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The effect of intracellular charged amino acids on freeze tolerance in doughs was determined by constructing
homozygous diploid arginase-deficient mutants of commercial baker’s yeast. An arginase mutant accumulated
higher levels of arginine and/or glutamate and showed increased leavening ability during the frozen-dough
baking process, suggesting that disruption of the CAR1 gene enhances freeze tolerance.
study, we examined the effects of Car1 depletion on the accumulation of charged amino acids and on freeze tolerance. We
show that intracellular arginine and/or glutamate accumulated
and that freeze tolerance was enhanced in car1 mutants derived from commercial baker’s yeast.
Construction of car1 mutants from commercial baker’s
yeast. To determine the effect of CAR1 disruption during the
baking process, we constructed diploid homozygous car1 disruption mutants derived from commercial baker’s yeast. Laboratory yeast strains were not suitable for assessment of freeze
tolerance during the baking process because laboratory S. cerevisiae strains differ from commercial baker’s yeast strains in
many properties, such as leavening ability and stress tolerance.
In this study, we used two haploid strains, T7 (prototroph
MATa) and T18 (prototroph MAT␣), that were isolated from a
commercial baker’s yeast strain. Strains T7 and T18 were selected on the basis of transformation efficiency, growth rate,
and fermentation ability. Strain T118 (prototroph MATa/␣
CAR1/CAR1), which was obtained by mating T7 and T18, has
properties (e.g., leavening ability, flavor formation, and freeze
tolerance) similar to those of the commercial baker’s yeast
used in Japan (13; data not shown). We isolated spontaneous
ura3 mutants of strains T7 and T18 by positive selection with
5-fluoroorotic acid to enable selection of transformants with a
URA3 selection marker, yielding strains T7ura and T18ura.
CAR1gene disruption of strains T7ura and T18ura was done by
the one-step gene disruption method, which involved doublerecombination events at the homologous sites (11). PCR cloning of the internal sequence of CAR1 was achieved by using
oligonucleotides designed on the basis of the sequence reported by Sumrada and Cooper (16). The URA3 gene was inserted
into the CAR1 gene as a selective marker. The inactive copy of
CAR1 on the plasmid was linearized and used for transformation of T7ura and T18ura. Replacement of the chromosomal
CAR1 allele by the inactive copy was confirmed by Southern
blot analysis (data not shown). The resulting strains, T7dC and
T18dC, were used to construct diploid CAR1 mutants. Mating
of T7dC and T18dC was done to generate CA118 (MATa/␣
car1/car1). To confirm Car1p depletion, we measured the arginase activity of stationary-phase cells and nitrogen-starved

In the baking industry, frozen-dough technology has recently
been accepted because of its advantages in supplying ovenfresh bakery products to consumers, as well as improving labor
conditions for bakers (5, 6). Ordinary commercial baker’s yeast
is generally susceptible to damage during frozen storage and
does not retain sufficient leavening ability after frozen storage.
Freeze tolerance is a necessary characteristic of yeast used in
frozen doughs because post-thaw leavening activity is essential
prior to baking. In this study, our goal was to construct freezetolerant baker’s yeast strains from commercial strains by regulating the metabolism of cryoprotectants.
Accumulation of the disaccharide trehalose in Saccharomyces cerevisiae is widely believed to be a major determinant of
freeze tolerance (2, 4). A strong correlation between trehalose
content and stress tolerance has been demonstrated (1, 13). On
the other hand, amino acids are reportedly effective as stress
protectants in a wide variety of organisms (3, 12, 15, 17).
Recently, by using proline analogue-resistant mutants (17) and
proline oxidase-deficient mutants (18), Takagi et al. showed
that certain amino acids are effective as cryoprotectants and
suggested that charged amino acids, such as arginine and glutamate, are determinants of freeze tolerance. To clarify the
cryoprotective role of charged amino acids in commercial baker’s yeast, in this study, we used specific mutants affected in
arginine metabolism.
Arginase (encoded by the CAR1 gene) participates in the
first committed step of arginine degradation (9, 16). The enzyme catalyzes the hydrolysis of L-arginine to L-ornithine and
urea (19). The response of arginase expression to multiple
environmental signals has been well studied and characterized
(8, 14). On the basis of these studies, we expected that Car1
depletion would cause greater accumulation of arginine and
related amino acids and that charged amino acids accumulated
in the yeast cell should function as cryoprotectants. In this
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TABLE 1. Arginase activities of strains T118 and CA118
Strain

Medium

Mean activity (mol of urea min⫺1
mg of protein⫺1) ⫾ SD

T118
T118
CA118
CA118

YPD
SD-N
YPD
SD-N

2.52 ⫾ 0.054
2.26 ⫾ 0.233
0.02 ⫾ 0.011
0.20 ⫾ 0.068

FIG. 1. Growth characteristics (A) and number of viable cells
(B) of a car1 disruption mutant derived from commercial baker’s yeast.
The growth rates of a diploid homozygous car1 mutant (CA118) and its
parent strain (T118) were monitored by measurement of optical density at 600 nm (OD600). Strains T118 and CA118 were grown in 5 ml of
YPD medium at 30°C for 48 h and then subjected to three freeze-thaw
cycles at 24-h intervals. Survival rates are shown relative to the initial
number of viable cells. The data shown are mean values of three
independent experiments.

CA118 decreased after repeated freeze-thaw cycles, the survival rate of strain CA118 was 10 to 1,000 times higher than
that of strain T118. These data showed that CAR1 disruption
affects the freeze tolerance of liquid cultures subjected to repeated freeze-thaw cycles.
To determine the freeze tolerance of CA118 during the
baking process, we assessed freeze tolerance in white bread
doughs by using a method previously described (13). In brief,
doughs containing CA118 or T118 were prefermented for 60 or
120 min at 30°C before being frozen at ⫺20°C. The doughs
were kept for 2 weeks at ⫺20°C. The frozen doughs were
thawed for 30 min at 30°C, and then the amount of CO2
produced in 120 min at 30°C was measured by using a Fermograph AF-1000 (Atto Co.). Strain CA118 showed approximately 20% greater leavening activity than did strain T118
after 60 and 120 min of prefermentation (Fig. 2). Although the
prolonged prefermentation time decreased the gassing power

FIG. 2. Freeze tolerance during baking of a diploid homozygous
car1 mutant (CA118) derived from commercial baker’s yeast. Whitebread doughs were prepared by using strain CA118 and its parent
strain, T118. Doughs were prefermented for 60 or 120 min and then
frozen for 2 weeks at ⫺20°C. The remaining gassing power was measured and compared with that of nonfrozen samples. Results are
shown as means ⫾ standard deviations based on three independent
experiments.
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cells. Stationary-phase cells of strains T118 and CA118 were
grown in YPD medium (medium containing 10 g of yeast
extract [Difco] per liter, 20 g of peptone [Difco] per liter, and
20 g of glucose per liter) at 30°C for 48 h. Nitrogen-starved
cells were obtained as follows. After cultivation at 30°C for
36 h in YPD medium, cells were transferred to SD-N medium
(medium containing 1.7 g of yeast nitrogen base without amino
acids and ammonium sulfate [Difco] per liter and 20 g of
glucose per liter) and kept at 30°C for 12 h. The cells were
disrupted in buffer A (buffer containing 10 mM Tris-HCl, 10
mM MnCl2, and 20 mM glycine, pH 7.0) by mixing with glass
beads and then centrifuged at 10,000 ⫻ g for 10 min at 4°C.
After the arginase enzyme reaction was done by the method of
Whitney and Magasanik (19), the hydrolytic product, urea, in
the supernatant of the reaction mixture was determined with a
UREA N B kit (Wako). Arginase assays showed that the arginase activity of CA118 decreased to less than 10% of that of
strain T118 under both stationary and nitrogen starvation conditions (Table 1). These results showed that arginase activity
was depleted in strain CA118. Although higher-level induction
of arginase in strain T118 was not observed during nitrogen
starvation, this case may be similar to that reported by Middelhoven et al. (10).
Freeze tolerance in liquid culture and doughs of car1 mutants. To determine the possibility of using the car1 mutant
industrially, we measured the five characteristics important for
baking, i.e., growth rate, cell yield from molasses, carbohydrate
content, fermentation ability, and flavor formation. To obtain
yeast cells of strains CA118 and T118, we simulated the industrial yeast production process by fed-batch culture using cane
molasses and then measured the five characteristics. The measured characteristics, other than growth rate, of CA118 were
identical to those of T118 (data not shown). The growth rate of
CA118 was determined by measuring optical density at 600
nm. In YPD medium, the cell density of CA118 was slightly
higher than that of T118 (Fig. 1A). These data suggested that
CAR1 disruption did not degenerate the characteristics for
industrial use of commercial baker’s yeast.
To estimate the effect of CAR1 disruption on viability under
freeze stress, we measured the survival rate in liquid culture
during repeated freeze-thaw cycles by the method of Matsunami et al. (7). The cells were grown at 30°C for 48 h in YPD
medium, and then the cultures (ca. 5 ⫻ 108 cells per ml) were
kept at ⫺20°C by using a 50% ethylene glycol bath (NCB-3200;
EYELA). Freezing and thawing of the cultures were repeated
three times at 24-h intervals without incubation for growth.
Viability was measured by plating the cultures onto YPD agar
plates in triplicate. Plates were incubated at 30°C for 48 h
before the colonies were counted. The change in the number
of viable cells of CA118 was compared to that of T118 (Fig.
1B). Although the number of viable cells of both T118 and
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FIG. 3. Intracellular content of arginine, glutamate, and proline in
a car1 mutant derived from commercial baker’s yeast. A diploid homozygous car1 mutant (CA118) and its parent strain (T118) were
grown in a batch culture (A) and a continuously fed batch culture (B).
Intracellular arginine, glutamate, and proline contents were measured
as described in the text. Intracellular glutamate content was measured
during liquid fermentation (C). Results are shown as means ⫾ standard deviations based on three independent experiments.

because measurement of intracellular amino acid contents in
doughs was difficult because of the high background level of
amino acids derived from other components of dough. The
fermentation rates of commercial baker’s yeast strains in liquid
fermentation medium (162 ml of CO2/60 min/g of yeast for
T118, 161 ml of CO2/60 min/g of yeast for CA118) were approximately four times higher than those in white-dough fermentation (44 ml of CO2/60 min/g of yeast for T118 and
CA118) under our experimental conditions. As shown in Fig.
3C, the glutamate accumulated in strain CA118 decreased
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of both strains, the gassing power of CA118 remained approximately 20% greater than that of T118. These data strongly
suggested that CAR1 disruption of commercial baker’s yeast
enhanced its freeze tolerance in dough. The difference between the leavening abilities of strains CA118 and T118 after
freezing and thawing was far less than the differences between
their viabilities in liquid medium. This difference may be due to
the cryoprotective function of dough, because dough contains
possible cryoprotectants such as carbohydrates, proteins, and
amino acids. The increased freeze tolerance of CA118 is a
significant improvement, because an increase in freeze tolerance drastically shortens the final fermentation time after
freezing.
Accumulation of charged amino acids in car1 strains. To
estimate the effect of CAR1 disruption on amino acid accumulation, we evaluated the determinant of increased freeze tolerance in CA118 by measuring the amount of intracellular
amino acids in stationary-phase cells obtained from the batch
culture with YPD medium (Fig. 3A) and the continuously fed
batch culture with molasses (simulating industrial yeast production) (Fig. 3B) (13). Aliquots of culture broth (5 ml) were
used to assay the intracellular amounts of amino acids. The
cells were washed twice with 10 ml of distilled water and then
resuspended in 0.5 ml of distilled water. Intracellular amino
acids were extracted by boiling the suspension for 20 min (17).
After centrifugation (5 min at 15,000 ⫻ g), each supernatant
was filtered by using a nitrocellulose membrane (MILLEXHA; Millipore). All of the amino acids in the supernatant were
subsequently measured with an amino acid analyzer (L-8500;
Hitachi). The intracellular amounts of amino acids other than
arginine and glutamate in strain CA118 differed only slightly
(⬍5%) from those in strain T118 (data not shown). In the
batch culture, the amount of accumulated arginine in cells of
CA118 was five times greater than that in cells of the parent
strain, T118. Unexpectedly, in the continuously fed batch culture, the amount of arginine in CA118 was nearly the same as
that in strain T118 and the amount of glutamate was approximately 40% greater. In general, the continuously fed batch
fermentation used in baker’s yeast production is respiratory
and often nitrogen limited. Such nitrogen limitation might
have caused the greater accumulation of glutamate in CA118.
Furthermore, feedback mechanisms involving arginine might
have contributed to the greater glutamate content of strain
CA118. Certain arginine-synthesizing enzymes (e.g., acetylglutamate synthetase, acetylglutamate kinase, and ornithine carbamoyltransferase) are regulated by feedback control of arginine (10). The results of amino acid analyses suggested that
car1 mutation enhanced the intracellular accumulation of arginine and/or glutamate. The amount of proline, which reportedly is an osmoprotectant of microorganisms (3, 17), was almost the same (⬍5%) for CA118 and T118 (Fig. 3A and B).
Figure 2 shows that the leavening ability of CA118 after
freezing was greater than that of T118 and that the leavening
abilities of both CA118 and T118 decreased in a prefermentation time-dependent manner. We hypothesized that the glutamate content of CA118 should decrease with increasing prefermentation time if intracellular glutamate is a determinant of
freeze tolerance in CA118. We examined the changes in glutamate content during fermentation (Fig. 3C). We used a liquid fermentation method (13) instead of dough fermentation
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depending on prefermentation time in liquid fermentation medium. Although the experimental conditions for the data
shown in Fig. 2 differ from those for the data shown in Fig. 3C,
it should be noted that both freeze tolerance and glutamate
content decrease in a prefermentation-dependent manner. We
estimated that the greater glutamate content of CA118 should
exert a cryoprotective effect even after 120 min of prefermentation (Fig. 2 and 3C) because the intracellular glutamate content of CA118 may be still greater that that of T118 on the
basis of the difference in the fermentation rates between liquid
fermentation and dough fermentation. After 30 min of fermentation in liquid fermentation medium (equivalent to approximately 120 min of fermentation in dough), the glutamate content of CA118 was approximately 10% greater than that of
T118. Our data on the freeze tolerance and amino acid accumulation of CA118 suggest that charged amino acids, including
glutamate, may play the role of a cryoprotectant and that
arginase gene disruption can enhance the freeze tolerance of
baker’s yeast. Although we do not know what mechanism is
responsible for the glutamate decrease that occurs during fermentation, it can be speculated that glutamate was utilized as
a nitrogen source because of nitrogen limitation in dough.
We also measured the intracellular trehalose content of
CA118 (data not shown) and found no difference in trehalose
content between T118 and CA118. This suggests that the increased freeze tolerance of CA118 should not be due to intracellular trehalose content.
In this study, we showed that CAR1 gene disruption enhances the freeze tolerance of commercial baker’s yeast. Although the molecular mechanism of freeze tolerance by the
accumulation of amino acids remains unclear, the tolerance
was strongly correlated with the accumulation of higher levels
of arginine and glutamate. Further research at the molecular
level is planned to determine the role of these amino acids in
freeze tolerance.
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