B EFes A AM9H A5E
Korean J. Biotechnol. Bioeng.
Vol. 9. No. 5. 532-540(1994)

NZE Zopans T3 gl JMA AR F A
¢} Glucoamylase] £u] £4

AW E 25 GA
Aedda T3t ettt gl fAgsATL, ST YA

Secretion Characteristics of Foreign Glucoamylase from Recombinant
Plasmid-Harboring and Chromosome-Integrated Saccharomyces cerevisiaes

Hyung-Joon Cha, *Kwang-Myung Cho and Young-Je Yoo
Dept. of Chemical Engineering and Institute for Molecular Biology and Genetics,
*Interdisciplinary Progrm for Biochemical Engineering and Biotechnology,
Seoul National University, Seoul 151-742, Korea

ABSTRACT

Secretion efficiency is generally affected by promoter, signal sequence, characteristics of foreign pro-
tein and host. Secretion efficiencies of glucoamylase in recombinant plasmid-harboring yeast and chro-
mosome-integrated yeast which had STA signal sequences were 74% and 65% at the 4th day of incu-
bation, respectively. The high secretion efficiencies of the yeasts were obtained due to the fact that the
expression levels were not reached at the secretory apparatus capacities of the host yeasts. In both yeasts,
most of the intracellular glucoamylase were detected in cytoplasm and small portion (below 10 %)
of glucoamylase were located in periplasm. The characteristics of secreted heterologous glucoamylase
from recombinant Saccharomyces cerevisize were investigated by using Western blot analysis. The se-
creted mature glucoamylase was heterogeneous and its molecular weight was about 200 to 300
kilodalton. The carbohydrate content of mature glucoamylase was higher than 80%, and several bands
of about 55 to 65 kilodalton indicate the endoplasmic reticulum forms of intracellular glucoamylase.

INTRODUCTION

The yeast Saccharomyces cerevisize has been
often used as one of recombinant hosts that ex-
press foreign genes and secrete proteins because
of its advantages(1). Glucoamylase (E. C. 3.2.1.
3) which saccharifys starchy feedstocks in com-
mercial processes for glucose and ethanol produc-
tions, is not synthesized by S. cerevisize. Having

this in mind, the glucoamylase gene of Saccharo-
myces diastaticus STA was chosen as a gluco-
amylase gene source(2) for this research. The
STA gene which was used in this work was
cloned from a wild type S. diastaticus DS101. In
our previous study, the multi-copy recombinant
plasmid which contained fused SUC2-STA gene
was constructed and expressed sucessfully(3).
When working with eucaryotic organism such
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as yeast, recovery of desired intracellular product
is difficult due to its thick cell wall. In recent
years, the researches have been therefore per-
formed to find efficient means to secrete the de-
sired product to the culture broth. The secretion
of the target product is highly desirable from a
biotechnological point of view for several reasons
such as simplicity of recovery and purification of
product, capability of post-translational modifica-
tion, prohibition of cell growth inhibition by toxic
product and prerequisition for the development of
more efficient immobilized cell bioreactors. Be-
cause the secretion mechanism of yeast is similar
to that of mammalian cells(4), yeast is a useful
microorganism for large—scale production of ma-
mmalian proteins which requires post-translation-
al modification such as glycosylation and phos-
phorylation. Most of the secreted proteins in
yeast are glycosylated and have different secre-
tion characteristics depending on the target pro-
tein. The factors which affect the localization of
secreted proteins are still not understood exactly.
However, it is certain that the secretion signal se-
quence used for secretion of protein plays a very
important role in localization of secreted proteins.
The signal sequences which are widely used for
secretion of protein for a recombinant yeast are
such as SUC2(5), PHO5(6), Killer toxin(7), MFal
(8) etc. Secretion efficiency is known to be af-
fected by the promoter used, secretion signal se-
quence, size, net charge and degree of glyco-
sylation of secreted protein, and a kind of used
host strain(8). In the case of a protein of which
molecular weight was higher than 50,000 dalton
In yeast, secretion efficiency was decreased and
most of protein were accumulated in the cell(15).
Smaller proteins such as A-endorphin (31 amino
acids) and calcitonin (32 amino acids) were se-
creted efficiently into the culture broth, but larg-
er proteins such as a-interferon (166 amino
acids) were secreted into the culture broth in rel-
atively small amounts through the cell wall(8).
Vanoni and coworkers(16) reported the expres-
sion of S. diastaticus glucoamylase fused with the
origmal STA promoter and strong, inducible
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GALI-10 (galactose dehydrogenase) promoter
which was induced by galactose addition in the
culture medium. The secretion efficiency was
about 30~40% in the case of the original STA
promoter (data on secretion efficiency were re-
calculated). In case of GALI-10 promoter, the
level of glucoamylase activity was lower and the
secretion efficiency was increased and detected
at about 50%. The secretion efficiency of invert-
ase was 21.6% Iin recombinant yeast that con-
tained the SUC2 structural gene, MFal promoter
and MFal signal sequence(5). And in case of re-
combinant yeast that contained whole SUC2 gene
(SUC2 signal sequence used), the secretion effi-
ciency was 12.4%. The secretion efficiency of re-
combinant yeast containing Bactllus ¢—amylase,
MFal promoter and MFal signal sequence was
detected about 55% at 4th day and about 67% at
8th day of cultivations(17). Also, the human o
antitrypsin fused with SUC2 signal sequence and
yeast TPI promoter was secreted only about 20%
into the culture broth(18). Most of yeast glyco-
proteins such as invertase and acid phosphatase
and heterogeneous secreted proteins accumulated
in periplasm or cell wall. The STA signal se-
quence 1s a sequence of yeast S. diastaticus
glucoamylase which secretes the glucoamylase
into the culture broth. Recently, the researches of
recombinant protein secretion using this STA sig-
nal sequence have been reported(9, 10). In the
case of recombinant S. cerevisiae that contained
ST A2 signal sequence and Escherichia coli f-ga-
lactosidase, the secretion did not occur into the
culture broth instead 76% of g-galactosidase was
secreted into the periplasm(9). Also, in the case
of Bacillus subtilis endo—glucanase fused with
ST AI signal sequence, the secretion occurred suc-
cessively at about 93% into the culture broth at
4th day of cultivation(10).

In this work, we compared the localization
characteristics of glucoamylase In the chromo-
some integrated yeast with those in the plasmid—
harboring yeast and investigated the characteris-
tics of secreted recombinant glucoamylase.
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Fig. 1. Gene map for recombinant plasmids
YEpSUCSTA and YIpSUCSTA.

(a) YEpSUCSTA (b) YIpSUCSTA.
Abbreviations; ORI E. coli replicating origin,
2im: yeast replicating origin, URA: URA3
gene, Ap: ampicillin resistance gene, B:
BamH I, Bg Bgl I, E: EcoR I, H: Hind III,
Sa:Sal I,Sm:Sma I, bl blunt end.

MATERIALS AND METHODS

Yeast, Plasmids, and Medium

Saccharomyces cerevisiee MMY2 (a, ura3-52,
sta0, stal0) strain was used as a host. Recombi-
nant plasmid YEpSUCSTA (3) containing the
glucoamylase coding STA gene fused with the
SUCZ promoter and original ST A signal sequence
shown in Fig. 1(a) and chromosomal integrating
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vector YIpSUCSTA (11) containing the SUC2-
STA fragment of YEpSUCSTA shown in Fig. 1
(b). The transformants were named MMY2-
SUCSTA and MMY2SUCSTA-I, respectiviely.
Yeast was grown at 30C in complex(YPDS) me-
dium containing 1% yeast extract (Difco), 2%
bacto—peptone (Difco), 1% glucose, and 1% pota-
to starch (Sigma).

Cell Mass Measurement

The measurements of cell mass were carried
out with spectrophotometer(Kontron; UVICON-
930) at 600 nm wavelength.

Glucoamylase Activity

The 0.7ml culture supernatants were incubated
in 0.1 ml 1M sodium acetate buffer (pH 5.0) and
0.2 ml 8% soluble starch (Junsei) at 50°C for 30
minutes and boiled at 1007C for 5 minutes for in-
activating glucoamylase. Glucose produced by the
action of glucoamylase on soluble starch was as-
sayed by using a glucose—diagnostic kit (Sigma,
No. 510). Glucoamylase activity was expressed
as unit and one unit 1s one mole of glucose re-
leased per one minutes at the above conditions.

Cell Fractionation

Cells were harvested and washed with 10mM so-
dium azide. The cell pellet was resuspended in
spheroplast buffer (0.1 M sodium acetate(pH 5.0),
IM manitol, 10 mM sodium azide, ImM EDTA
and 0.1 M B-mercaptoethanol). After addition of
15mg/ml Zymolase 20T (Seikagaku Corp.) in
TEN buffer (1 mM EDTA, 10 mM Nacl and 10
mM Tris—CI(pH 7.6)), the mixture was incubated
at 45 C for one hour. Spheroplasts were harvest-
ed by centrifugation with 12,000 rpm at 4°C for 1
minute. The supernatant was operationally de-
fined as periplasmic glucoamylase source. The
spheroplast was resuspended in lysis buffer (0.1
M sodium acetate(pH 5.0), 10 mM sodium azide,
1mM EDTA and 0.1%(v/v) Triton X-100) and
mechanically lysed by vortexing with glass bead
(Sigma, 425-600 microns). After intermittent
vortexing and cooling on ice, the suspension was
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harvested by centrifugation with 12,000 rpm at 4°C
for 5 minutes. This supernatant was operationally
defined as cytoplasmic glucoamylase source.

Production of Primary Anti-Glucoamylase Anti-
body

For producing the primary polyclonal anti—
glucoamylase antibody, multiple intradermal in-
jection method(12) was used. The purified
glucoamylase sample was mixed with complete
adjuvant (Sigma) (1:1) and injected into 1.5Kg
New Zealand female rabbit. After that, the puri-
fied glucoamylase was mixed with incomplete
adjuvant and boosted two times into the rabbit
per three weeks. The serum was separated from
rabbit blood by 1 hour incubation at 37°C and
centrifuged at 4°C, 10000g for 10 minutes. We
identified the construction of anti-glucoamylase
antibody using a double diffusion precipitation
method. Immune serum was stored at —207C.

Western Blot Analysis

After gel electrophoresis, the transfer of pro-
teins in gel to nitrocellulose membrane was done
using semi-dry transfer unmit(Hoefer Scientific
Ins., TE70 Semiphor). Non-specific binding sites
of membrane was blocked by immersing the mem-
brane in 5% non—fat dried milk (Sigma) in PBS-
T buffer (pH 7.5, 80 mM Na2HPQ, - 12H,0, 20
mM NaH,PO, - 2H,0, 100 mM NaCl and 0.1 %
Tween—20) for one hour at room temperature on
an orbital shaker. This primary antiglucoamylase
antibody was mixed with the culture broth of
host MMY2 which had no glucoamylase cross—re-
acting materials for removal of impurities in
serum. This mixture was let at 4°C for overnight.
After centrifuged at 4°C, 12000 rpm for 20 min-
utes, the supernatent was taken and used as a
primary antibody. Then, the membrane was
washed and incubated in the diluted anti-rabbit
secondary antibody (Amersham Life Science) for
one hour at room temperature. The detection of
glucoamylase bands on nitrocellulose membrane
was performed using ECL (Amersham Life Sa-
ence, RPN 2108; Enhanced Chemi—Lumines-
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cence) detection reagents.
RESULTS AND DISCUSSION

Localization and Secretion Efficiency of Recom-
binant Glucoamylase

The localizations of glucoamylase in recombi-
nant plasmid-harboring yeast MMY2SUCSTA
and chromosome-integrated yeast MMY2SUCS-
TA-1 were investigated. Protein localization can
be divided into cytoplasm, periplasm and culture
broth. Secretion efficiency was defined as the
ratio of glucoamylase activity in the culture broth
per total glucoamylase activity in the fermentor.
The secretion efficiencies of both yeast strains
were Increased proportional to the culture time as
shown in Fig. 2. In the case of MMY2SUCSTA,
the increase of secretion efficiency was stopped
at 3rd day of cultivation and maintained about 74
% as shown in Fig. 2(a). But in the case of
MMY2SUCSTA-], the secretion efficiency was
increased linearly and about 65% at 4th day of
cultivation as shown in Fig. 2(b). These results
are summarized in Table 1. Generally, adverse ef-
fect which is caused by the accumulation of prod-
uct in secretory apparatus may occur when ex-
pression rate of product is faster than secretion
rate in the case of recombinant yeast having high
plasmid copy number(6, 13). When this adverse
effect occurs, secretion efficiency becomes de-
creased. Therefore, researches towards the in-
crease of secretion efficiency have been per-
formed by integrating desired genes into the host
chromosome in order to reduce the adverse effect
(6, 14). But in our research, the plasmid-harbor-
ing yeast MMY2SUCSTA and the chromosome—
integrated yeast MMY2SUCSTA-I had high se-
cretion efficiency. These were thought to be a
result that MMY2SUCSTA expression level did
not reach the secretory apparatus capacity of the
host yeast MMY 2. In other words, the adverse ef-
fect did not occur in this case because the a-
mounts of glucoamylase which was expressed in
MMY2SUCSTA were smaller than those of
glucoamylase which could be secreted into the
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Fig, 2. Time courses of glucoamylase localization in
recombinant yeasts.
(a) plasmid-harboring yeast MMY2SUCSTA
(b) chromosome - integrated yeast MMY2-
SUCSTA-L
Yeast was grown in YPDS medium contain-
ing 1% glucose and 1% starch for 4 days at
30 C. Symbols; @: culture broth glucoa-
mylase (units/mg—cell), B periplasmic glu-
coamylase (units/mg-cell), A: cytoplasmic
glucoamylase (units/mg—cell), [I: secretion
efficiency (%).

culture broth by yeast. Chromosome-integrated
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Table 1. Localization of glucoamylase during ba-
tch culture of plasmid-harboring yeast
MMY2SUCSTA and chromosome-inte-
grated yeast MMY2SUCSTA-1. Yeasts
were grown in YPDS medium contain-
ing 1% glucose and 1% starch for 4 days
at 30C.

Fraction of glucoamylase activity
2ndday 3rdday 4th day

Culrure broth 0.506 0.747 0.735

Strains Compartments

MMY2SUCSTA  Periplasm 01 0.062 0.083
Cytoplasm 0.383 0.191 0.182
MMY 5UCSTA- Cul'ture broth 0369 0552 0647
Periplasm 0.061 0.121 0.068
Cytoplasm 0570 0327 0285

recombinant yeast MMY2SUCSTA-I which had
relatively slower expression of glucoamylase than
recombinant plasmid —harboring yeast MMY2-
SUCSTA, is required longer culture time in order
to reach to maximal glucoamylase secretion effi-
clency.

In both yeasts, most of the intracellular glu-
coamylase were detected in cytoplasm and small
portion of glucoamylase were located in peri-
plasm as shown in Fig. 2(a) and Fig. 2(b). The
large amounts of cytoplasmic glucoamylase was
detected until 2nd day of cultivation. After that
time the cytoplamic glucoamylase was decreased
with the culture time and its portion was about
18% in MMY2SUCSTA and about 28% in
MMY2SUCSTA -1. The percentage of glucoa-
mylase in the periplasm of both yeasts remained
below 10% during the entire culture period. From
these glucoamylase localization, we knew that the
transport of glucoamylase through the cell wall
was not rate-limiting step in recombinant glu-
coamylase secretion.

In both the recombinant yeast strains used in
our research, glucoamylase was secreted mainly
into the culture broth (more than about 75%) al-
though glucoamylase was very large protein (420
amino acids and glycosylated). Therefore, the
STA signal sequence which was used in this
research, was effective in secreting the recombi-
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Fig 3. Glucoamylase expression profiles from

the culture of the recombinant plasmid-
harboring yeast MMY2SUCSTA.
Yeast was grown in YPDS medium con-
taining 1% glucose and 1% starch at 30°C.
lane 1:Cell extract at Ist day of cultiva-
tion, lane 2:Cell extract at 2nd day of cul-
tivation, lane 3:Cell extract at 3rd day of
cultivation, lane 4:Cell extract at 4th day
of cultivation, lane 5:Culture broth at st
day of cultivation, lane 6:Culture broth at
2nd day of cultivation, lane 7:Culture
broth at 3rd day of cultivation, lane 8:
Culture broth at 4th day of cultivation.

nant glucoamylase.

Characteristics of Recombinant Glucoamylase

The expression profiles of glucoamylase of the
recombinant plasmid-harboring yeast MMY2SU-
CSTA with the cuiture time were investigated by
using Western blot as shown in Fig. 3. Three
bands appeared between about 55 kilodalton and
65 kilodalton without large differences of band
densities in the case of intracellular glucoamylase
of 1 to 4 lanes. And one band was detected above
about 200 kilodalton in the case of the culture
broth glucoamylase of 5 to 8 lanes. The density of
this band was increased proportional to the cul-
ture time. Therefore this band of above 200
kilodalton can be considered as mature gluco-
amylase.

As shown in Fig. 4. the molecular weight of se-
creted mature glucoamylase was about 200 to
300 kilodalton and the band of about 130 kilo-
dalton was thought as underglycosylated form.
Also three bands of about 55 to 65 kilodalton was
thought as ER( endoplasmic reticulum) forms. Be-
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Fig 4. Western blots of culture broth and cell ex-

tract from the recombinant plasmid-har-
boring yeast MMY2SUCSTA.
Yeast was grown in YPDS medium con-
taining 1% glucose and 1% starch for 3
days at 30C. lane 1 : Culture broth, lane 2:
Cell extract

cause functional domain of glucoamylase is com-
posed of about 420 amino acids from glucoa-
mylase nucleotide sequence(2) and the average
molecular weight of one amino acid is about 120
dalton, the molecular weight of glucoamylase
without carbohydrate can be roughly calculated
as 45 kilodalton. The molecular weight of one
core carbohydrate is about 3-5 kilodalton. There-
fore, three bands of 55 to 65 kilodalton which de-
tected in cell extract. must be ER forms which
were core glycosylated at the glucoamylase of 45
kilodalton. Many researches have reported the
molecular weight of S. diastaticus glucoamylase.
In the case of S. diastaticus strain 5206-1B which
contained STA2 gene, the molecular weight of
glucoamylase was 300 kilodalton from SDS-
PAGE method and 670 kilodalton from fast pro-
tein liquid chromatography(19). From these
results they thought that glucoamylase existed in
dimer form In the case of yeast SPX-101-1C
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which contained STA2 gene, the molecular weight
of glucoamylase was 186 kilodalton from SDS-
PAGE and 306 kilodalton from high-pressure
size-exclusion chromatography(20). The molecu-
lar weight of glucoamylase was 84 kilodalton
from ultracentrifugation in the case of yeast 5205
-10A strain which had STA2 gene(21). In the
case of yeast J132b strain containing DEXI gene
(equal to STA2), the molecular weight of gluco-
amylase was about 107 to 315 kilodalton of
heterogeneous form from SDS-PAGE(22). In the
case of yeast 5108-7A which had STAI, the mo-
lecular weight was about 68 kilodalton from ul-
tracentrifugation(21 ). Yamashita and coworkers
reported that the molecular weight of glucoamy-
lase of yeast 5106-9A strain which contained
STA1 gene was 66 kilodalton from gel filtration
method(23). From the literature mentioned abo-
ve, the STAI glucoamylase was thought to be
composed of two non-equal subunits. In the case
of yeast YIY2-12D strain which had STAI, the
molecular weight of glucoamylase was 250 kilo-
dalton from SDS-PAGE(24 ). In the case of yeast
which had DEX2 gene, the molecular weight was
985 to 305 kilodalton from SDS-PAGE method
(22). In the case of yeast 5301-14D which had
STA3, the molecular weight was 79 kilodalton
from ultracentrifugation(21 ). Also for the S. dias-
taticus which had unknown STA gene, the molec-
ular weight of glucoamylase was 70 kilodalton
and about 250 kilodalton in native condition(25 ).
From these reports the molecular weight of glu-
coamylase was very heterogeneously distributed
(from 60 to 300 kilodalton) depending on the
purification procedures, assay methods of glucoa-
mylase molecular weight and a kind of strain.
The secretion pathway of proteins in yeast is
generally described as follows(4): The protein
which is produced in ribosome, is transported in
the lumen of endoplasmic reticulum( ER). After
that, core-glycosylation and folding of protein oc-
curs in the ER and the protein is transported in
the Golgi body. The protein is transferred to se-
cretory vesicle, and then secreted into the culture
broth or periplasmic space by plasma membrane
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Mr mature

underglycosylated

97.4k

Fig 5. Western blots of culture broth from the re-
combinant plasmid-harboring yeast MMY-
2SUCSTA, the chromosome-integrated ye-
ast MMY2SUCSTA-I-5 and the recombi-
nant plasmid - harboring yeast MMY2-
STAF which contains whole STA gene.
Yeasts were grown in YPDS medium con-
taining 1% glucose and 1% starch for 4
days at 30°C. lane 1:Culture broth of
MMY2SUCSTA, lane 2:Culture broth of
MMY2SUCSTA-I-5, lane 3:Culture broth
of MMY2STAF

fusion. As shown in lane 2 of Fig 4, ER forms
had heavy band densities. This was thought to be
that the glucoamylase was accumulated in the
ER because the translocation of glucoamylase
from the ER to the Golgi body was rate-limiting
in glucoamylase secretion pathway. The secreted
glucoamylase patterns of recombinant plasmid-
harboring yeast MMY2SUCSTA, the chromosome
-integrated yeast MMY2SUCSTA-I and recombi-
nant plasmid-harboring yeast MMY2STAF which
had the whole STA gene were compared by West-
ern blot. As shown in Fig. 5, mature glucoa-
mylases in all recombinant yeasts, had hetero-
geneous glycosylated forms ranging between 200
to 300 kilodalton. The broad pattern of these ma-
ture glucoamylase band shows the general char-
acteristics of yeast glycoprotein. In this case, the
percentage of carbohydrate of mature glucoamy-
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lase was thought larger than 80% because the
molecular weight of glucoamylase without carbo-

hydrate was about 45 kilodalton. In many
researches, the percentage of carbohydrate of se-

creted glucoamylase was 67 ~87%(22) and 28%

(24) in the case of STAI gene and 80%(19) and
80~89%(22) in the case of STAZ gene. From
these reports, the degree of glycosylation of S.
diastaticus glucoamylase was very high and simi-
lar to the value from this research. Because the
sizes and glycosylation patterns of secreted
glucoamylases from the three recombinant yeasts
were very similar as shown in Fig. 5, it can be
said that the localization in plasmid or in chromo-
some of desired gene did not affect the secretion
pattern of the recombinant glucoamylase used in
this research.
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