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Temperature-sensitive mutants were derived from Saccharomyces cerevisiae
Y5a by ethyl methane sulfonate mutagenesis, in a search for mutants that would
produce methionine-rich protein at the nonpermissive temperature. A total of 132
mutant strains were selected which showed adequate growth on minimal medium
at 250C but little or no growth on the same medium supplemented with a high
concentration (2 mg/mil) of L-methionine at 370C. Several of these mutants were

found to increase the proportion of methionine in their protein to much higher
levels than that of the wild-type parent after a temperature shift from 25 to 370C.
Two strains, 476 and 438, which were temperature sensitive only in the presence
of methionine, produced cellular protein with methionine contents as high as 3.6
and 4.3%, respectively, when incubated in the presence of methionine. The former
strain contained 2.5% methionine even when incubated at 370C in the absence of
methionine. Wild strain Y5a, on the other hand, had 1.75% methionine under all
conditions tested. Most temperature-sensitive mutants isolated had the same

methionine content as the wild strain. It is concluded that the proportion of a

specific amino acid, such as methionine, in S. cerevisiae protein can be altered by
culturing certain temperature-sensitive mutants at an elevated temperature.

The production of single-cell protein as a food
or feed supplement has received much attention
in recent years (8, 10, 19). The amino acids in
microbial proteins are not present in optimum
proportions, however, for human or animal nu-
trition. For example, most microbial proteins are
low in methionine and tryptophan, both of
which are essential amino acids for animal and
human nutrition (1, 2, 11), and it has been hoped
that a methodology could be established for
deriving mutants with higher concentrations of
the amino acids in question (4). Okanishi and
Gregory (13) approached this problem by isolat-
ing yeast mutants which formed smaller-sized
colonies than their parent when grown on a
sulfur-deficient medium. This approach was
based on the assumption that methionine-rich
mutants would have a higher sulfur requirement
for growth than would their wild-type parent. In
this way, they isolated mutants ofCandida trop-
icalis containing up to 41% more methionine
than the parent, on a dry-weight basis. It was
postulated that the mutants were derepressed
for some protein that was rich in methionine.
However, this parent culture was particularly
low in methionine, and even the best mutant
still had a suboptimal amount of methionine.

Alternative methods for increasing the methi-
t Permanent address: Central Research Laboratories, Aji-

nomoto Co., Inc., 1-1 Suzuki-cho, Kawasaki, Japan.

onine content of microbial proteins have been
under study in this laboratory, using Saccharo-
myces cerevisiae Y5 as a model strain. As one
approach, we reasoned that it should be possible
to isolate mutants with temperature-sensitive
mutations in either aminoacyl-transfer ribonu-
cleic acid synthetases, transfer ribonucleic acids,
or the ribosome itself, such that at a nonpermis-
sive temperature a culture would begin to syn-
thesize all of its proteins, with methionine sub-
stituting in part for a more common amino
acid(s). The expression of such mutations might
be lethal to the cell, depending on the degree of
alteration of the amino acid pattern of its essen-
tial proteins, but conditional mutations would
allow the cell to grow normally at the permissive
condition. Errors resulting in the incorporation
of methionine in place of the correct amino acid
in a protein might be expected to occur more
readily in the presence of a high concentration
of methionine. Therefore, temperature-sensitive
mutants, with an increased sensitivity to excess
methionine at an elevated temperature, were
considered to be possible candidates for the type
of mutant sought. This paper deals with the
isolation and characterization of mutants that
had the predicted phenotype.

MATERIALS AND METHODS
Organisms. S. cerevisiae Y5a, a haploid strain
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642 MOMOSE AND GREGORY

derived from a culture originally obtained from
Bright's Wines, Ltd., Niagara Falls, Ont., Canada, was
used as the parent strain.
Media and growth conditions. Yeast extract-

peptone-glucose (YEPD) and yeast nitrogen base
(Difco), without amino acids and plus 1% glucose, were
used as the complete medium and the minimal me-
dium, respectively (5). The medium termed "methio-
nine medium" was prepared by adding L-methionine
(2 mg/ml) to the minimal medium. Five- or 50-ml
amounts of liquid medium were poured into a standard
test tube or a 200-ml side-arm flask, respectively.
Cultivation was carried out on a reciprocal shaker at
25, 30, or 37°C, as required. Solid media were prepared
by adding 2% Difco agar to each medium. Methionine
assay medium (Difco) was used for the microbiological
assay of L-methionine.
Measurement of growth. Yeast cell growth in

liquid medium was determined by measuring absorb-
ance at 620 nm with a Spectronic 20 spectrophotom-
eter (Bausch & Lomb). An absorbance of 1.0 was
equivalent to a density of 4 x 107 cells/ml. A Beckman
DB spectrophotometer was used for the turbidometric
microbiological assay of methionine.

Isolation of temperature-sensitive mutants.
Ethyl methane sulfonate (EMS) was used for muta-
genesis (5). A culture of Y5a grown overnight in YEPD
medium and containing 1.6 x 108 cells/ml was washed
and suspended in 0.1 M sodium phosphate buffer (pH
8) and then treated with 3 or 6% EMS (Eastman) at
30°C for 50 min without agitation. Mutagenesis was
stopped by treatment with 6% sodium thiosulfate and
repeated washings, to avoid prolonged EMS effects.
The 3 and 6% EMS treatments gave approximately 60
and 6% survivors, respectively. After various postmu-
tational treatments (see Results), the mutagenized
cells were finally plated on YEPD agar plates and
incubated at 25°C to allow colony formation. Colonies
appearing on these master plates were replica plated
(9) to both minimal and methionine medium plates.
The minimal medium replicate plates were incubated
overnight at 25°C, and the methionine medium plates
were incubated at 37°C. The mutant colonies showing
normal or near normal growth on the former medium
but little or no growth on the latter medium were
tested further. Four categories of mutants could be
expected to be isolated by this selection method,
namely, temperature-sensitive mutants (category I),
methionine-sensitive mutants (category II), mutants
sensitive only to the combined effect of high temper-
ature and high methionine concentration (category
III), and mutants with both temperature sensitivity
and methionine sensitivity (category IV).

Detection of temperature sensitivity and me-
thionine sensitivity. About 2 x 104 cells of each
mutant culture, suspended in 0.01 ml of deionized
water, were spotted onto two pairs of minimal and
methionine medium plates. One pair of plates was
incubated at 25°C, and another pair was incubated at
37°C. Growth patterns were observed for several days
in comparison with that of the wild strain. When
indications of the growth level (+ = adequate growth;
-/± = no or poor growth) were arranged in the
sequence of (i) minimal medium at 25°C, (ii) methio-
nine medium at 25°C, (iii) minimal medium at 37°C,

and (iv) methionine medium at 37°C, the mutants
could be placed in the four categories described above
as follows: category I (Ts mutants) = (+) (+) (-/±)
(-/±); category II (Mets mutants) = (+) (-/±) (+)
(-/±); category III (Ts-Met' mutants) = (+) (+) (+)
(-/±); and category IV (designated Ts + Met8) =
(+ (-/±f) (-/±) (-/±).
Determination of methionine in cellular pro-

teins. Cells grown under an appropriate cultural con-
dition were harvested by centrifugation and resus-
pended in a volume of deionized water equal to that of
the original culture. To remove free intracellular me-
thionine, the cell suspension was heated in a boiling-
water bath for 10 min, followed by repeated washings
with 0.01 N HCl and water. A 1.25-ml sample of the
cell suspension, containing 10 to 15 mg (dry weight) of
cells, was mixed with 1.25 ml of 12 N HCl in a 10-ml
tube with a Teflon-lined screw cap. The tube was
flushed with N2 gas, sealed, and placed in an oven at
110°C for 20 h to hydrolyze the proteins. The cooled
hydrolysate was neutralized with NaOH, diluted to 50
ml with deionized water, and filtered through What-
man no. 2 paper to remove humin. The "true" protein
content of the sample was determined by measuring
alpha-amino nitrogen by the modification of Gehrke
and Wall's method (6) described by Reade and
Gregory (14). L-Methionine was determined by a tur-
bidometric microbiological assay by using Leuconos-
toc mesenteroides strain P-60 (NRRL B-1153) (18).
The same concentration of saline solution as that of
the neutralized hydrolysates was used to dilute the
samples in the assay tubes and in preparing the stan-
dard curve stock solution. All analyses were carried
out in duplicate or triplicate.

RESULTS
Isolation of temperature-sensitive mu-

tants. The highest concentration of L-methio-
nine in the minimal medium which permitted
normal growth of the wild strain Y5a was 2
mg/ml. From about 35,000 colonies tested for
their inability to grow at 37°C in the presence of
that concentration of methionine, 132 mutants
were isolated. Among these, 94 strains were
scored as Ts, 35 strains as Ts-Met8, two strains
as Mets, and one strain as Ts + Met'. Several
mutants that possessed intermediate characters,
i.e., Ts and Ts-Met', were scored as Ts-Met5.
Many mutants were only partially sensitive to
the experimental condition adopted. Approxi-
mately 80% of the total mutants were obtained
from EMS-treated cells, which had been plated
directly onto the master plates without any post-
treatment incubation. The other 20% were ob-
tained from the descendants of the mutagenized
cells, which had been incubated in either YEPD
or minimal medium at 25°C. The nystatin en-
richment method (17) was applied to cultures
incubated in the methionine medium at 37°C,
after a postmutagenesis incubation, on the prem-
ise that the desired mutants would cease growth,
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METHIONINE-RICH Ts MUTANTS IN YEAST 643

without dying under these conditions, and thus
not be killed by growth in the presence of nys-

tatin. This technique did not result in an enrich-
ment of mutants.
Methionine content of isolated mutants.

Each mutant strain, grown in the liquid minimal
medium at 250C, was inoculated into the methi-
onine medium, at a density of 107 to 5 x 107
cells/ml, and incubated at 370C until all growth
had stopped (density, >5 x 107 cells/ml). This
took 20 to 30 h for most mutant strains. After
harvesting the cells, both "true" protein and
methionine content were determined as de-
scribed in Materials and Methods. Figure 1
shows the distribution of methionine content in
the protein of all the mutant strains isolated, as

well as in 24 sublines of the wild strain derived
from randomly selected colonies. The wild strain
had 1.75% methionine, and most mutant strains
had levels close to this value. Several strains,
however, were found to give greater values than
the wild type, whereas only one strain gave a

smaller value (indicated by arrows in Fig. 1).
Table 1 shows the phenotypic characteristics
and methionine levels ofthe nine mutant strains,
which had more than 2% methionine in their
protein. Two-thirds of these were more or less
methionine sensitive only at the higher temper-
ature (category III as described in Materials and
Methods). The other one-third was temperature
sensitive (category I). None of the mutant
strains in categories II and IV, which were iso-
lated in the present study, had a methionine
content higher than 2%.
Relation between methionine content

and cultural conditions. An experiment was

performed to determine whether or not the high
methionine contents observed in several mu-

tants were dependent on incubating the cells at
a high temperature and/or in the presence of
methionine. Strains 438 and 476, selected for
this experiment, were both only partially Ts-
Mets and had methionine contents greater than
3% when cultured in the methionine medium at
37°C. Cells ofeach mutant grown in the miniimal
medium at 250C were inoculated into both the
minimal and the methionine media in test tubes
at cell densities of approximately 5 x 106/ml.
The tubes containing each medium were divided
into two groups, and one group was incubated
at 250C and another at 370C by using identical
shakers and shaking conditions. Three to nine
tubes were withdrawn at appropriate times from
both groups, and protein and methionine con-

tents, as well as cell densities, were measured.
Figure 2 shows that the methionine contents of
the cellular proteins were dependent on cultural
conditions. After 15 h of incubation at 370C, in
the methionine medium, the methionine content
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FIG. 1. Distribution of methionine content in 132
isolated mutants. Symbols: (0) mutant strains; (0)
wild-type clones randomly isolatedfrom mutagenized
cultures. Arrows indicate strains that contain very

low or very high amounts of methionine.

TABLE 1. Phenotypes of nine mutants in which the
methionine content exceeded 2% of the cellular

protein
Methionine con- Relative

Strain Phenotype tent value'
(% of protein) (%)

438 Ts-Met' (p)b 4.27 + O.19c 244
476 Ts-Met' (p) 3.60 + 0.11 206
435 Ts (p) 2.49 ± 0.14 142
465 Ts (s) 2.42 ± 0.13 138
502 Ts (p) 2.32 ± 0.06 133
88 Ts-Met' (p) 2.30 ± 0.12 131

469 Ts-Met' (p) 2.30 ± 0.10 131
482 Ts-Met' (p) 2.18 ± 0.15 125
364 Ts-Met' (s) 2.01 ± 0.04 115
Y5a Wild type 1.75 ± 0.06 100

a Amount of methionine in the cellular protein rel-
ative to the amount in strain Y5a.

b (p) and (s), Partial and strict, degree of growth
inhibition at 37°C.

c Mean ± standard error.
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FIG. 2. Relation between methionine content and cultural condition in strains 438 (A) and 476 (B).

Combination of medium and temperature: methionine medium, 37°C (0); minimal medium, 37°C (0);
methionine medium, 25°C (X); minimal medium, 25°C (A). Growth curves are shown in the lower part of the
figure.

of strain 438 (Fig. 2A) increased rapidly from its
initial level of 1.75% and reached its maximum
level of >4% by 30 h. The culture's final growth
density was distinctly lower in the methionine
medium than in the minimal medium at 37°C
owing to the Ts-Met' character. Cells of this
culture grown in minimal medium at 37°C, or in
methionine medium at 250C, gave maximum
methionine levels of only 2.0 to 2.2%, and cells
grown in minimal medium at 250C had almost
the same level of methionine as the wild-type
parent (1.75%) during the entire course of incu-
bation. In strain 476 (Fig. 2B), a similar increase
in methionine content was observed after growth
in methionine- medium at 370C, although to a
lower maximum level (3.2%) than that attained
by strain 438. The sensitivity of strain 476 to
methionine at 37°C was less than that of strain
438. However, it should be noted that, with
strain 476, even in minimal medium at 370C, a
significant increase (P < 0.01) in methionine
content occurred up to the maximum level of
approximately 2.5%.

Figure 3 shows a similar experiment carried
out with the wild strain Y5a and strain 471, a
randomly selected temperature-sensitive mu-
tant. The wild strain (Fig. 3A) maintained a

constant level of methionine in its protein under
all the cultural conditions tested. In the case of
strain 471 (Fig. 3B), because of its strict temper-
ature sensitivity, the culture was not placed at
the nonpermissive condition (3700) until the cell
density at 250C had reached an absorbance of
1.0. This procedure was required to provide suf-
ficient cells for analysis. The data show that the
methionine content in this strain was also con-
stant throughout the entire incubation period
under both permissive and nonpermissive con-
ditions.

In these four strains, 438, 476, 471, and Y5a,
the true protein content of the cells was almost
constant (approximately 45% on a dry-weight
basis) under all the cultural conditions tested.

DISCUSSION
The present study has shown that the amino

acid pattern in the cellular protein of yeast can
be changed greatly by specific temperature-sen-
sitive mutations. The methionine content of one
mutant was more than twice as great as the level
found in the wild strain. Although the authors
used a single strain ofSaccharomyces cerevisiae
for the present study, it seems likely that the
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METHIONINE-RICH Ts MUTANTS IN YEAST 645

method used would be applicable to other mi-
crobial strains for the genetic improvement of
single-cell protein. It also seems reasonable to
assume that the content of other amino acids
besides methionine could be changed by isolat-
ing mutants that are partially or strictly temper-
ature sensitive in the presence of the amino acid
in question.
As predicted, methionine-rich strains were

more frequent among Ts-Met' mutants than
among mutants that were merely Ts; six methi-
onine-rich strains were obtained out of 35 Ts-
Mets mutants, whereas only three such strains
were found among 94 Ts mutants (Table 1). This
fact suggests that in most methionine-rich
strains, the growth inhibition, observed in the
presence of methionine at a high temperature,
was related to the phenomenon of increased
methionine content, probably through the
mechanism postulated in the introduction. The
fact that the randomly saetected Ts mutant 471
(Fig. 3B) did not change its methionine content
under any of the cultural conditions studied
indicates that the phenomenon of variability in
amino acid content was not a general response
of temperature-sensitive mutants to nonpermis-
sive conditions, but rather was a specific re-
sponse of Ts mutants that were affected in some
aspect of protein synthesis.

Studies on strains 438 and 476, the two strains
that showed the greatest shifts in methionine
content, revealed three aspects of this phenom-
enon (Fig. 2). First, the dramatic increase in
methionine content was dependent on temper-
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ature shift-up, although these strains were only
partially inhibited at 370C in the presence of
methionine. This result does not necessarily
mean, however, that other types of mutants
could not be isolated which increase their me-
thionine content under normal growth condi-
tions. Second, the requirement for exogenous
methionine in order to achieve an increase in
methionine content was strain dependent: the
addition was almost an absolute prerequisite for
strain 438 but not for strain 476. In the latter
strain, which would be preferable from a prac-
tical point ofview, the endogenously synthesized
methionine must have been more efficiently in-
corporated into protein than in the former strain.
Third, it required at least a 10-fold increase in
cell numbers to obtain the maximum level of
methionine after the temperature shift-up; e.g.,
in strain 438 the number of cells increased from
4 x 106/ml to greater than 4 x 107/ml before the
methionine content reached its maximum level.
Presumably, functionally normal proteins, al-
ready synthesized under a permissive condition,
had to be gradually replaced or diluted with
abnormal methionine-rich proteins, newly
formed under a nonpermissive condition, before
the maximum methionine level was achieved
and growth stopped.
The mechanisms of variability in methionine

content in the total cellular proteins are not
clear at present. There are at least three possible
explanations for an increase in methionine con-
tent under nonpermissive conditions caused by
Ts or Ts-Met' mutations. One possibility is leak-
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FIG. 3. Relation between methionine content and cultural condition in the wild strain (A) and in strain 471

(B). Combination of medium and temperature: methionine medium, 37°C (-); minimal medium, 37°C (0);
methionine medium, 25°C (X); minimal medium, 25°C (A). Growth curves are shown in the lower part of the
figure. Arrows indicate the time of temperature shift-up for 37°C cultures.
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646 MOMOSE AND GREGORY

age or loss of a large amount of protein species
which have low methionine contents, resulting
in a higher level of methionine in the residual
cellular proteins. In strains 438 and 476, how-
ever, there was no significant change in the
protein content of the cells, which appears to
exclude this possibility for these particular
strains. The second possibility is the derepressed
synthesis of a particular methionine-rich protein
such as postulated for the mutants studied by
Okanishi and Gregory (13). This mechanism,
however, can only barely account for mutants
that are so extraordinarily methionine rich. To
achieve a methionine content greater than 4% in
the total proteins, for example, a derepressed
protein containing 5% methionine would have to
comprise more than 70% of the total proteins,
whereas even a highly methionine-rich protein
containing 10% methionine would have to make
up more than 30% of the total proteins. So far as
we know, the maximum level of methionine re-
ported in a natural protein is 12.2 mol% in the
case ofEscherichia coli 5'-nucleotidase (15), and
the maximum production level reported for a
particular single protein is 30% of total proteins
in certain bacterial strains, which were obtained
by applying special continuous culture tech-
niques to get multiple genetic alterations and
selections automatically (3, 12). Furthermore,
this mechanism does not account for the acqui-
sition of methionine sensitivity, which was ob-
served in most of the mutants isolated as tem-
perature-sensitive, methionine-rich strains in
the present study. The third possibility is altered
protein synthesis, in which methionine com-
peted with one or more other amino acids for
incorporation into the protein molecules; con-
sequently all the protein species became methi-
onine rich and functionally abnormal. This
mechanism explains both the dramatic increase
in methionine content and the methionine sen-
sitivity of the mutants studied. A mutation caus-
ing an error in which a particular amino acid
was incorporated in abnormal amounts into pro-
tein does not appear to have been reported, but
Gorini and Rosset found that a ribosomal mu-
tation, called ribosomal ambiguity mutation
(ram), caused disordered amino acid incorpora-
tion in E. coli (7, 16).
The phenotypes of the two strains studied in

detail were reproducible after several transfers
of stock cultures on YEPD slants. However, the
reversion frequencies from Ts-Met8 to wild type
were not determined because of technical diffi-
culties resulting from the phenotypic leakiness
of the mutant strains.
For the practical use of mutants, such as those

described here, in single-cell protein production,
further studies are required, including the iso-

lation ofmutants with better characteristics. For
example, strains 438 and 476 have longer dou-
bling times than the wild strain even under a
permissive condition (Fig. 2 and 3). In minimal
medium at 250C, doubling times were 280 min
for strain 438, 320 min for strain 476, and 200
min for the wild strain. Since the methionine
assays were performed on hydrolysates of whole
cells, it has not been definitively established that
the increased cellular methionine was incorpo-
rated into protein.
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