaticus.

The ability to ferment various sugars and their
polymers depends on the genetic background of
each particular species or strain and is governed
by complex and interacting regulatory mecha-

and inactivation. Starch utilization in S. diasta-
ticus depends on the expression of any one of
the three unlinked genes, STAI, STA2, or STA3,
each encoding one of the extracellular gluco-
amylase (1,4-a-D-glucan glucohydrolase, EC
3.2.1.3) isozymes GAI, GAII, or GAIII.'*-12-%7-38
Although S. cerevisiae lacks extracellular glu-
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coamylase activity, both S. cerevisiae and S.
diastaticus contain the SGAJ gene encoding a
sporulation-specific, intracellular glucoamylase,
SGA.* Another difference between S. cerevisiae
and S. diastaticus is that most strains of S. cere-
visiae carry the STAI0 gene whose protein prod-
uct inhibits glucoamylase expression.*

In this review we concentrate on the prop-
erties of yeast glucoamylases and the structure
and regulation of the STA and SGA genes, with
particular emphasis on the work conducted in our
own laboratory.

ll. STRUCTURE OF THE
GLUCOAMYLASE GENES

A. Genetic Characterization of the
Glucoamylase Genes

Van der Walt*' stated that *‘S. diastaticus
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may be considered to be derived from S. cere-
visiae by the acquisition of glucoamylase activ-
ity.”’ The original S. diastaticus strains were
isolated in different parts of the world. The first
strain with ‘‘dextrinase’’ activity was isolated by
Andrews and Gilliland* in Dublin, Ireland. In
1960, Van Uden isolated a strain in Lisbon, Por-
tugal, able to ferment starch.”’ Similar strains
were isolated by Kleyn et al.*? in Seattle, U.S.,
and by Takahashi*’ in Osaka, Japan. All of these
strains were originally isolated from superatten-
uated beer. Soon after the isolation of these S.
diastaticus strains, genetic studies on the ability
to ferment starch were conducted in several
laboratories.

In 1953, Gilliland** demonstrated that a com-
plementary gene action exists between the S (am-
ylase synthesis and M (maltase synthesis) genes.
In 1956, Lindegren and Lindegren*® reported that
two genes were involved in starch fermentation,
namely, the DX gene that controlled fermentation
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FIGURE 1. A schematic representation of the starch molecule and activity patterns of amylolytic enzymes. The
hexagonals represent glucose units. Hydrolyzed linkages are indicated by disconnected, white hexagonals.
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of dextrin and glycogen, and the ST gene that
controlled starch fermentation. It was also dem-
onstrated that the DX (dextrinase synthesis) and
ST (amylase synthesis) genes segregated inde-
pendently, but that some irregular segregations
occurred,*® probably due to the presence of an
inhibitor gene(s).* In 1966, Takahashi** identi-
fied a STA gene that was different from Gilli-
land’s S gene with respect to the rate of starch
fermentation. In the 1970s linkage analyses of
genes responsible for starch fermentation in S.
diastaticus were conducted in two laboratories.
Tamaki'' found that three polymorphic genes,
STAl, STA2, and STA3, controlled starch fer-
mentation in S. diastaticus and demonstrated that
these STA genes were located in different linkage
groups. Independently, Erratt and Stewart'? stud-
ied dextrin utilization by S. diastaticus, desig-
nating the responsible gene DEXI. Erratt and
Stewart®’-® later described two other genes, DEX2
and DEX3, that controlled glucoamylase produc-
tion in S. diastaticus. To eliminate confusion in
the designation of the S. diastaticus extracellular
glucoamylase genes, we investigated allelism be-
tween the different STA (controlling starch hy-
drolysis), DEX (controlling dextrin hydrolysis),
and MALS (a gene once thought to control mal-
tose metabolism) genes. Pretorius et al.*’ re-
ported that STA/ is allelic to both DEX2 and
MALS, STA2 is allelic to DEXI, and STA3 is
allelic to DEX3. Those results were confirmed
by Erratt and Nasim.*® Based on the fact that the
glucoamylases secreted by S. diastaticus can hy-
drolyze both starch and partially degraded starch
(dextrin) and on the wider use of the nomencla-
ture STA, it was decided to retain STA as the
designation for genes encoding extracellular glu-
coamylases in S. diastaticus.

Colonna and Magee* described an a-1,4-
glucosidase activity present during meiosis in S.
cerevisiae. This activity was absent in vegetative
cells, but appeared coincidently with the ap-
pearance of glycogenolysis and of mature asco-
spores; it then increased progressively until
sporulation was complete. Clancy et al.* des-
ignated the sporulation-specific a-glucosidase as
sporulation amyloglucosidase (SAG) and re-
ported that it was responsible for the rapid deg-
radation of intracellular glycogen that follows the

completion of meiosis in S. cerevisiae. Yamash-
ita et al.> identified a ‘‘cryptic sta gene”’, des-
ignated Asta. Yamashita and Fukui®
demonstrated that Asta (now known as SGA/)
encoded an intracellular, sporulation-specific
glucoamylase, SGA.

Currently, it is accepted that starch utilization
in §. diastaticus depends on the presence of any
one of a polymorphic family of STA genes. Strains
carrying one of the unlinked genes, STAI, STA2,
or STA3, produce extracellular glucoamylase iso-
zymes named, respectively, GAI, GAII, and
GAIIl. The SGAI gene, present in both S. cere-
visiae and S. diastaticus, encodes the sporula-
tion-specific, intracellular glucoamylase, SGA.

B. Physical Characterization of the
Glucoamylase Genes

To provide more information on the structure
and polymorphism of the STA genes and on the
mechanism of their evolution, as well as to ex-
tend the understanding of the regulation of glu-
coamylase production (synthesis and secretion),
glucoamylase genes from S. diastaticus were
cloned in at least five laboratories. The STAI and
STA3 genes, coding for GAI and GAIII, respec-
tively, were initially cloned from two strains pro-
vided by Tamaki.?'-*° The DEX! gene coding for
AMG (amyloglucosidase) was cloned from a
British beer strain.?® Qur laboratory cloned the
STA2 gene, encoding GAII, as an 8.3 kb Bg/Il
fragment from a strain supplied by Tamaki.*® The
latter fragment complemented a sta° strain (a Sta™
stal 0 segregant from a cross between a STA/ and
a STA3 strain), and we have confirmed that the
cloned fragment carried the STA2 gene by one-
step integrative gene-disruption and gene-fusion
experiments.>*® The SGAIl gene coding for the
intracellular, sporulation-specific glucoamylase
was also cloned.?”**5% The restriction endonu-
clease maps of STAI, STA2, STA3, and DEXI
are identical (Figure 2). The SGAI gene is ho-
mologous to the middle and 3’ regions of the STA
genes, but lacks a 5’ sequence that encodes the
domain required for secretion of the extracellular
glucoamylase (Figure 2).

Pretorius et al.*” used subcloned STA2 se-
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FIGURE 2. Restriction endonuclease maps of the STA and SGA genes from Saccharomyces. The structural
genes encoding the glucoamylases are highlighted. The restriction maps of STA1, STA2, and STAS3 are identical.*3'
The middle and 3’ regions of SGA? are identical to the corresponding regions of the STA genes.?%

quences as hybridization probes to investigate the
physical structure of the family of STA genes in
the genomes of different Saccharomyces strains.
Sta* strains, each carrying a single genetically
defined STA gene, were crossed with a Sta~ strain
and the segregation behavior of the functional
locus (i.e., Sta*) and sequences homologous to
the cloned STA2 glucoamylase structural gene at
that locus were analyzed. Southern blot analyses
of the meiotic products allowed the assignment
of STAI, STA2, STA3, and SGAI to unique 11
kb Aval, 19 kb HindIIl, 11 kb Xhol, and 9 kb
Aval restriction fragments, respectively. Con-
sistent with the finding of Yamashita et al.,* we
have shown that two additional sequences, S1
and S2, exist in various Saccharomyces strains
that exhibit homology to the 5’ region of a STA2
gene probe.*’ Electrophoretic mapping was used
to assign STA/ to chromosome IV, STA2 to chro-
mosome II, STA3 to chromosome XIV, and SGAI
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to chromosome IX.*® By replacing an internal
region of SGAI with a DNA fragment containing
the LEU2 gene, Pugh and Clancy®' used a dis-
rupted allele of SGAI to map it with respect to
other markers. The SGAI gene was located on
the left arm of chromosome IX, close to lysil
and approximately 23 cM from Ais5. On the basis
of their meiotic mapping data, Patel et al.'** have
speculated that the STA2 gene may be located on
the right arm of chromosome II or distal to SUC3,
but is not part of a cluster of sugar fermentation
(SUC3, MAL3, MGL2) markers.

As a further step in understanding the expres-
sion and evolution of the STA genes, the nucleo-
tide sequences of STA/,* STA2,54 SGAl, S1, and
S22 were determined. Yamashita et al.>* report-
ed a unique open reading frame (ORF) of 2334
nucleotides (nt) for STAI, encoding a protein of
778 amino acid residues. The sequence revealed
two ATG codons within 30 nucleotides from each
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other. Yamashita et al.** concluded that nucleo-
tide 1 is A of the first ATG in the ORF for the
following reasons: the ATG is the first ATG co-
don encountered in the single major ORF of the
STAI gene; the sequence 5'-TATAC-3’, imme-
diately upstream from the initiation codon of the
ADHI gene, is also found in the corresponding
region of the STAI gene; and like most yeast
genes that have been sequenced, STAI contains
an A residue three nucleotides before the initia-
tion codon. The latter two arguments also pertain
to the second ATG starting at nt + 34. However,
according to Yamashita et al.>? the amino-ter-
minal residue of the STA! gene product was ex-
pected to be the second methionine in the ORF.
Pardo et al.? stated that the amino-terminal res-
idue of the STA2 gene product is the second me-
thionine in the ORF. This ATG codon is preceded
by a CACACT sequence highly homologous to
the consensus T/AAC/AACA (which precedes
the ATG initiator codon of most yeast mRNAs)
and is similar to that (CACAAT) of the HMLa2
and MATa2 genes.* The sequence 5'-TATAAA-
3’ (position —67 to —62) of the STAI gene is
in good agreement with the ‘‘Hogness-box’’
structure (5'-TATAAATA-3’) that functions as
part of the eukaryotic RNA polymerase recog-
nition site.>* Relative to the second putative ATG
translation initiation codon, this TATA-box is
located at nt — 100 to nt —105. There is also
another possible TATA-box at nt —75 to nt
—70.5 Thus, STA! and STA2 each have two
putative TATA-boxes. Yamashita et al.>* have
noted that the nucleotide sequence, position — 59
to — 39 (position —92 to — 72 if the ATG trans-
lation initiation codon is considered to be the
second ATG in the STA! ORF), of the STAI gene
is highly isologous to one of the two 5'-capping
sites of the ADHI mRNA,; it seems likely that
the STAI mRNA starts within this conserved re-
gion. It is known that the sequences TC(G/A)A
and PuPuPyPuPu account for more than half of
the known yeast transcription initiation sites.>
Therefore, the mRNA initiation site of STA/ and
STA2 (relative to the second ATG in the ORF)
could be the following: nt —20,%° nt —30,% nt
— 180, nt — 190, nt — 220, nt —230, nt —250,
nt —265, nt —270, nt — 375, nt —415, nt —485,
nt —495.%® The STA/ gene contains a mRNA-
splicing signal sequence (5'-TACTAACT-3’) be-

ginning at position + 837, where STA/ mRNA
might be spliced if a frame shift does not occur;
otherwise, translational stop codons would be en-
countered frequently.

SGAI has a unique ORF of 510 amino acid
residues.**35 Other putative ATG initiator triplets
are present in the same reading frame at nt — 405
and —204; however, the presence of nonsense
codons at positions —399, —186, —51, —48,
and —45 indicate that they cannot function as
the starting codons for the SGAI! gene product.
No other significantly long ORF is present in the
other two reading frames. The long AT-rich re-
gion from nt —496 to — 546 could promote tran-
scription if it is recognized as a constitutive
promoter by RNA polymerase II. The sequence
from Phe-33 to Asn-510 of the putative SGA!
glucoamylase is almost identical to that from Phe-
290 to Asn 767 of the STAIl glucoamylase, in
which there are present two silent substitutions
and 14 replacement substitutions. In the 3'-flank-
ing region (+1 to +327), substitutions of two
nucleotides, an insertion of an A-A dimer, and
a deletion of two nucleotides were observed.***

Yamashita et al.*? compared the protein se-
quence deduced from the nucleotide sequence of
S1, 82, SGAI to that of STAl. S1 encodes a
protein of 570 residues, of which the sequence
from Ser-109 to Val-411 matches the sequence
from Ser-31 to Val-289 of the STAI glucoamy-
lase, except that the sequence from Val-84 to
Thr-127 of the STAI glucoamylase is duplicated
in S1. In S1 there are 12 silent substitutions and
14 replacement substitutions. S1 is composed of
six-unit sequences that are repeated two to nine
times. S2 contains an ORF of 242 residues, of
which the amino-terminal peptide of 32 amino
acids is identical to the corresponding region of
the STAI glucoamylase. In that region, two silent
substitutions occur. In the flanking region com-
pared (up to —191), 11 nucleotides are ex-
changed and two nucleotides are deleted.

Based on the sequence analyses of STAI,

. SGA1, S1, and S2, Yamashita et al.*? postulated

that an ancestral STA gene was generated by two
fusion events (S2-S1 and S1-SGA) and a deletion
of one copy of the direct repeats, Val-84 to Thr-
127, in S1 (Figure 3). It is also possible that S1
contained a single copy of the sequence Val-84
to Thr-127 when the fusion of S2, S1, and SGAI
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occurred and that duplication of the sequence
occurred recently in S. cerevisiae. Acctording to
Yamashita et al.’> S1 may have functioned to
join S2 and SGAI that encode the signal peptide
for protein secretion and intracellular glucoa-
mylase, respectively. Alternatively, it is possible
that STA/ was fragmented into S2, S1, and SGAI.
The fusion model is more likely for the following
reasons. (1) If STA/ were an ancestral gene for
S2, S1, and SGAI, several Saccharomyces spe-
cies would contain STAI, since the DNA rear-
rangement is likely to have occurred very recently;
alternatively, if S2, S1, and SGAI] were precur-
sors for STAI, it is reasonable that only S. dias-
taticus should contain STAI. Of the 33
Saccharomyces species examined by Yamashita
et al.,’2 10 were found to contain DNA sequences
homologous with SGAI that could be progenitor
candidates for STAI; however, as described
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above, only S. diastaticus secretes glucoamylase
and can ferment starch. (2) Gene disruption ex-
periments indicated that S1, S2, and SGAI are
not essential for vegetative growth, sexual mat-
ing, or meiosis and sporulation.*! It is reasonable
to assume that STAI] was generated from com-
ponents S1, S2, and SGA/ that had become non-
essential, rather than nonessential genes evolving
recently by disruption of STAI.

The nucleotide sequences around the junc-
tions (S2-Sla and S1b-SGAI) and the corre-
sponding sequences of STAI were compared by
Yamashita et al.>? Five short homologous blocks
were found bracketing the junctions. It is possible
that those homologous sequences played a role
in the mechanism of gene fusion. Another struc-
tural feature is the existence of the sequence
GTACCAAC at both junctions. Both sequences
are located nine nucleotides upstream from the
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FIGURE 3. A diagrammatic representation of a gene-fusion model as a possible mechanism underlying the
evolution of the STA genes and the physical maps of S1, S2, SGA1 and the STA gene. The ancestral STA gene
was supposedly generated by two fusion steps (S2-S1 and S1-SGAT) and a deletion of one copy of the direc

repeats, Val-84 to Thr-127.%2
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putative junctions and could have played a role
together with homologous blocks, in the gene-
fusion model.**

Ili. PROPERTIES OF YEAST
GLUCOAMYLASES

A. Biochemical and Structural
Properties of Glucoamylases

In 1833, Payen and Persoz prepared an al-
cohol precipitate of malt extract that contained
thermolabile, active material that separated the
insoluble components of starch grains from the
soluble dextrins. This work represents the first
attempt to purify an enzyme that they named
diastase (Greek, to separate).* In the late 1800s,
Hans and Edward Buchner ground yeast cells
with quartz and kieselguhr, pressed a cell-free
liquid from this paste by means of a hydraulic
press, and found that the liquid still fermented
sugar. The active agent, an enzyme (Greek, in
yeast), was named zymase.>®

The actions of the seven classes of amylolytic
enzymes of microbial origin can be divided into
two categories. Endoamylases split linkages in a
random fashion within the starch molecule. Ex-
oamylases hydrolyze starch progressively from
the nonreducing end generating low-molecular-
weight end products. Another division can be
made depending on the linkages hydrolyzed (Ta-
ble 1). Glucoamylase (1,4-a-D-glucan glucano-
hydrolase EC 3.2.1.3) is defined as an exo-acting
carbohydrase that splits a-glucans, yielding 8-D-
glucose from the nonreducing end of the sub-
strate.! It was found that the glucoamylases pro-
duced by S. diastaticus are in fact exoglucosidases
that cleave single glucose units from the nonred-
ucing ends of starch-like substrates.® The rate
of hydrolysis of nonreducing a-1,4 glycosidic
linkages by GAII® and SGA®' was shown to in-
crease with decreasing molecular weight of the
substrate, reaching a maximum with maltotriose.
The a-1,6 glycosidic bonds were hydrolyzed at
greatly reduced rates, isomaltose and isomalto-
triose being cleaved at 0.6 and 1.4% rate of mal-
tose, respectively.® A marked difference in the
rate of hydrolysis of a-1,6 bonds was observed
depending on whether the neighboring bond in

the sequence is a-1,4 or a-1,6. Modena et al.®
reported that the a-1,6 bond in panose was hy-
drolyzed eight times more rapidly by GAII than
in isomaltotriose. The pH and temperature op-
tima further define the properties of the gluco-
amylases from S. diastaticus. Yamashita and
Fukui®! reported an optimum pH of 5.3 and an
optimum temperature of 50°C for GAIIl. The
DEX] encoded glucoamylase was reported to have
an optimum pH of 5.0 and an optimum temper-
ature of 50°C,?® whereas the pH and temperature
otpima of GAII were found to be 5.1 and 63°C,
respectively. Tucker et al.®* reported pH and tem-
perature optima for GAII of 5.5 and 60°C, re-
spectively. The SGA enzyme was also found to
be active over a broad range of pH and buffers,
with an optimum of approximately pH 5.5 in
sodium citrate buffer.®'

There are multiple forms of glucoamylase
that differ in their substrate preference. Glucoa-
mylase is produced by many fungi (e.g., Asper-
gillus, Mucor, Neurospora, Rhizopus,
Trichoderma), yeasts (e.g., Endomycopsis, Li-
pomyces, Saccharomyces, Schwannionyces) but
only by a few bacteria (e.g., Bacillus stearoth-
ermophilus, Clostridium thermohydrosulfuricum,
Flavobacterium sp., Halobacterium sodomense).
Many of the fungal glucoamylases are produced
on an industrial scale. The number of glucoam-
ylases per strain ranges between one and five.
Several mechanisms have been presented to de-
scribe their synthesis and modification. Almost
all of the fungal glucoamylases are glycoproteins
and variations in kind and amount of carbohy-
drate could give rise to some of the observed
multiple forms.®® The pH of the culture medium
was found to determine the pH stability of A.
awamori var. fumeus glucoamylase.** A. awa-
mori var. kawachi produces three different forms
of glucoamylase in different media.® In the pres-
ence of zinc, glucoamylase was found to be de-
graded to smaller forms by proteases. The sizes
of these glucoamylases are 90, 83, and 57 kDa,
respectively.® Fiedurek et al.®” reported that glu-
coamylase activities in Aspergillus niger mutants
are directly proportional to the rates at which they
are proteolyzed. Boel et al.®® demonstrated that
different forms of A. niger glucoamylase resulted
from alternatively spliced mRNA. Amino-ter-
minal amino acids of Rhizopus spp. glucoamyl-
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ases are different®® due to proteolytic
modification.”® Aspergillus awamori,”* A. ni-
ger,® R. oryzae,” and S. fibuligera®®'*' each
have a single locus for glucoamylase and these
genes have been cloned, sequenced, and ex-
pressed in S. cerevisiae. Based on these reports,
it is clear that various forms of glucoamylase are
due to a variety of mechanisms, including mRNA
modifications, limited proteolysis, and variation
in the carbohydrate content.

In contrast, S. diastaticus has three unlinked
genes, STAI, STA2, and STA3, encoding extra-
cellular glucoamylase isozymes, GAI, GAII, and
GAII, respectively.!'!!237-38 Conflicting results
regarding the molecular weight, in both native
and deglycosylated forms, and the subunit struc-
ture of GAI, GAII, and GAIII, have been re-
ported. Tamaki” reported sedimentation constants
and sizes of 4.25 S and 68 kDa for GAI, 4.58 S
and 84 kDa for GAII, and 4.38 S and 79 kDa
for GAIII.

Purified GAI from S. diastaticus strain 5106-
9A carrying STAI was found to be heterogeneous
in size, ranging from approximately 80 to 66
kDa; it consisted of two nonidentical subunits,
H and Y. The size of subunit H was hetero-
geneous and was determined to be approximately
68, 59, and 53 kDa by acrylamide gel electro-
phoresis in the presence of sodium dodecyl sul-
fate. Similarly, the size of the hydrophobic subunit
Y was determined as 14 kDa. The deglycosylated
forms of subunits H and Y were reported to have
sizes of 41 and 3.4 kDa, respectively, suggesting
that the heterogeneity of GAI was due to glycosyl
moieties of subunit H.”* Purified GAI from S.
diastaticus strain YIY2-12D and from Schizo-
saccharomyces pombe, HM123 transformed with
a plasmid carrying STA/ was reported to be mon-
omeric with sizes of 250 and 180 kDa for the
glycosylated and deglycosylated forms, respec-
tively.”*’¢ This result suggests that 70% of the
molecular weight might be contributed by car-
bohydrate, consisting mostly of mannose. Fur-
ther structural analysis revealed that N-linked
glycosides accounted for 70 kDa, most of which
are localized at the catalytic domain, and O-linked
glycosides for 100 kDa. The diversity of molec-
ular structures of the glucoamylases encoded by
STA1I was attributed to different extents of pro-
teolysis and N-linked glycosylation reactions.™
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If translation starts at the first ATG, the 778-
amino-acid protein encoded by the STA] gene
yields a calculated size of 83.7 kDa* that is two-
fold larger than that reported for the purified GAL:
the combined sizes of the protein moieties of
subunits H and Y is 44.4 kDa.” However, Ya-
mashita et al.>? regard the second ATG in the
STAI ORF to be the initiating codon. This re-
consideration implies that STA! codes for a 767-
amino-acid protein®? instead of a 778-amino-acid
protein.** Tucker et al.® reported values for na-
tive GAII and its subunits of 306 and 186 kDa,
respectively.

A size of 150 kDa was reported for GAIl
isolated from a strain carrying DEX].?® Modena
et al.®® purified the GAII encoded by the STA2
gene to near homogeneity and reported that GAII
consisted of two identical subunits whose average
size is 300 kDa. Under denaturing conditions,
the native dimeric enzyme readily dissociated to
monomers. Enzymatic deglycosylation of the
denatured enzyme gave rise to intermediate, par-
tially glycosylated forms and to a completely de-
glycosylated protein of 56 kDa. Kleinman et al.”
reported a native glucoamylase tetramer whose
size is 250 kDa. Gel filtration indicated the ex-
istence of oligomers of larger size, whereas de-
naturation dissociates the native enzyme to
monomers of 70 kDa. Consistent with our find-
ings, Kleinman et al.”” found that 80% of the
enzyme consists of carbohydrate and that man-
nose accounts for 94% of the carbohydrate con-
tent. Given the identical restriction maps of STAI,
STA2, and STA3 and the identical nucleotide se-
quences reported for STAI*? and STA2,* the dif-
ferent molecular weights and subunit structures
reported for GAI, GAIl, and GAIII are rather
confusing. The inherent heterogeneity of glyco-
proteins, the different purification protocols and
differences in glycosylation patterns among dif-
ferent yeast strains, can partially account for the
differences in molecular weight among extracel-
lular glucoamylase isozymes prepared in various
laboratories.*

RNA blotting and protein immunoblotting re-
vealed a 2.0-kb mRNA and 90-kDa protein that
were coinduced in sporulating sta® diploids.™
Consistent with these results, Pugh et al.” re-
ported that the purified SGA protein sedimented
with an apparent size of 90 kDa. Unpurified SGA
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was found to sediment with an apparent size of
190 kDa. This behavior is consistent with the
proposal that the native SGA molecule is a dimer
and that dissociation occurs during purification
to yield active monomers. Four bands detected
on SDS-polyacrylamide gel profiles of partially
purified SGA were shown to migrate at positions
corresponding to sizes of 79, 75, 72, and 69
kDa.” The fastest-moving protein band corre-
sponds to the predicted size of the 510-amino-
acid SGA protein (68 kDa) based on its nucleo-
tide sequence.>? One possible interpretation of
the banding pattern could be that SGA is gly-
cosylated heterogeneously. Alternatively, the
various peptides could represent partially pro-
cessed forms or proteolytic degradation products
of the intact SGA protein.”

B. Localization and Secretion of
Glucoamylases

The DNA sequence analysis of STAI*
showed that a putative GAI precursor consists of
three characteristic regions, namely, a hydro-
phobic leader peptide sequence (HL), a threo-
nine- and serine-rich tract (TS), and a catalytic
domain (CD). If the first ATG in the STA/ ORF
is considered as the initiation codon, then the
length of the leader is 32 amino acid residues.*-
The HL peptide was shown to act as signal pep-
tide and has significant homology to that of the
Bacillus subtilis a-amylase precursor.® When the
signal sequence encoding the extended peptide
of 32 amino acids was fused to a structural gene
for Escherichia coli B-lactamase, Yamashita et
al.®! showed that yeast cells containing these hy-
brid plasmids secreted active 3-lactamase. This
experiment was repeated by Vanoni et al.?? who
reported secretion of E. coli B-galactosidase in
yeast by using the corresponding promoter and
signal sequences of STA2. Up to 76% of the STA2
directed B-galactosidase activity was detected in
the culture medium. This result indicates that
other structural determinants, present in the se-
quence of mature glucoamylase, are required for
targeting a protein to the medium, possibly
through interaction with specific receptors.

It is generally believed that hybrid proteins
constructed from hydrophobic leader sequences

and naturally intracellular proteins such as the E.
coli B-galactosidase are not secreted but become
crowded in the endoplasmic reticulum (ER). This
is likely due to certain sequences of intracellular
proteins that interfere with the transport pro-
cess.® The structural features of the TS tract (ca.
320 amino acids) are common to a family of
secreted or transmembrane proteins such as red
cell membrane proteins,® small intestinal brush
border glycosidases,® the receptor for interleu-
kin-2,% and virus surface glycoproteins.®”#® [t
was reported that a FUS1-LacZ hybrid protein,
carrying the amino-terminal half of the FUS1
protein that contains the TS tract and is required
for sexual fusion of S. cerevisiae cells, can be
transported to the cell surface.®® To investigate
the role of the TS tract in glucoamylase secretion,
Yamashita® constructed and introduced into yeast
a series of internal deletions of STA/ and chi-
meric genes that encode various lengths of the
GAI amino-terminal peptide and a constant car-
boxy-terminal peptide of either SGA or B-galac-
tosidase and examined the secretory nature of
their gene products. The altered GAI proteins
without the TS tract were found not to be se-
creted, while the hybrid B-galactosidase proteins
carrying TS were transported to the cell envelope.
Based on these results, Yamashita®® proposed two
possible roles for the TS tract of GAI, namely,
(1) the TS tract is important and sufficient for
protein transport from the ER through the Golgi
apparatus to the cell envelope and (2) the TS
tract, together with HL, can stimulate protein
translocation into the lumen of the ER. There is
at present no clear evidence that TS recognizes
a novel secretory pathway specific to TS or that
TS masks the secretory defect of reporter proteins
such as P-galactosidase. It also remains to be
studied whether the threonine and serine residues
in the TS tract really serve as a signal for trans-
port. Yamashita’s* data for transport of the de-
leted or fused proteins imply that some specific
amino acid residues (encompassing amino acids
250 to 300 or 61 to 182) are required for trans-
port. It is, however, equally likely that there is
a minimum size for an effective TS region.®
Ishiguro et al.'® has identified a dominant mu-
tation, SSD/, that suppresses deletion mutations
in the secretory signal sequences of GA1. Yeast
cells harboring the mutation, secreted hybrid 8-
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galactosidase proteins carrying either the HL re-
gion or the TS tract.

Nearly 55% of the amino acid residues of the
TS tract are threonine and serine, whose amino
acid side chains have hydroxyl groups.>?
Yamashita®® hypothesized that this hydrophilic
domain projects out from the globular fold of the
protein and forms an unfolded tertiary structure
that is not rigid. This hypothesis excludes the
possibility of novel secretory pathways specific
to the TS tract and suggests that the peculiar
structure of the TS tract plays a role in secretion
of glucoamylase. The observation that endoge-
nous proteases readily cleave the TS tract from
the catalytic domain’ supports this hypothesis.

It is evident that the TS tract of yeast glu-
coamylase can direct intracellular soluble pro-
teins, which are not secreted with the aid of the
HL peptide alone, to the cell envelope. The TS
region is thus likely to be essential in the evo-
lution of the extracellular glucoamylases (GAI,
GAIl, and GAIIl) from the intracellular SGA.
This assumption is supported by the observation
that SGA is glycosylated and located in the yeast
vacuole, indicating that SGA contains the infor-
mation for entry into the early stages of the se-
cretory pathway.”

It was also shown that the glycosylation-se-
cretion pathway of the yeast cell could become
saturated when GAII was produced above wild-
type levels.”® The STA2 gene was cloned and
expressed under the control of the strong, indu-
cible UAS.;,, promoter. Immunoblots of secreted
and cell-associated GAII showed that the protein
synthesized by the transformed yeast strain (con-
taining the UAS,; -STA2 plasmid construct) was
much more heterogeneous in size than the en-
zyme synthesized by the untransformed yeast
strain (containing only the chromosomal copy of
the STA2 gene). Furthermore, less extracellular
glucoamylase activity was detected in the trans-
formant. Vanoni et al.*® speculated that glyco-
sylation could be a major rate-limiting step for
efficient secretion of the heavily glycosylated
GAII protein.

64

IV. REGULATION OF THE
GLUCOAMYLASE GENES

A. Distribution and Relationship of
Gliucoamylase Synthesis to Growth
Phase and Sporulation

It was found that the synthesis of extracel-
lular glucoamylase (GAII) in haploid yeast strains
is continuous throughout the growth phase, and
follows a typical growth-associated production
pattern. The fraction of secreted GAIl increases
during the exponential growth phase, reaching a
maximum of 50% of the total glucoamylase syn-
thesized during the early stationary phase.”® By
contrast, intracellular glucoamylase, SGA, is
synthesized only during the sporulation phase of
the life cycle. SGA! is one of a group of ‘‘late’’
sporulation-specific genes whose transcripts ap-
pear at the time of meiosis I and at no other stage
in the life cycle of standard haploid or diploid
laboratory strains of Saccharomyces.***! The sig-
nificance of SGA/ in sporulation is unclear. Dip-
loid cells homozygous for insertionally disrupted
SGAI did not degrade intracellular glycogen but
were able to undergo sporulation.®!

B. Effect of Growth Medium
Composition on Glucoamylase
Expression

The process of decoding genes, synthesizing
appropriate amounts of gene products and secre-
tion of extracellular enzymes are complex, with
regulation occurring at one or more of the various
steps along the pathway.*® We have analyzed
physiological and genetic factors affecting glu-
coamylase production and have found that reg-
ulation of glucoamylase expression takes place
primarily at the level of transcription.”®

Different sizes and numbers of STA and SGA
transcripts have been reported in the literature.
A 2.0-kb SGAI transcript and a 2.7-kb STAI
transcript were reported by Yamashita and Fukui®!
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and Yamashita et al.,® respectively. Pardo et
al.? reported that the STAI gene produced a 2.85-
kb transcript and that transcription of the SGAI
gene was initiated from two different sites, yield-
ing two transcripts of 1.95 and 2.40 kb. Pardo
et al.* also found a 5.40-kb RNA species that
shared homology with the STA2 region that en-
codes the export domain of the external gluco-
amylase. Vanoni et al.5® also detected a 5.0-kb
RNA species on RNA blots probed with STA2
DNA. The function of this 5.0 to 5.4-kb RNA
species is not known. Erratt and Nasim?” reported
that two RNA species, measuring 2.1 and 1.5
kb, were found in both vegetative and sporulating
cultures of S. diastaticus, whereas one 1.5-kb
transcript was present only in RNA isolated from
sporulating cultures of S. cerevisiae. Pretorius et
al.”® reported 2.5-kb transcripts for the STAI,
STA2, and STA3 genes, and a 2.0-kb transcript
for the SGAI gene. The results of Pretorius et
al.” were later confirmed by Dranginis.*
When the effect of growth medium on the
expression of the STA genes was investigated, it
was found that the carbon and nitrogen sources
modulate glucoamylase expression at the tran-
scriptional level.” No evidence for starch induc-
tion of STA gene expression could be detected in
Saccharomyces strains grown on complex media.
This is in contrast to a 200-fold increase of glu-
coamylase mRNA in A. awamori grown on starch
compared to a noninducing carbon source such
as xylose.” Glucoamylase production and STA2
transcription in S. diastaticus strains were found
to be carbon catabolite repressed by glucose to
a relatively small extent; the degree of repression
depending on the strain.” This finding was later
confirmed by Dranginis®® with STAI strains.
Those results suggest that other, as yet uniden-
tified, genes play a role in controlling gluco-
amylase expression.®*® It is surprising that S.
diastaticus strains synthesize and secrete signif-
icant amounts of glucoamylase in complex media
with glucose as the sole carbon source, since
glucose brings about carbon catabolite repression
of a variety of yeast enzymes and permeases in-

volved in sugar catabolism. These include in-
vertase,”®7 alcohol dehydrogenase,”® maltase and
maltose permease,®'® and «-galactosidase.'®!
As quoted by Erratt and Nasim, ' Searle (1982)
reported that in haploid cultures of S. diastaticus
containing the CDX/ gene, glucoamylase syn-
thesis was constitutive, but the enzyme was not
secreted into the growth medium. This suggests
that CDX1 regulates glucoamylase at the level of
secretion from the cell wall, rather than at the
levels of transcription or enzyme synthesis. En-
zymes involved in the metabolism of starch and
related compounds are known to be subject to
catabolite repression in several yeast genera, and
mutants derepressed for the synthesis of the starch
degrading enzyme, a-amylase, have been iso-
lated from Schwanniomyces.'® Glucoamylase
synthesis is carbon catabolite repressed by glu-
cose in Neurospora crassa,'™ whereas A. awa-
mori produces significant amounts of
glucoamylase when grown in glucose-containing
media.”! Maximal levels of glucoamylase activity
in S. diastaticus are reached in cells grown in
complex medium supplemented with glycerol plus
ethanol, starch or Maltrin M365 (a mixture of
maltooligosaccharides, Grain Processing Corp.,
Muscatine, Iowa). When sugars such as galac-
tose, maltose, raffinose, and sucrose served as
carbon sources, they all supported glucoamylase
synthesis, although at reduced levels.”® Batch
cultures of S. diastaticus grown in synthetic me-
dia do not produce detectable amounts of STA
mRNA and extracellular glucoamylase. How-
ever, halo formation, reflecting extracellular glu-
coamylase by Sta* strains growing on synthetic
agar plates containing starch, was similar to that
formed on complex agar plates. Glucoamylase
activity in batch cultures can be restored by ad-
dition of yeast extract, peptone, or Maltrin to the
synthetic culture medium.”® Similar results have
also been reported for fructose 1,6-bisphospha-
tase and the inducible alcohol dehydrogenase II.'%
Respiratory deficient (rho° or petite) mutants
containing STAI, STA2, and STA3 do not produce
glucoamylase except in complex media with su-
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crose as carbon source and in synthetic media
with Maltrin as carbon source.” The involvement
of mitochondrial functions in membrane and sur-
face phenomena (e.g., flocculation), and in the
metabolism of several fermentable carbon
sources, e.g., galactose and maltose, has been
reported previously.!%¢'® Although the biochem-
ical basis of this nuclear-mitochondrial interac-
tion has not been elucidated, the role of specific
nuclear genes has been clearly established. It has
been reported that a nuclear gene, GEPI, un-
linked to STA2, determines glucoamylase expres-
sion in petites and that GEP! appears to interact
with a glucoamylase-repressor gene, termed
SGL1.133

The accumulation of anomalous STA mRNA
species, differing principally at their 5’ ends and
saturation of step(s) in the secretory pathway ap-
pear to be among the major factors limiting glu-
coamylase expression in synthetic media.®®
Vanoni et al.*® showed that Sta* cells grown in
synthetic media produced a large amount of the
2.8 kb STA transcript and that the quantities of
the transcript decreased after the cells were trans-
ferred to rich medium. A predominant 2.5-kb
transcript in Sta* cells grown in rich medium
was previously reported by Pretorius et al.”® Thus,
growth medium composition may play a major
role in the production of STA mRNA of various
sizes. S. cerevisiae is quite flexible with respect
to the use of TATA boxes and in the choice of
transcription initiation sites.®® The longer STA
mRNA species originate from differential tran-
scription initiation from a site(s) about 300 bp
upstream of the major initiation sites. Regulated
differential transcription initiation from different
promoter elements has been reported previously
in Saccharomyces and may result in mRNA with
altered translatability.!!' Transcription initiation
from the upstream site would result in a STA
mRNA species with a very long untranslated 5’
sequence. This is unusual for yeast mRNAs, but
some precedents exist. One example is the very
long leader sequence of the GCN4 gene encoding
the regulatory protein GCN4.!!2-!14 It has multiple
AUGs starting from the 5’ end of the mRNA,
but the fourth one is the site of translation ini-
tiation. It was reported that when the STA gene
dosage was increased, fairly high levels of STA
mRNA accumulated without a concomitant in-

crease in enzyme activity.*®’® Extracellular glu-
coamylase is heavily glycosylated,*® but
incomplete glycosylation of the protein was re-
ported when the enzyme was expressed beyond
wild-type levels.5® Thus, the extent of glycosy-
lation might be a major rate-limiting step in the
secretion of heavily glycosylated proteins such
as extracellular glucoamylase, but might be less
important as the number of glycosylation sites
decreases.

C. Effect of the STA70 Gene on
Glucoamylase Expression

An early report by Gilliland* presented some
evidence for the existence of a gene(s) inhibiting
glucoamylase expression. Gilliland analyzed te-
trads derived from crosses between Saccharo-
myces chevalieri and S. diastaticus for Mendelian
inheritance of the ability to ferment dextrins and
observed irregular segregation patterns. Similar
aberrant meiotic segregation of the Sta* phen-
otype was documented by Tamaki.''® Tamaki*
suggested that an inhibitor gene(s) for starch fer-
mentation might be responsible for the reported
non-Mendelian segregation patterns. Polaina and
Wiggs* analyzed crosses between S. diastaticus
and laboratory strains of S. cerevisiae and iden-
tified a gene, STA 10, that inhibited the expression
of the amylolytic capability in a dominant fash-
ion. These experiments were repeated by Ya-
mashita and Fukui®®* who concluded that S.
cerevisiae carries two inhibitory genes against
glucoamylase, namely, INHI and sta°. Park and
Mattoon''¢ postulated that suppression of glu-
coamylase expression resulted from interaction
of two, unlinked genes, IST/ and IS72. It was
found that neither IST1 nor IST2 acted singly on
STAI to eliminate glucoamylase secretion, al-
though each gene caused a decrease in production
of extracellular glucoamylase. Based on these
data, it is still not possible to elucidate the mech-
anism by which STAI0 acts to suppress gluco-
amylase synthesis. Patel et al.'** detected a glu-
coamylase-repressor gene termed SGLI, but the
relationship between it and STAI0, INH1, ISTI,
and IST2 remains to be determined.

In haploid strains carrying both STA2 and
STAI0 genes, the level of STA2 mRNA and total
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extracellular glucoamylase activity was found to
be less than 5% of that found in STA2 haploids.’®
In diploid strains, homozygous for the mating-
type, carrying both STA2/sta2 and STA10/stal0,
a less dramatic inhibition of STA2 expression (ex-
pressed both as mRNA and glucoamylase en-
zyme activity levels) was found, suggesting a
gene dosage effect for the STAIO gene. The re-
pressive effect by the STAIO gene was partially
overcome when the STA2 gene was present on a
multicopy plasmid.” One interpretation of this
effect is that the STAIO gene encodes a protein
that represses glucoamylase synthesis, but whose
intracellular concentration is not high enough to
fully control the expression of multicopy STA2
genes. It is also possible that STA/0 might be
the inactive allelic form of a positive activator of
glucoamylase expression rather than a repressor.
However, if STA2 is transcribed at low levels in
the absence of any functional positive activator,
additional basal transcription of the STA2 gene
on a multicopy plasmid would result in increased
levels of both STA2 mRNA and its encoded glu-
coamylase activity. These data indicate that STAIO
affects glucoamylase synthesis mainly at the level
of STA2 mRNA accumulation, although minor
effects in secretion cannot be ruled out at pres-
ent.”® Inui et al.'"” concluded from S1 mapping
and RNA blot analyses that the INHI gene re-
pressed the expression of STA] at transcriptional
level when cells were grown in a rich medium
with glycerol and lactate as carbon sources. When
the cells were cultured in a rich medium con-
taining starch as a carbon source, control of STA/
expression was found to be at the posttranscrip-
tional level. From their glucoamylase-immuno-
precipitation experiments, Inui et al.'"” concluded
that INHI prevented translation of STA/ tran-
scripts or destabilized GAI when the cells were
cultured in the presence of starch. It was also
found that multicopies of STA! did not overcome
the inhibitory effect of INH1.'"

Pardo et al.? reported that the STAI, STA2,
STA3, and SGAI genes were found to be nega-
tively coregulated at the transcriptional level by
STA10. Given the divergence at the 5’ ends of
STAl, STA2, and STA3 compared to SGAI, it
would be expected that these genes contain short,
homologous regions that would account for their
coregulation by STAI0. In support of their pro-
posal, Pardo et al.*® identified four homologous

sequences (homologies I, II, III, and IV) in the
5' regions of STA2 and SGAI. The homologous
regions, I, II, and IV are repeated in SGAI, but
are only present as single copies in STA2. Ho-
mology III, consisting of 9 nt, is present as a
direct repeat in both genes. Each repeat has bi-
lateral symmetry (PuCATTTAPyG) with the cen-
tral T as the axis. In both the SGA! and STA2
genes one of the direct repeats is located next to
the TATA boxes and, therefore, is a good can-
didate to be the site of regulation by STAIO0.
Indeed the DNA region downstream from the
BstEIl site (Figure 2) of the STA2 gene maintains
both promoter activity and repression capacity by
STA10. Since the sequences of STAI and STA2
are identical in their promoter regions, this ar-
gument also applies to STAI. By contrast, Pugh
and Clancy®' found approximately equal levels
of SGA from a high-copy construct introduced
into STAI0 and stal0 (haploid and diploid) strains.
They concluded that SGAI is not regulated by
STAIO.

D. Effect of the Mating-Type
Configuration on Glucoamylase
Expression

Yeast developmental pathways are regulated
by combinations of gene regulatory proteins
specified by the mating-type locus (MAT). MAT
consists of two alleles, MATa and MAToa. MATa
and MATa encode MATal and MATa2 and
MATal and MATa2, respectively. The MAT reg-
ulates the expression of a large number of un-
linked genes that determine cell type in yeast.
Different sets of genes are expressed in the three
specialized cell types of S. cerevisiae (see Ref-
erences 118, 134 and 135 for primary refer-
ences). The a-specific genes are expressed only
in the a-haploid cell type, and the a-specific genes
are only expressed in the a-haploid cell type.
The haploid-specific genes (e.g., the STA genes)
are transcribed in both a- and a-cells, but not in
the a/a-diploid cell type. The a/a-diploid cell
type can undergo meiosis and sporulation, a path-
way absent in the a- and a-haploid cell types
(Figure 4). The proteins encoded by MATal,
MATal, and MAT a2 have been found to regulate
the expression of genes that define cell type.
MATa2 produces a transcript whose function re-
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FIGURE 4. The yeast life cycle, illustrating MAT control of the mating-type
of a cell as well as of haploid-specific genes such as the STA genes. The
STA genes are expressed in MATa and MATa haploid cells but not in MATa/
MATa diploids. RNA transcripts and protein products are indicated by arrows
and circles, respectively. A curved line with a terminal bar indicates inhibition

of gene expression.'>

mains unknown.!!® In combination with the al
product of MATa, the a2 product of MAT « binds
to distinctive sites in the upstream regions of
haploid-specific genes (HO,'** RME1,'*® and TY!
elements'?!), causing repression.'*

Expression of STAl, STA3,'> and STA2™ wa:
shown to be repressed in MATa/MATa diploids
Glucoamylase is secreted by both MATa anc
MAT « haploid cells but not by MATa/MAT « dip
loid cells. Yamashita et al.* isolated a mutan
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relieved from the mating-type control of STA!
gene expression. Tetrad analysis indicated that
the mutation was closely linked to MATa and
could be complemented by a MATa2 gene. Based
on these data and RNA blot analysis, Yamashita
et al.®> proposed a role for the a2 product of
MATa in the mating-type repression of STAI at
a posttransciptional level. Pretorius et al.” found
that both STAl mRNA and GAII activity were
drastically and coordinately inhibited in MATa/
MATa diploids. Both effects were partially over-
come when the STA2 gene was present on a mul-
ticopy plasmid. Consistent with the results of
Pretorius et al.,”® but in conflict with the results
of Yamashita et al.,”* Dranginis®® reported that
MATa/MATa diploid-specific repression of glu-
coamylase secretion can be accounted for by a
decrease in STA/ mRNA levels. Since diploid
cells, which do not secrete glucoamylase, cannot
grow well in liquid starch medium, Yamashita
et al.? were forced to culture their diploid strains
for 7 d in a medium containing starch as the sole
carbon source. Dranginis®® suggested that amy-
lolytic mutants were selected during these pro-
tracted culturing conditions, explaining the STA/
mRNA seen in diploid cells by Yamashita et al.*
In every medium tested by Dranginis et al.,”
MATa/MATa diploid-specific repression of STA]
occurred at the transcriptional level. Strain dif-
ferences cannot account for the discrepancy be-
tween the data of Dranginis®® and Yamashita
et al.,” since they have used the same strains.
Dranginis® further showed that a yeast strain with
a complete deletion of MATa2 was unaltered in
mating-type regulation of STAI, whereas dele-
tion of MATal sequences completely abolished
diploid-specific repression. From these results it
can be concluded that STA! and STA2 (and by
extrapolation STA3) are haploid-specific genes
that are transcriptionally regulated in diploids like
other known haploid-specific genes, by the al-
a2 repressor. Inui et al.''” analyzed diploid cells
carrying mat mutations and suggested that dif-
ferent sets of mating-type genes were required
for the repression of STA/ depending both on the
copy number of STAI and culture conditions.
When cells were grown in a medium with glyc-
erol and lactate as carbon sources, MATal/MATa2
was required for the repression of STAI tran-
scription, regardless of the copy number of STAI.

However, when cells were grown in the presence
of starch, they found that MATal, MATa?2, as
well as MATa2 were required for STA repression
at the posttranscriptional level. Inui et al.!” also
reported that two copies of MATa2 inhibited STAI
expression in a starch medium. Based on their
finding that multicopies of STAI suppressed the
inhibitory effect of MATa/MATa but not that of
INH]I, Inui et al.''” suggested that the mechanism
for inhibition by MATa/MATw is different from
that by INHI.

Pretorius et al.’”® have shown that STA2
mRNA (2.5 kb) and GAII (300 kDa) as well as
SGAl mRNA (2.0 kb) and SGA (90 kDa) were
coproduced in sporulating STA2/STA2 diploids.
Yamashita and Fukui®' have reported the depen-
dence of SGAI expression on MATal, consistent
with what is known about the sporulation-spe-
cific, intracellular glucoamylase.>**° Expression
of SGAI was found to be positively regulated at
the level of transcription by both MATal and
MATa?2 ' Despite the divergence at the 5’ ends
of the STAI, STA2, and STA3 genes vs. the SGA!
gene, it has been proposed that all four gluco-
amylase genes are under common control by the
MAT locus.?** As mentioned earlier, Yamashita
et al.’? suggested that fusion of resident genes
S2, S1, and SGAI in S. cerevisiae gave rise to
an ancestral STA gene. To determine whether the
sporulation induction of SGAI and the STAI,
STA2, and STA3 genes was conserved despite the
divergence in the nucleotide sequence of the 5'-
flanking regions of the STA and SGAI genes,
Dranginis®® investigated the induction mecha-
nism(s) involved. It was found that SGAI was
induced later in sporulation than STA/®® and
STA2.7® It was also shown that the al product of
MATa is required for induction of SGAI but not
for expression of STAI.*® Dranginis has dem-
onstrated that SGAJand STAI represent two
classes of genes that are induced during sporu-
lation of yeast cells.3®'?* SGA! induction is spe-
cific to sporulating MATa/MATa diploids,
whereas STA/ is also induced in MATa/MATa or
MATa/MATa diploids that are asporogenic in
sporulating medium.*® Based on the difference
in the relative timing of induction of STA! and
SGAI during sporulation, and the difference in
their dependence of MATal, Dranginis®® con-
cluded that distinct mechanisms are involved in
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the induction during sporulation of STAI and
SGAI. Pugh and Clancy® reported that expres-
sion of SGAI depended on the function of the
MAT products to support sporulation and not on
the formation of haploid progeny ascospores or
on the composition of the MAT locus per se. It
was concluded that the STA genes acquired reg-
ulation by MAT as well as by STAI0 by genomic
rearrangements that led to their generation and
that this regulation is distinct from that of the
ancestral SGA gene.®!

E. Effect of the GAM Genes on
Glucoamylase Expression

Several mutations preventing expression of
the STAI gene in §. diastaticus have been iden-
tified and have been ascribed to four comple-
mentation groups. Yamashita and Fukui'?
mapped the amyl (now known as stal) mutation
group in the STAI structural gene. The amy2
(now known as gaml) mutation was found to
prevent both glucoamylase production and floc-
culation.'® Okimoto et al.'?¢ designated two other
complementation groups, gam2 and gam3. The
gaml and gam2 mutants were found to be pleio-
tropically defective in the use of nonfermentable
carbon sources, and consequently did not undergo
meiosis and sporulation. No pleiotrophy was de-
tected with the gam3 mutant. Okimoto et al.!?¢
also claimed that the deficiency in starch utili-
zation of gaml and gam2 mutants was not due
directly to their petite traits, because petite (pre-
sumably rho°) derivatives of a STA] strain were
able to ferment starch. RNA blot analysis re-
vealed that GAM1,''” GAM2, and GAM3'* are
required for transcription of STA/, regardless of
culture conditions. One class of yeast transcrip-
tional activator proteins, e.g., GAL4, GCN4, and
HAP1, that bind to upstream promoter elements
contains both DNA-binding domains and tran-
scriptional activation domains.!?” These tran-
scriptional activation domains are relatively acidic
and are thought to interact with the transcriptional
machinery such as RNA polymerase II and TATA
binding proteins. A second class of transcription
activation has been proposed for the protein ki-
nase encoded by SNF!.!'?” The molecular mech-
anism(s) underlying transcriptional activation of
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STAI by GAMI, GAM2, and GAM3 remains to
be elucidated. Okimoto et al.'?® speculated that
the gene products of GAMI, GAM2, and GAM3
might interact with upstream regulatory elements
of the STA genes.

F. Effect of Upstream Activating
Sequences on Glucoamylase
Expression

A number of transcriptional control elements
have been identified previously in eukaryotic pro-
moters.!?” One element, the TATA-box, found
in the 5'-flanking regions of virtually all eukar-
yotic genes, has been shown to be required for
setting the site of transcription initiation'**'? and,
in some cases,'*® maintaining levels of transcrip-
tion. A second element, the upstream activation
sequence (UAS), has been found in the 5'-non-
coding regions far upstream from the TATA-box.
Deletion of these UAS elements greatly reduces
levels of transcription.'?” The precise role of these
elements and molecular mechanisms for tran-
scriptional activation have yet to be elucidated.

A number of cis-acting upstream regulatory
elements affecting yeast gene expression have
been defined by analyzing the phenotypes of a
set of deletion mutations. Generally, deletions up
to a certain point retain the phenotype essentially
indistinguishable from the wild-type, whereas
deletions beyond a critical nucleotide sequence
significantly reduce expression below the normal
level. Shima et al.5” used internal deletion anal-
ysis of the promoter region of STA! to identify
control elements involved in efficient expression
of the gene. Two upstream activating sequences,
UAS1? and UAS2, were found to be required for
controlling the expression of the STAI gene. RNA
blot analysis revealed that UAS2 was subdivided
into UAS2-1 and UAS2-2. UASI and UAS2-2 de-
termined the level of transcription, while UAS2-
1 did not. However, UAS2-1 was necessary for
producing translatable STA! mRNA (probably for
initiating transcription at normal sites). UAS] and
UAS2 are positioned 1.8 and 1.2 kb upstream
from the mRNA start sites, respectively. Both
UAS! and UAS2 contain short inverted repeat,
AT-rich or T-rich sequences.*” Whether these se-
quences of the STAI gene have any significance
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in terms of direct interaction with regulatory pro-
teins (e.g., gene products of STAIO, GAMI,
GAM2, GAM3, MATa/MATa) remains to be
investigated.

V. PERSPECTIVES

Due to its ability to hydrolyze and ferment
starch, studies on the budding yeast S. diastaticus
have attracted considerable interest. In this re-
view we have summarized the structural features
of the three unlinked genes, STA/, STA2, and
STA3 of the STA multigene family and their re-
spective encoded extracellular glucoamylase iso-
zymes GAI, GAII, and GAIII. These genes were
compared to the SGAI gene and its encoded spor-
ulation-specific, intracellular glucoamylase SGA.
We have focused on the current knowledge con-
cerning the regulatory features of the STA gene
system.

The regulation of expression of the STA genes
is interesting, but not well understood. Their
expression is regulated at various levels:

1. The STA genes are haploid specific, but the
mechanism of mating-type control remains
to be clarified. The upstream regions of the
STA genes contain canonical sequences that
have been shown to be sites of repression
by the mating-type MATal-MATa?2 protein
in other systems.

2. The STA10 gene inhibits the expression of

STAI, STA2, and STA3 at the level of tran-
scription. Cloning the STAI0 gene, purifi-
cation of its encoded protein and generation
of mutants insensitive to STA/0 repression
would allow one to study its mode of action.

3. It is unclear why STA gene expression is

reduced in liquid synthetic media is subject
to carbon catabolite repression and why the
STA genes are poorly expressed in petite
mutants. There are conflicting results as to
whether the glucoamylases are induced by
starch.

4. The secretion of glucoamylases into the cul-

ture medium provides a model system by
which to study the factors involved in se-
cretion as well as having a practical advan-
tage in the construction of secretion vectors.

The availability of the cloned and sequenced
STA1, STA2, and SGAI genes will allow an anal-
ysis of the cis-acting regulatory sequences. This
should lead to interesting insights into starch me-
tabolism in yeast and the potential role of amy-
lolytic strains of S. cerevisiae in industrial
fermentations.
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