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Spheroplasts were prepared from cells of Saccharomyces cerevisiae NCYC 366,
grown at 30 or 15 C, by incubating cells with snail-gut juice after pretreatment
with 2-mercaptoethanol. Walls of cells grown batchwise or in continuous culture at
15 C were more resistant to digestion with snail juice than walls on cells grown
under the same conditions as 30 C. Spheroplasts lysed when suspended in hypotonic
solutions of mannitol. The resistance of spheroplasts to osmotic lysis tended to
increase when the test temperature was lowered below 30 C. The increased resistance
was greater with spheroplasts from cells grown at 15 C. Cations, especially Ca +,

protected spheroplasts against osmotic lysis. In general, the protective effects,
measured at 30 C, were smaller with spheroplasts from cells grown at 15 C com-
pared with 30 C. Citrate and ethylenediaminetetraacetate (EDTA) decreased the
resistance of spheroplasts to osmotic lysis. On the whole, the decrease was greater
with spheroplasts from cells grown at 30 C rather than 15 C. In the presence of
EDTA, spheroplasts from cells grown at 30 C were less resistant to osmotic lysis
at 5 C than at 30 C; when spheroplasts from cells grown at 15 C were similarly
examined, they were more resistant to lysis at 5 C than at 30 C. Spheroplast mem-

branes from cells grown at 15 C had slightly but significantly greater contents of
Mg'+, Ca2+, K+, and Na+ compared with spheroplast membranes from cells grown
at 15 C. Mg2+ and Ca2+ were more easily extracted with EDTA from membranes of
30 C-grown cells than from 15 C-grown cells.

Osmotically fragile bodies can be obtained
from many strains of yeast by incubating cells
with snail-gut juice (10, 17, 21) or with enzymes
produced by various microorganisms (16, 26, 38).
Analyses of membranes obtained by subjecting
these bodies to osmotic lysis show that they
contain about 10% carbohydrate which consists
of glucan and mannan (22). Although this carbo-
hydrate may represent residual cell wall material,
the osmotically fragile bodies are nevertheless
usually referred to as protoplasts. Some workers,
however, dispute this designation and prefer to
recognize them as spheroplasts (38).

Microbial protoplasts furnish an ideal system
with which to examine the effect of chemical
composition on the behavior and function of
membranes, for, by growing microorganisms
under different environmental conditions, it is
possible to vary the composition of the protoplast
membrane and also probably of other membranes
in eucaryotic microorganisms. In this respect,
microbial protoplasts offer a decided advantage
over erythrocytes on which the majority of studies

on membrane structure and function have been
done. In this Laboratory, we have examined the
effect of growth temperature on several aspects
of the physiology of microorganisms (11, 12),
particularly on the composition and function of
the spheroplast membrane (13, 14). The present
paper describes the effect of growth temperature-
induced changes in the composition of the sphero-
plast membrane of a strain of Saccharomyces
cerevisiae on the osmotic properties of sphero-
plasts obtained from the cells.

MATERIALS AND METHODS

Organism. The organism used in this work was S.
cerevisiae NCYC 366, a strain which can readily be
converted into spheroplasts (9). The yeast was main-
tained on slopes of malt wort-agar as described by
Dixon and Rose (7), or of glucose-salts-vitamins
medium supplemented with 2% (w/v) agar.

Batch cultures. One-liter portions of a glucose-
salts-vitamins medium (pH 4.5; reference 30) supple-
mented with D-biotin (0.195 pg per liter) were dis-
pensed into 2-liter round, flat-bottomed flasks which
were then covered with glass caps and sterilized at
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115 C for 10 min. Portions of medium were inocu-
lated with the equivalent of 10 mg (dry weight) of cells,
either as a portion from a logarithmic-phase culture
grown in glucose-salts-vitamins medium at 30 C in a
shaker incubator or as a suspension in 67 mm- KH2PO4
of cells harvested from a slope culture. Stirred cultures
were incubated at the stated temperature as described
by Stanley and Rose (35). Cells were harvested by
centrifuging mid-exponential-phase cultures (0.20 to
0.25 mg, dry weight, per ml) at 2,000 X g. They were
washed three times with 67 mm KH2PO4 and sus-
pended in citrate-phosphate buffer (5 mM; pH 5.8;
reference 8) containing 0.8 M mannitol and 10 mm
MgCI2 to a concentration of about 10 mg (dry weight)
per ml before being converted into spheroplasts.

Continuous cultures. Chemostat cultures of the yeast
were grown with stirring in a glass vessel (2-liter
working volume; Taylor-Rustless Fittings Co. Ltd.,
Leeds, England) fitted with a device for controlling
the dissolved oxygen tension in the culture as described
by Maclennan and Pirt (24) and by Brown and Rose
(2). The basal medium had the composition given by
Rose and Nickerson (30), except that the concentra-
tions were: 2.0 g of glucose per liter, 2 g of (NH4)2SO4
per liter, and 1.0 g of KH2PO4 per liter. This medium
supported growth under conditions of glucose limita-
tion. Cultures were grown at 30 or 15 C, and at rates
of 0.2, 0.1, or 0.05/hr. The pH value of cultures was
4.5, and the dissolved oxygen tension was 84 mm of
Hg.

Measurement of growth. Routine measurements of
cell density were made by determining the optical
density (OD) of culture in a Hilger Spekker absorp-
tiometer (model H 760) with neutral green-grey filters
and a water blank; OD readings were related to dry
weight of cells by a calibration curve. Concentrations
of cells in culture were also determined by filtering
portions through weighed membrane filters (Metricel,
type GA-3, pore size 1.2 ,Am; Gelman Instrument Co.
Ltd., Ann Arbor, Mich.), washing the cells on the
filter with two 5-ml portions of water at room tem-
perature, and drying the filters and cells to constant
weight at 90 C.

Preparation of spheroplasts. Spheroplasts were
prepared by incubating cells with snail-gut juice. The
commercial juice, supplied in 1-ml ampoules, was
diluted with an equal volume of water, and centrifuged
at 25,000 X g at 0 C for 20 min. The supernatant
liquid, with a protein content of 35 to 45 mg/ml
(corresponding to 100 units of j3-glucuronidase and
800 units of sulfatase per ml), depending on the batch,
was supplemented with one-tenth of its volume of 1%
(w/v) cysteine hydrochloride to inactivate the preserv-
ative added to the commercial preparation (37).
Before mixing with dilute snail juice, suspensions of
cells in citrate-phosphate buffer containing 0.8 M
mannitol and 10 mm 2-mercaptoethanol were shaken
at 150 rev/min for 15 min at 37 C. Pretreatment with
2-mercaptoethanol has been shown by Davies and
Elvin (Biochem. J. 93: 8P-9P) to increase the rate of
spheroplast formation from yeast cells. The cells were
removed by centrifugation at 1,000 X g, washed twice
in 0.8 M mannitol containing 10 mM MgCI2, and
suspended in citrate-phosphate buffer containing 1.0 M

mannitol and 10 mM MgCl2 to a concentration of 10
mg (dry weight) per ml. Suspensions were then sup-
plemented with one-fifth volume of snail juice to give
the required protein concentrations, and incubated at
37 C in a shaker incubator (150 rev/min). A control
suspension was supplemented with buffered mannitol
instead of snail juice. To follow the progress of sphero-
plast formation, a sample (0.1 ml) of suspension was
added to 2.9 ml of water, shaken, and left at room
temperature (18 to 20 C) for 10 min before the ab-
sorbance was measured at 660 nm in a Unicam SP
500 spectrophotometer by using 1-cm cuvettes. A
decrease in absorbance indicated the formation of
osmotically fragile bodies in the suspension. Sphero-
plast formation was also followed by examining sam-
ples under the phase-contrast microscope and was
shown to be complete when the absorbance of the
diluted sample remained constant. Spheroplasts were
washed twice with 0.8 M mannitol containing 10 mM
MgCl2, care being taken to suspend the spheroplasts
gently. Spheroplasts suspended in 0.8 M mannitol-10
mM MgCl2 (about 10 mg, dry weight, per ml) re-
mained stable, as judged by their response to osmotic
stress, for at least 3 days when stored at 4 C.

Osmotic lysis measurements. Buffer containing
mannitol and, where indicated, other compounds at
the concentrations stated, was dispensed in 5-ml
portions in test tubes and preincubated at the stated
temperature. A portion (0.1 ml) of stock suspension
of spheroplasts was added to each tube, the contents
were immediately shaken, and the suspensions were
incubated at the stated temperature. Under each of
the conditions used, lysis was complete after 5 min of
incubation. The absorbance of each suspension was
measured at 660 nm by using a 1-cm cuvette in a
Unicam SP 500 spectrophotometer fitted with a con-
stant-temperature cuvette housing through which was
circulated water from a refrigerated water bath
(Grant Instruments Ltd., Cambridge, England;
model LB 4). The temperature of the cuvette contents
was monitored by inserting a hypodermic thermistor
along the inside of the cuvette and coupling the
thermistor to an automatic chart recorder (Rustrak
Instrument Co. Ltd., Manchester, N.H.; reference 28).

Preparation of spheroplast membranes. Spheroplasts
(10 mg, dry weight, per ml) suspended in 0.8 M man-
nitol containing 10 mM MgCl2 were squirted into 20
volumes of ice-cold phosphate buffer (pH 4.5) con-
taining 10 mM MgC92, and the suspension was cen-
trifuged at 1,500 X g for 30 min at 3 C. The supema-
tant liquid was removed, and the membranes were
suspended with gentle stirring in 10 mM MgCl2 (3 C).
The membranes were washed twice with 10 mM MgC12
at 3 C and suspended in 10 mM MgCl2 to the desired
concentration. The concentration of membranes in
the suspension was determined by filtering portions
through Metricel filters, washing, and drying to con-
stant weight at 90 C. Routine determinations were
also made on freshly prepared suspensions by measur-
ing the absorbance of the membrane suspension and
relating this to dry weight of membrane by a calibra-
tion curve. Suspensions of membranes in 10 mM
MgCl2 were stored for up to 24 hr at 3 C.

Analytical methods. Contents of Mg'+ and Ca2+ in
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membranes and washings were determined by atomic
absorption spectrophotometry. Portions (20 mg, dry
weight) of membrane were washed carefully three
times with glass-distilled water and suspended in 0.3
ml of a 1:1 mixture of 3 M trichloroacetic acid and
glacial acetic acid (34). The suspension was placed in
a boiling-water bath for 3 to 5 min, supplemented
with 3 ml of glass-distilled water, and again placed in
a bath of boiling water. After cooling to room tem-
perature, 0.1 ml of a solution containing 6 mg each of
CaCI2 and SrCl2 was added to eliminate interference
from phosphates and divalent ions. The suspension
was then made up to 5 ml, centrifuged at 3,500 X g
for 15 min at room temperature to remove protein,
and the divalent cation content of the supernatant
liquid was determined by using a model 140 EEL
atomic absorption spectrophotometer with an air-
acetylene flame. Determinations of Mg2+ were made by
using the 285.2-nm line, and of a Cal+ by using the
422.7-nm line.

Contents of Na+ in membranes and washings were
also determined by atomic absorption spectrophotom-
etry by using an air-acetylene flame. Portions (20 mg,
dry weight) of membrane were carefully washed with
solutions described in the Results section and sus-
pended in 10 ml of 5% (w/v) perchloric acid (39);
the suspension was boiled until it was water-clear.
Some samples gave a straw-colored solution due to
the presence of carbon, and these were cleared by
adding one to two drops of 10% (v/v) hydrogen
peroxide solution and heating until the color disap-
peared. The solution was allowed to cool, supple-
mented with 0.1 ml of a solution containing 3 mg
each of LaCl3 and SrCl2 per ml, and the Na+ content
of the solution was determined at 589 nm by using the
model 140 EEL atomic absorption spectrophotometer.
Potassium contents of membranes and washings were
determined by using an EEL flame photometer with a
coal gas-air flame. Membranes were treated exactly as
for determination of Na+ content by atomic absorp-
tion spectrophotometry. DNA contents of cells were
determined by the method of Burton (3), with herring-
sperm DNA as a standard, and RNA contents were
determined by the method of Schneider (31), with
acid-hydrolyzed yeast RNA as a standard. Protein
contents of cells were determined by the method of
Lowry et al. (23) with bovine plasma albumin as a
standard. Ninhydrin-positive compounds in suspend-
ing liquids were determined by the Yemm and Cocking
method (40) with DL-leucine as a standard.

Chemicals. All chemicals used were reagent grade
or of the highest purity available commercially.
Herring-sperm DNA, yeast RNA, and bovine plasma
albumin were supplied by Sigma Chemical Co.,
London. Snail-gut juice, the digestive juice of Helix
pomatia, was supplied by L'Industrie Biologique
Francaise, S.A., Gennevilliers, Seine, France.

RESULTS
Effect of growth temperature on susceptbility

of cell walls to digestion with snail juice. The
temperature at which cells were grown in batch
culture affected the susceptibility of their walls

to digestion with snail juice. Cells grown at 30 C
were rapidly converted into spheroplasts in
reaction mixtures containing about 20 mg of
snail-juice protein per ml (Fig. 1). When the
concentration of snail-juice protein in the reac-
tion mixture was decreased to about 2 mg/ml, the
rate of spheroplast formation was slightly
lowered. Pretreatment of cells with 2-mercapto-
ethanol increased the rate of spheroplast forma-
tion in all reaction mixtures. When the growth
temperature was decreased below 30 C, cells
became increasingly resistant to digestion with
snail juice (Fig. 1). In reaction mixtures contain-
ing 20 mg of snail-juice protein per ml, about 3 hr
of incubation at 37 C was required to convert
cells grown at 10 C completely into spheroplasts,

0.~

E

'0

0.2
w

z

0

O 30 *0 90 120 150

MINUTES

E o.^

'0'0
I-~~~~~~~~~~~~0o r~~~~~~~~~~~~~~~~o

z
44

10

ob , * . ~.
° 30 *0 *0 120 ISO

MINUTES
FIG. 1. Time course of spheroplast formation by

action of snail-gut juice on cells grown batchwise at
30 C (a) or 15 C (b). 0, Formation of spheroplasts in
suspensions containing 20 mg of snail-juice protein per
ml; 0, formation in suspensions containing 2 mg of
snail-juice protein per ml; solid line, behavior of cells
pretreated with 2-mercaptoethanol; dotted line, be-
havior of cells not pretreated; V, behavior of cells in
suspensions not supplemented with snail-gut juice.
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even after pretreatment with 2-mercaptoethanol.
There was no significant decrease in the ab-
sorbance of suspensions obtained by diluting
samples from reaction mixtures containing cells
grown at 30 C but lacking snail juice. However,
when comparable experiments were done with
cells grown at temperatures below 30 C, there was
a decrease in absorbance of the diluted sample
which was greater the lower the temperature at
which the cells had been grown in the range 30
to 10 C (Fig. 1). The decrease in absorbance was
not due to autolysis of cells in the hypertonic
mannitol solution since only small amounts of
ninhydrin-positive compounds and of compounds
that absorb at 260 and 280 nm were released into
the suspending liquid; also, there was only a
very small decrease in the contents of cell protein
and RNA, and no effect on the DNA contents of
cells. That the decrease in absorbance was prob-
ably due to the formation of osmotically fragile
bodies, presumably as a result of limited autolysis
(27), was indicated by experiments in which
dilution of samples of the suspension into 0.8 M
mannitol was shown not to cause a decrease in
absorbance. The increased autolysis in cells
grown at low temperatures may be due to an
increased synthesis of autolytic enzymes, to
production of a wall that is more susceptible to
digestion by these enzymes, or to both.
The increased resistance of cell walls to diges-

tion with snail juice as the growth temperature
was lowered below 30 C is probably due to growth
temperature-induced changes in cell-wall com-
position and structure. These changes may be a
direct result of the lowering of the growth tem-
perature or a result of the decrease in growth rate
that accompanies a lowering of the growth
temperature in batch cultures (11). To decide
between these possibilities, cells were grown in a
chemostat in which it was possible to maintain
the pH value, nutrient concentration, and dis-
solved oxygen tension constant, and to vary the
growth temperature and growth rate independ-
ently of each other. Cells grown continuously at
30 C at different dilution rates (equal to growth
rates) differed little in their susceptibility to
spheroplast formation; moreover, these cells
behaved very similarly to cells grown batchwise at
30 C. However, when the growth temperature
was decreased to 15 C, the susceptibility of cells
grown continuously at a fixed rate was less than
those grown at the same rate at 30 C.

Susceptibility of spheroplasts to osmotic lysis.
When suspensions of spheroplasts in 0.8 M man-
nitol-10 mi MgCl2 were added to hypotonic
solutions of mannitol (pH 4.5 to 4.8), the ab-
sorbance of suspensions decreased over the first 5
min and then remained constant. The decrease in

absorbance was greater the lower the concentra-
tion of mannitol in the suspending liquid; it was
greatest when the spheroplasts were suspended in
water (the final concentration of mannitol being
0.016 M; Fig. 2). Lysis curves were sigmoid, and
it was necessary to submit the data to probit
analysis (15) by which the sigmoid curves were
converted into straight lines. Data analyzed in this
way (Fig. 2) showed that spheroplasts from cells
grown at 30 C were more sensitive to osmotic
lysis than those from cells grown at 15 C. Changes
in absorbance of suspensions of spheroplasts
may result from swelling as well as lysis. That the
changes in absorbance observed when sphero-
plasts were suspended in hypotonic solutions of
mannitol were due mainly to lysis was demon-
strated by restoring the mannitol concentration
to 0.8 M in suspensions containing initially 0.2 or
0.6 M mannitol, which caused only a small in-
crease in absorbance. To study the effect of test
temperature on osmotic lysis of spheroplasts,
dilutions were made into solutions containing
different concentrations of mannitol, and the
course of lysis followed at temperatures in the
range 30 to 1 C. In general, a decrease in test
temperature below 30 C led to an increase in the
resistance of spheroplasts to osmotic lysis. Change
in resistance to lysis is expressed in the form of
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FIG. 2. Osmotic lysis of spheroplasts from cells

grown batchwise at 30 C (0) or 15 C (0). Cells were
grown as described in Materials and Methods. Sphero-
plasts were prepared from cells grown at 30 C by
incubating with 2 mg ofsnail-juice protein per ml for I
hr, and from cells grown at 15 C by incubating with
20 mg of snail-juice protein per ml for 2 hr. All cells
were pretreated with 2-mercaptoethanol. Lysis data
were sulbmitted to probit analysis by using the methods
of Finney (15). The slope of the line for spheroplasts
from 30 C-grown cells was 0.097 1 0.0023 standard
deviation, and for spheroplasts from 15 C-grown cells
it was 0.119 ± 0.0025 standard deviation. The slopes
of the lines are significantly different at a 5% level.
Probit 5.0 indicates 50% lysis.
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osmotic shift or Cm values (19), which are equal
to the decrease or increase in concentration of
mannitol required to obtain 50% lysis of sphero-
plasts. An increase in Cm value indicates a greater
resistance to lysis in spheroplasts as compared
with the control, and a decrease in lowered re-
sistance.

Since the lysis curves were sigmoid, the data
were submitted to probit analysis (15). In the
range of test temperatures, 30 to about 6 C
(Table 1), the increased resistance was greater
with spheroplasts from cells grown at 15 C rather
than 30 C, but at lower test temperatures (6 to
1 C), there was little difference in the behavior
of the two types of spheroplasts. The slopes of the
lysis curves obtained after probit analysis differed
to some extent, but no consistent pattern was
discernible in these variations.

Effect of ions on osmotic lysis of spheroplasts.
Incorporation of chlorides of NH4+, Mn2+,
CU2+, All+, and Fes+ into mannitol solutions
had no effect on the resistance of spheroplasts
to osmotic lysis, but incorporation of chlorides
of alkali and alkaline earth metals increased the
resistance of spheroplasts to lysis. The magnitude
of the protective effect increased as the concentra-
tion was increased up to 2 to 5 mm, depending on
the cation, but decreased at higher concentrations.
A detailed examination was made of the protec-
tive effect of Na+, K+, Mg2+, and Ca2, at 30 C
in the concentration range 10 2 to 10-4 M, on

TABLE 1. Effect of test temperature on osmotic
lysis of spheroplasts from cells grown

at 30 or 15 Ca

Growth
temp

C

30
15

Osmotic shift valueb (mm mannitol) at test temp (C)

30 20 15 10 8 6 4 2 1

0 3 -11 10 6 35 85 74 83
0 10 25 43 40153 58 61 75

a Spheroplasts were prepared from cells grown
at 30 C by incubating with 2 mg of snail-juice
protein per ml for 1 hr, and from cells grown at
15 C by incubating with 20 mg of snail-juice
protein per ml for 2 hr. All cells were pretreated
with 2-mercaptoethanol.

b Osmotic shift values are equal to the change
in mannitol concentration required to obtain
50%0 lysis of spheroplasts at the stated temperature
as compared with 30 C. A positive value indicates
that the spheroplasts were more resistant at the
test temperature than at 30 C; a negative value
indicates that they were less resistant. The values
quoted are means from triplicate determinations
on at least two different batches of spheroplasts.
Standard errors of the mean of these values are
in the range 49.2 to 9.7 mM.

spheroplasts from cells grown at 30 or 15 C.
Again, lysis curves were sigmoid, and calculation
of Cm values was possible only after the data were
submitted to probit analysis (15). These data
show that, on the whole, the protective effect was
greater with Ca2+ than with any of the other
cations tested (Table 2). However, the protective
effects, measured at 30 C, of each of the cations
were often less with spheroplasts from cells grown
at 15 C compared with 30 C. The protective effects
of cations were also measured at 5 C instead of
30 C (Table 2), but no consistent pattern of effects
was discernible from the data. Incorporation of
alkali and alkaline-earth chlorides into mannitol
solutions had little if any effect on the pH value
of the solution.
A decrease in the resistance of spheroplasts to

osmotic lysis was obtained when either citrate or
ethylenediaminetetraacetate (EDTA) was in-
corporated into mannitol solutions at concentra-
tions in the range 50 to 0.1 mm (Table 3). The
decrease in resistance (expressed as Cm values)

TABLE 2. Effect of cation concentration on osmotic
lysis of spheroplasts from cells grown

at 30 or 15 Ca

Osmotic shift valueb (mae mannitol)

Concn of Test Growth Growth Growth Growth
catione temp temp temp temp tempwith Na+ with K+ with Mg2+ with Ca2+

30C I5C 30C 15C 30C 15C 30C 15C

1 30 37 24 49 27 22 34 51 14
5 63 35 29 32 0.5 21 12 17

5 30 57 37 87 33 22 57 60 21
5 24 40 41 42 58 39 71 15

10 30 6 27 71 19 17 36 50 21
5 27 30 45 30 70 37 42 10

a Spheroplasts were prepared from cells grown
at 30 C by incubating with 2 mg of snail-juice
protein per ml for 1 hr, and from cells grown at
15 C by incubating with 20 mg of snail-juice pro-
tein per ml for 2 hr. All cells were pretreated with
2-mercaptoethanol.

b Osmotic shift values are equal to the decrease
in mannitol concentration required to obtain
50% lysis of spheroplasts in the presence of the
stated concentration of cation compared with the
value in suspensions lacking the cation. The
greater the value, the greater the resistance of
the spheroplasts to lysis. The values shown are
the means of triplicate determinations on at least
two different batches of spheroplasts. The stand-
ard errors of the mean of these values are in the
range ±9.1 to 9.8 mM.

c Cations were incorporated in the form of
chlorides.
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TABLE 3. Effect of concentration of EDTA and
citrate on osmotic lysis of spheroplasts

from cells grown at 30 or 15 Ca

Concn of
anion

mm

1

5

10

50

Test temp

C

30
5
30
5
30
5

30
5

Osmotic shift valueb (mm mannitol)

Growth temp
with EDTAc

30 C

49
57
111

181
132
175
157
171

15 c

31
17
54
27
60
32
72
54

Growth temp
with citrate'

30C 15C

62
3

93
143
112
142
120
147

37
11
67
20
72
40
81
56

a Spheroplasts were prepared from cells grown
at 30 C by incubating with 2 mg of snail-juice
protein per ml for 1 hr, and from cells grown at
15 C by incubating with 20 mg of snail-juice
protein per ml for 2 hr. All cells were pretreated
with 2-mercaptoethanol.
bOsmotic shift values are equal to the increase

in mannitol concentration required to obtain 50%
lysis of spheroplasts in the presence of the stated
concentration of anion compared with the value
in the absence of the anion. The greater the value
the smaller the resistance of the spheroplast to
lysis. The values quoted are the means of triplicate
determinations on at least two different batches
of spheroplasts. The standard errors of the mean

of these values are in the range 9.4 to 9.7 mM.
c Incorporated in the form of the disodium salt.
d Incorporated in the form of the trisodium salt.

was greater with spheroplasts from cells grown at
30 C than with cells grown at 15 C. When sphero-
plasts from cells grown at 30 C were lysed at 5 C
instead of 30 C in the presence of EDTA or

citrate, they were generally less resistant to
osmotic stress. However, when spheroplasts from
cells grown at 15 C were similarly examined, they
were more resistant to lysis at 5 C than at 30 C.

Cation contents of spheroplast membranes.
Table 4 shows that there is a small difference in
the contents of Mg2+ and Ca2+ in membranes
from spheroplasts of cells grown at 30C com-

pared with 15 C. Moreover, these divalant cations
were less easily extracted by EDTA from mem-

branes of spheroplasts from cells grown at 15 C
compared with 30 C. Membranes from sphero-
plasts of cells grown at 15 C contained slightly
but significantly larger amounts of Na+ and K+
compared with membranes from cells grown at
30 C (Table 5). Repeated washing of the mem-

branes with water removed all of the Na+ and K+
but there was no significant difference in the ease

of extraction of these ions from membranes of
cells grown at 30 C compared with 15 C. Washing
with 10 mM MgCl2 also extracted Na+ and K+
from membranes, although Na+ was more easily
extracted than K+ from both types of membrane.
Washing with 1 mm NaCl led to a small increase
in the Na+ content of membranes, and washing
with 2 mm KCI had a similar effect on the K+
content. However, membranes from spheroplasts
of cells grown at 30 C did not behave differently
from those from cells grown at 15 C (Table 5).

DISCUSSION

The main alterations in lipid composition
caused by lowering the growth temperature of
microorganisms are an increased synthesis of
unsaturated fatty acids (12, 20, 25) and, in yeasts,
an increased synthesis of phospholipids at the
expense of triglycerides (20). It has been con-

firmed in this Laboratory (K. Hunter and A. H.
Rose, unpublished observations) that these changes
take place when the growth temperature of S.
cerevisiae NCYC 366 is decreased from 30 to

TABLE 4. Effect ofEDTA concentration on

extraction of Mg'+ and Cal+ from
membranes of spheroplasts from

cells grown at 30 or 15 Ca

Growth
temp

C

30

15

EDTA
concn

M

0

10-4
10-3

2 X 10-a
5 X 10-'

10-2

0

10-4
10-a

2 X 10-'
5 X 10-3

10-2

Amt of Mg2+ Mg2+
in membraneb tracted

247 i 12.6 0
174 4 14.7 29.6
168 16.2 32.0
171 15.8 30.8
152 + 13.2 38.5
149 + 16.7 39.7

285 + 16.2 2.0
278 4 12.1 2.5
250 4 12.3 12.3
231 12.1 18.9
200 + 12.5 29.8
207 4 13.1 26.4

Amt of
Ca2+ in

membraneb

26 1.4
10 2.0

0

0

0

0

28 i 1.8
23 L 1.6

0

0

0

0

Ca2+
ex-

tracted

0

61.5
100
100
100
100

0

i 17.9
100
100
100
100

a Spheroplasts were prepared from cells grown at 30 C by

incubating with 2 mg of snail-juice protein per ml for 1 hr,
and from cells grown at 15 C by incubating with 20 mg of

snail-juice protein for 2 hr. Membranes were obtained from

spheroplasts. Extractions were carried out by suspending
membranes (8 mg, dry weight, per ml) for 15 min in solutions

of disodium EDTA at the stated concentrations. The suspen-
sions were then centrifuged, the membranes were washed

three times with water, and the cation content of the membranes

was determined. Neither of the cations could be detected

in the third water-washing. The total amounts extracted were

equal to the amount lost from the membranes.
b The values quoted are the number of micrograms per

gram (dry weight) of membrane; they are averages, with stand-

ard errors of the mean of triplicate determinations on at least

two different batches of membrane.
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TABLE 5. Elution of Na+ and K+ ions from spheroplast membranes from cells grown at 30 or 15 Ca

Amt of Na+ in cells grown atb Amt of K+ in cells grown atb
Eluent Treatment

30C 15C 30C 15C

Water Before elution 47 A 5.4 57 6.0 85 i 3.2 97 4i 5.1
After one washing Tr 10 4 2.3 42 41 2.8 40 -i 4.2
After two washings Tr 21 4 2.5 17 4 3.1
After three washings Tr Tr

MgCl2 (10 mM) Before elution 52 4 6.4 62 4i 5.3 82 :1 3.7 100 i 4.2
After one washing Tr Tr 45 41 4.2 52 i 5.0

NaCl (1 mM) Before elution 50 i 5.7 58 ± 5.7
After one washing 56 4 6.0 65 ± 6.0
After two washings 59 1 6.0 67 4 6.2
After three washings 52 + 5.8 70 i 6.3

KCI (2 mM) Before elution 80 3.5 103 4t 4.7
After one washing 49 1 2.8 49 i 3.6
After two washings 42 + 4.3 52 i 4.3
After three washings 39 i 3.6 46 4 3.9

a Spheroplasts were prepared from cells grown at 30 C by incubating with 2 mg of snail-juice protein
per ml for 1 hr, and from cells grown at 15 C by incubating with 20 mg of snail-juice protein per ml
for 2 hr. Membranes were obtained from spheroplasts. Membranes (50 mg, dry weight) were washed
by suspending in 10 to 15 ml of eluent and then centrifuging at 1,500 X g for 10 min at room temperature.

b The values quoted are the number of micrograms per gram (dry weight) of membrane; they are
averages, with standard errors of the mean of triplicate determinations on at least two different batches
of membrane. Tr, trace.

15 C. This decrease in incubation temperature
causes an approximately 11% increase in the
proportion of unsaturated fatty acids in the cell
lipids. It appears, however, that this increased
synthesis of unsaturated fatty acids occurs mainly
in intracellular lipids, including mitochondrial
lipids, and that the increase in the proportion of
unsaturation in the lipids of the outer spheroplast
membrane is small. The increased synthesis of
phospholipids after a decrease in growth tem-
perature from 30 to 15 C amounts to about 20%.
The increase is mainly in phosphatidylcholine.
Most of the findings reported in this paper can

be explained by the increase in the proportion of
phospholipids in spheroplast membranes from
cells grown at 15 C instead of 30 C. The possibility
that differences in the ion-binding capacities of
spheroplast membranes were due to an increased
retention of cell-wall material was discounted,
since membranes from spheroplasts of cells
grown at 30 C contain, at 15 C, approximately
the same amounts of anthrone-positive material
(22). Several workers, using pure phospholipids
or phospholipids in mixed monolayers, have
shown that one of the main properties of these
lipids is their ability to bind cations, especially
divalent cations (18, 29, 32). This would explain
the small but significant increase in the contents
of Ca2+, Mg2+, K+, and Na+ in membranes of

spheroplasts from cells grown at 15 C instead of
30 C. The finding that spheroplasts from cells
grown at 15 C were more resistant to osmotic
lysis compared with those from cells grown at
30 C suggests that the presence of an increased
proportion of phospholipids and cations in
the membranes may confer this increased re-
sistance. Support for this contention comes from
the discovery that spheroplasts from cells grown
at 15 C were more resistant to the action of the
chelating agents EDTA and citrate compared
with those from cells grown at 30 C. Additional
support comes from the finding that cations,
especially Ca2+, have a greater protective effect
on lysis of spheroplasts from cells grown at
30 C than on those from cells grown at 15 C.
The fact that cations have this effect suggests
that not all of the ion-binding sites on the mem-
brane are occupied in intact spheroplasts. Some
ions may have been removed after digestion of
the wall during spheroplast formation, a sugges-
tion which implies that the cell wall may have a
role in regulating the ionic environment around
the outside of the spheroplast membrane in the
intact cell.
The manner in which phospholipids, together

with cations, confer resistance to osmotic lysis in
spheroplast membranes is not known. Intra-
molecular and intermolecular cross-linking with
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divalent ions is known to stabilize macromolecu-
lar systems and may therefore be important in

biological membranes (33). In membranes con-

taining a high proportion of phospholipids, this

type of cross-linking would be more extensive,

assuming that a suitable concentration of divalent

ions is also present. Since the diameters of the

hydrated Ca2+ and Mg2+ are almost identical,

it would be expected that these two ions would

have identical effects in membranes. The finding

that Ca2+ is slightly more effective than Mg2
in protecting spheroplasts against osmotic lysis

suggests that the former ion may act, to a limited

extent, in a more specific role at certain membrane
loci. Cross-linking with divalent ions suggests that

a major function for phospholipid-ion complexes

in biological membranes may be to confer a

measure of extensibility on the membrane. This

may explain why some microorganisms (e.g.,

gram-positive bacteria) contain a greater propor-

tion of phospholipids in their membranes than

others, since these organisms have higher internal

osmotic pressures andhence may be more suscep-

tible to osmotic lysis during cell-wall extension

and growth.
The increased resistance to osmotic lysis of

spheroplasts from cells grown at 15 C rather than

30 C, as the test temperature was lowered below

30 C, could be explained by the small increase in

the proportion of unsaturated fatty acids in the

spheroplast membranes from cells grown at the

lower temperature. The presence of an increased

proportion of unsaturation in lipids lowers the

temperature at which the endothermic phase

transition takes place (4, 5, 6). This phase transi-

tion is primarily associated with a "melting" of

the hydrocarbon chains in the phospholipid, and

the greater mobility in these chains in membranes

from cells grown at the lower temperature could

explain the greater resistance to osmotic lysis at

low test temperatures.
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