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Abstract: This study focused on the growth of Saccha-
romyces cerevisiae MMO01 recombinant strains and the
respective production of three extracellular heterolo-
gous cutinases: a wild-type cutinase and two cutinases
in which the primary structure was fused with the pep-
tides (WP), and (WP),, respectively. Different cultivation
and strategies were tested in a 2-L shake flask and a 5-L
bioreactor, and the respective cell growth and cutinase
production were analyzed and compared for the three
yeast strains. The highest cutinase productions and
productivities were obtained in the fed-batch culture,
where wild-type cutinase was secreted up to a level of
cutinase activity per dry cell weight (specific cell activity)
of 4.1 Umg™" with activity per protein broth (specific
activity) of 266 Umg~", whereas cutinase-(WP), was se-
creted with a specific cell activity of 2.1 Umg™" with a
specific activity of 200 Umg™", and cutinase-(WP), with a
specific cell activity of 0.7 Umg™" with a specific activity
of 15 Umg™". The results indicate that the fusion of hy-
drophobic peptides to cutinase that changes the physical
properties of the fused protein limits cutinase secretion
and subsequently leads to a lower plasmid stability and
lower yeast cell growth. These effects were observed
under different cultivation conditions (shake flask and
bioreactor) and cultivation strategies (batch culture ver-
sus fed-batch culture). © 2002 Wiley Periodicals, Inc.
Biotechnol Bioeng 78: 692-698, 2002.
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INTRODUCTION

Cutinase from Fusarium solani pisi is a versatile enzyme
showing several noteworthy properties for industrial
applications (Carvalho et al., 1999). Cutinase has been
cloned in Saccharomyces cerevisiae as this yeast has
become an important host in industrial biotechnology
(Barthel and Kula, 1993; Shi et al., 1993).

Unlike Escherichia coli, S. cerevisiae lacks detectable
endotoxins, is a generally-regarded-as-safe organism for
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the production of food and pharmaceutical products,
and it performs some post-translational and post-tran-
scriptional modifications that are characteristics of euk-
aryotes (Romanos et al., 1992). Furthermore, because of
a long history of commercial use, substantial informa-
tion already exists on traditional yeast cultivations
(Calado et al., 2001; Ejiofor et al., 1994, 1996). Yeast
genetics are relatively well known and, from a biopro-
cessing point of view, their extracellular secretion capa-
bility of the yeast allied to a very small secretion of its
own proteins to the medium is an attractive feature
(Calado et al., submitted; Chisti and Moo-Young, 1994).

The secretion of a fully activated enzyme eliminates
many of the processing steps required to isolate activated
cytoplasmatic proteins. Unfolding in denaturing steps
and refolding, which is frequently inefficient in vitro, are
not required. The export of the product protein from the
host cell also reduces the risk of protein degradation by
intracellular proteases, allows glycosylation, and favors
disulfide bond formation (Bitter et al., 1987; Das and
Shultz, 1987; Novick et al., 1981; Smith et al., 1985). The
extracellular secretion of a recombinant protein also
simplifies downstream processing. This last capability is
very important because the cost of the product recovery
with importance for pharmaceutical/clinical research
and industrial use becomes critical to the overall process
economics, representing 50 to 90% of the total costs
(Diamond and Hsu, 1992; Raghavarao et al., 1995).

To enhance heterologous recovery and purification
processes, genetic engineering can be used because of its
ability to confer particulate properties to a protein,
where a most common modification involves the fusion
of peptide tails to the protein (Bandmann et al., 2000;
Berggren et al., 2000; Carlsson et al., 1996; Costa et al.,
2001; Eiteman et al., 1994; Hassinen et al., 1994; Kohler
et al., 1991). In an effort to combine the advantages of
cutinase secretion to the extracellular medium by re-
combinant S. cerevisiae and the advantages of low cost
and scalability of product recovery from cultivation



medium by aqueous two-phase system, two cutinase
variants were constructed by genetic fusion small hy-
drophobic peptides (WP), and (WP), to cutinase. How-
ever, the hydrophobicity of cutinase can lead to impaired
protein secretion in S. cerevisiae (Sagt et al., 1998). In-
deed, many factors influence the secretion efficiency and
productivity of heterologous products including host
strain and protein characteristics, signal/leader sequence,
promoter strength, expression vector, chaperon avail-
ability, and environmental factors such as bioreactor
operational strategy and medium composition (Das and
Shultz, 1987; Novick et al., 1981; Smith et al., 1985).

The aim of this study was to evaluate the effect of the
fused (WP), and (WP)4 peptides on the yeast growth
and cutinase production. Thus, the extracellular cutin-
ase activity and cell growth of recombinant S. cerevisiae
MMO1 strains producing wild-type cutinase (wt-cutin-
ase) and peptide fusion cutinases [cutinase-(WP), and
cutinase-(WP),], were compared at different cultivation
conditions. To improve the heterologous cutinase pro-
duction, a fed-batch culture strategy was developed be-
cause this type of cultivation by providing a more tight
control over environmental variables, such as the state
variable glucose, may improve the overall product yield
compared with simple batch cultures (Ejiorfor et al.,
1994; Lang et al., 1997). Finally, the effect of (WP), and
(WP)4 peptides fusion to cutinase in relation to the wild-
type strain using batch and fed-batch culture strategies
was also investigated.

MATERIALS AND METHODS
Microorganism and Inoculum Preparation

The cutinase wild-type-, cutinase-(WP),-, and cutinase-
(WP)4-producing S. cerevisiae MMO1 strains (Mata,
leu2-3, ura3, gall: URA3, MAL-8, MAL3, SUC3) con-
tained the expression vectors pUR7320, pURS807, and
pURSO06, respectively. The synthetic cutinase gene (van
Gemeren et al., 1995) was placed behind the invertase
signal sequence under control of a GAL7 promoter. The
plasmids were integrated on the chromosomal riboso-
mal DNA locus and the constructs contained a Leu2d
gene (Erhart and Hollenberg, 1983) enabling selection
on Leu-lacking plates.

Both pURS807 and pURS06 were derived from
pUR7320 by direct polymerase chain reaction methods
using primers containing the sequence enconding the
peptide extensions (WP), and (WP),, respectively. The
Hinlll/Bglll polymerase chain reaction fragments were
cloned into the statement vector pUR7320 resulting in
pURS8O07 [cutinase-(WP),] and pURS806 [cutinase-(WP)4].
These strains were constructed and provided by Unilever
Research Laboratory, Vlaardingen, The Netherlands.

The stock cultures (50% (v/v) were maintained in
glycerol and selective medium (on Leu-lacking agar
plates) at —80°C. The composition of the medium for

inoculum preparation (selective medium) was: 20 g - L™!
D(+)-glucose anhydre (Merck, Darmstadt, Germany),
6.7 g+ L™ of yeast nitrogen base without amino acids
(Difco Laboratories, Detroit, MI). The pre-cultivations
were performed in shake flasks at 30°C and 200 rpm in
an orbital shaker (Agitorb 160E, Aralab, Lisbon, Por-
tugal) during 24 h.

Cultivation

Yeast cells cultured in the selective medium were
transferred, at an inoculum volume of 10% (v/v) in re-
lation to the final fermentation medium volume to a 2-L
shake flask or to a 5-L bioreactor (Biostat MD, B.
Brown Biotech Int., Germany) with working volumes of
1 L and 4 L, respectively. The cultivations in shake
flasks were performed in an orbital shaker (Agitorb
160E, Aralab) at 30°C, 200 rpm, where the pH was
manually controlled at pH 5.5 = 0.5.

Cultivations performed in the bioreactor were main-
tained at pH 5.5 by automatic control through NaOH
or HCI1 2N addition, and at 30°C with a minimum of
dissolved oxygen tension of 15% of air saturation,
achieved by aeration at a constant air flow rate of
4 L - min~" (41 vvm) and by adjusting automatically the
agitation rate.

The batch cultivation medium consisted of 10 g - L™
yeast extract (Difco), 10 g - L™ peptone bacteriological
(BDH), 20 g - L' glucose (Merck) and 25 g- L' of
D(+)-galactose anhydrous (Sigma Chemical Co., St.
Louis, MO).

A two-stage fed-batch cultivation was performed in a
5-L B. Braun bioreactor (Biostat MD). The first phase
was a batch growth phase initiated by transfer of in-
oculum cells to a 2-L culture medium containing
20 g- L' yeast extract (Difco), 10 g-L™" peptone
bacteriological BDH, and 20 g - L™" of D(+)-glucose
(Merck). After 18 h of the batch growth phase, 100 g of
D(+)-galactose (Sigma) in 400 mL of water was added
for induction of cutinase expression.

After induction, an exponential feeding phase was
started by addition of 2.1 L of a concentrated a mixture
of 260 g - L™" of glucose and 60 g - L™! of yeast extract
sterilized separately, considering a constant specific
growth rate of p= 0.14 h™', according to the following:

poWoXo

Cs YX/S
where F is the feed flow rate, p the biomass specific
growth rate, V, the bioreactor volume of the batch
phase, X, the biomass concentration at the point where
batch mode is changed to fed-batch mode, C the
substrate (glucose) concentration in the feed, and Yx/s
the biomass to substrate yield and ¢ the cultivation
time.
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Assays

Cell concentration, cutinase activity, specific cutinase
activity (cutinase activity relative to total protein in the
broth), specific cell activity (cutinase activity relative to
dry cell weight in the broth), and productivity (enzyme
activity relative to the cultivation time and dry cell
weight in the broth) were the parameters used to char-
acterize the cultivation performance.

Cell Concentration as Dry Cell Weight per
Volume of Culture Medium

Optical density was measured at 600 nm after appro-
priate dilution with 0.8% (w/v) NaCl. Dry cell weights
(dew) were obtained by filtrating the culture and sub-
sequently drying the filter in a oven at 105°C until
constant weight. Measurements of dcw were correlated
with optical density. Subsequently optical density mea-
surements were converted to dew per volume of culture
medium using the previous determined correlation fac-
tor.

Plasmid Stability
The plasmid-containing fraction of the population was
determined by replica plating from non-selective medi-

um to a selective medium (similar to selective medium
but with 20 mg/L L-leucine; Merck).

Cell Viability

Cell viability represents the fraction of viable cells, de-
termined after optical microscopic examination of cel-
lular suspension stained with methylene blue as
described by Lange et al. (1993).

Protein Determination and Cutinase Activity Assay

The protein concentration was determined by the
method of Bradford (1976). The cutinase estercolytic

Table 1.

activity was determined spectrophotometrically, fol-
lowing the hydrolysis of p-nitrophenylbutyrate at 400
nm. Twenty microliters of sample was added to 980 uL
of a 0.56 mM p-nitrophenylbutyrate solution in 50 mM
potassium phosphate, buffer pH 7, with 11.3 mM sodi-
um cholate and 0.43 M tetrahydrofuran (reaction mix-
ture). The reactions were followed for one minute
against the blank solution. One unit of activity was de-
fined as the amount of enzyme required to convert one
mole of p-nitrophenylbutyrate in p-nitrophenol in 1 min
under the specified conditions. The extinction coefficient
of p-nitrophenol was considered to be 1.84 x 10*
M 'em™, as indicated by the supplier Sigma. The three
heterologous purified cutinases, with or without fused
peptides, presented the same specific cutinase activity
(unpublished data).

Enzyme Secretion Efficiency

It was estimated as the ratio between extracellular cu-
tinase activity and total cutinase activity (extracellular
and intracellular) after cell disruption. Cell disruption
was performed by vigorous mixing with 500-um glass
spheres, at 50% (v/v) glass spheres and suspended yeast
cells in 0.8% (w/v) NaCl, during 5 min, with 1-min in-
tervals in ice. The high cell disruption efficiency ob-
tained, of almost 100%, was measured after cellular
optical microscopic examination.

RESULTS AND DISCUSSION
Effect of Cultivation Conditions

S. cerevisiae strains were grown in a 2-L shake flasks
with 1 L working volume (Fig. 1). The growth profiles of
the S. cerevisiae strains producing wt-cutinase and cu-
tinase-(WP), respectively, were very similar. However,
the yeast-producing cutinase-(WP), presented after 60 h
slight lower biomass concentration (Fig. 1A). Both
producing strains of cutinase with hydrophobic pep-
tides, in relation to wt-cutinase producing strain, pre-
sented always lower cutinase activities (Fig. 1B), specific

Percentage of viable cells, percentage of cells containing plasmids, and secretion efficiency for the wt-cutinase, cutinase-(WP),, and

cutinase-(WP), producing strains, along the batch cultivation in 2-liter shake flasks.

Time (h) wt-Cutinase Cutinase-(WP), Cutinase-(WP),
24 99 99 97
Cell viability (%) 48 99 98 96
60 97 97 96
24 98 96 80
Plasmid stability (%) 48 98 77 76
60 88 77 63
24 62 - 10
Secretion efficiency (%) 48 70 62 32
60 72 65 34

#Not determined
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Figure 1. Heterologous cutinase production and cell growth of
S. cerevisiae by batch cultivation in a 2-L shake flask at 30°C, 200 rpm.
wt-Cutinase (<), cutinase-(WP), (), cutinase-(WP)4 (A).

cell activities (Fig. 1C), specific activities (Fig. 1D), and
productivities (Fig. 1E). Thus, the strains producing wt-
cutinase, cutinase-(WP), and cutinase-(WP)4 presented
at 48 h of fermentation cutinase specific cell activities of
5.0, 2.5, and 0.1 U mg™" dew, respectively.

The extracellular activity decreases in cultures of hy-
drophobic cutinase production strains resulted most
probably from the cellular retention of the more hy-
drophobic cutinase variants and from a decrease cutin-
ase gene expression (Table I). Indeed, along the
cultivation, the three strains that displayed a similar and
high cell viability presented, however, different plasmid
stabilities (Table I). Where, the wt-cutinase producer

presented always high plasmid stability, whereas the
cutinase-(WP)4-producing strain presented the lowest
plasmid stability.

The three strains also present different secretion effi-
ciencies, where the wt-cutinase-producing strain exhib-
ited the highest cutinase secretion efficiency, whereas
cutinase-(WP)4 presented the lowest cutinase secretion
efficiency. This last observation is in agreement with
Sagt et al.’s (1998) experiments concerning a large series
of Fusarium solani pisi cutinase mutants expressed in
S. cerevisiae SUS0 that were constructed to improve the
interaction with lipid substrates. These authors observed
that the hydrophobic mutant CY028 was secreted at a
very low level when compared to cutinase wild type, the
differences in cutinase secretion due to a retention of the
more hydrophobic cutinase mutant in the endoplasmatic
reticulum, probably as a result of an interaction with the
immunoglobulin heavy-chain binding protein.

The three strains grown in a 5-L Biostat bioreactor
presented differences in yeast cell growth (Fig. 2A),
extracellular cutinase activity (Fig. 2B), cutinase spe-
cific cell activity (Fig. 2C), cutinase specific activity
(Fig. 2D) and productivity (Fig. 2E). The strains pro-
ducing wt-cutinase, cutinase-(WP),, and cutinase-(WP),4
presented at 48 h of bioreactor culture cutinase specific
cell activities of 2.4, 0.7, and 0.1 U mg_1 dcw, respec-
tively.

By comparing the batch cultivations performed in
shake flask and in the bioreactor, it is observed that the
environment influenced both the production of the
cloned protein and the growth of S. cerevisiae. At 48 h
of cultivation, in a controlled environment, with a ox-
ygenation at a minimum of 15% dissolved oxygen, in
relation to the 2-L shake flask cultivations, the wt-cu-
tinase and cutinase-(WP), strains presented higher bio-
mass concentrations, but lower cutinase activities and
specific activities. With the cutinase-(WP), strain, it was
observed higher biomass concentration in the bioreac-
tor, but in opposition with the other two strains higher
cutinase activity and higher specific activity were ob-
tained.

These differences could result in part from different
levels of oxygenation between the 2-L shake flask and
the 5-L bioreactor. The higher dissolved oxygen con-
centrations obtained in the 5-L bioreactor can minimize
the fermentation of sugars to ethanol and consequently
maximizing biomass yield due to the higher ATP yield
from respiratory metabolism. However, higher dissolved
oxygen concentrations can minimize cutinase produc-
tion. Indeed, in a previous work Calado et al. (sub-
mitted) performed with a recombinant S. cerevisiae
SUS50 strain containing the cutinase expression vector
pUR7320, the same expression system used for pro-
duction of wt-cutinase in S. cerevisiae MMO1 strain, it
was also observed that low dissolved oxygen concen-
trations is more suitable for cutinase production.
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Figure 2. Cutinase production and cell growth of S. cerevisiae by
batch cultivation a 5-L bioreactor. The conditions were maintained at
pH 5.5, 30°C with a minimum 15% dissolved oxygen (controlled by
agitation rate) and 1.1 vvm air. wt-cutinase (<), cutinase-(WP), (OJ),
cutinase-(WP), (A).

In summary, the increase of hydrophobic length of
the peptide (WP),, fused to wt-cutinase, from n = 2 and
n = 4, increased the retention of heterologous cutinase
on host yeast cells and decreased the plasmid stability.
The different growth profiles and plasmid stabilities
observed between the several yeast strains are most
probably due to the increased metabolic stress, which
resulted from this impaired secretion of the more hy-
drophobic cutinases. As major consequences of the in-
creased hydrophobic peptide length were the decrease
on cell concentration, cutinase specific cell activity, cu-
tinase specific activity and productivity.

Effect of Cultivation Strategy (Batch Culture
vs. Fed-Batch Culture)

To achieve high yield, high volumetric productivity and
high product concentration, fed-batch cultivation is
commonly used to attain high-density recombinant cell
cultivation. The exponential feed was chosen as this
strategy is common used in fed-batch cultures of re-
combinant microorganism for limiting the concentra-
tion of glucose while maximizing productivity (D’Anjou
and Daugulis, 1997, Wangsa-Wirawan et al., 1997). A
constant specific growth rate of 1 = 0.14 h™! was chosen
as this value represents an intermediate value between
the used values by the authors previously refereed.

Plasmid instability is a major concern in recombinant
yeast cultivations (Zabriskie and Arcuri, 1986). In the
fed-batch cultivation in order to maximize plasmid sta-
bility and because the cutinase gene was cloned behind
GALT promoter, a two-stage culture was used, com-
prising one yeast growth phase followed by a cutinase
production phase. In the batch growth phase, cutinase
production is repressed due to the fact that yeast cells
grow in a complex medium containing glucose as a
carbon source and in the absence of galactose. In this
phase, due to the initial high glucose concentrations,
cells will use the fermentative pathway to growth on
glucose, resulting in a buildup of ethanol, consequently
a diauxic exponential growth on glucose, and in ethanol
as sequential carbon sources will occur (data not
shown). Thus, the feed phase was started only after the
ethanol consumption. Just before the beginning of the
exponential feed phase, the cloned cutinase production
is induced by galactose addition and by maintaining low
glucose concentrations.

By using a two-phase cultivation, higher cell density
cultivations were obtained (Fig. 2A; Fig. 3A): The
strains producing wt-cutinase, cutinase-(WP), and cu-
tinase-(WP)4 presented at 48 h of fermentation in the
batch culture performed in the bioreactor biomass
concentrations of 13.9, 10.7, and 9.0 g dcw - LY re-
spectively, and cutinase yields on glucose of 1.7, 0.4, and
0.05 U - ¢! glucose, respectively, whereas, by fed-batch
cultivation these strains presented biomass concentra-
tions between 34 and 38 g - L' and cutinase yields of
2.4,1.3,and 0.03 U - g~! glucose, respectively.

Thus, by using this fed-batch strategy, in relation to
the batch cultivation, it was possible to obtain higher
cell density and cutinase activities. Furthermore, for the
strains producing wt-cutinase and cutinase-(WP), it was
also possible to increase the specific cell activity, the
specific activity, productivity and the cutinase yields on
the carbon source.

By comparing the fed-batch cultivation of the three
strains, it is also observed that the increased hydro-
phobic length of the peptide (WP),, fromn = 2ton =
4, led to a decreases of cutinase extracellular activity.
The wt-cutinase, cutinase-(WP), and cutinase-(WP),
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Figure 3. Cutinase production and cell growth of S. cerevisiae by fed-
batch cultivation in a 5-L bioreactor. The conditions were maintained
at pH 5.5, 30°C with a minimum 15% dissolved oxygen (controlled by
agitation rate) and 1.1 vvm air. wt-Cutinase (<), cutinase-(WP), (O),
cutinase-(WP), (A). The arrow represents the induction of cutinase
gene expression by galactose addition.

producing strains presented final extracellular activities
of 162, 88, and 2 U - mL™", specific cell activities of 4.1,
2.1,and 0.7 U - mg_1 dcw, specific activities of 266, 200,
and 15 U-mg™' and productivities of 84, 48, and 1
U - g 'h™!, respectively.

It is interesting to observe that the effect of the fed-
batch strategy on cultivation main characteristics de-
pends on the S. cerevisiae strain. By using the previously
described fed-batch strategy the cutinase-(WP), pro-
ducing strain presented the highest increases of the

cultivation performance. The cutinase-(WP)4 producing
strain, in relation to the other two yeast strains pre-
sented the lowest increase in cutinase activity, presenting
even lower values of specific activity, productivity and
cutinase yields than obtained by batch cultivation.

Thus, by using this fed-batch strategy the negative
effects of fusing the hydrophobic (WP), peptide to cu-
tinase on cultivation main characteristics were mini-
mized, when comparing to the batch cultivation. The
differences between wt-cutinase and cutinase-(WP),
strains in batch and fed-batch strategies continue to be
observed.

In summary, it is possible to conclude that by using a
high density recombinant cell fed-batch cultivation it
was possible to achieve a higher cutinase productions
than that in a conventional batch cultivation. As pre-
vious observed in batch cultivation, the fed-batch stud-
ies also showed the negative influence of fusion small
hydrophobic (WP), peptides on cutinase production.
Furthermore, the effect of increased hydrophobic length
of the peptide (WP), fused to cutinase on cultivation
main characteristics depends on the cultivation strategy.
This effect was minimized by using a two-phase culti-
vation, a growth and a producing phase, where an ex-
ponential feed technique was used in the production
phase.
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ger.
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