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ABSTRACT

Potassium ions and amino acids were found to leak from the cytoplasm
to the outer medium when the blue-green alga, Ancystis nidulans, was
exposed to the chilling temperatures. The leakage was marked below the
critical temperature regions, the midpoint values for which were around 5
and 14 C in cells grown at 28 and 38 C, respectively. These temperature
regions coincided with those critical for the susceptiblity of the photosyn-
thetic activities and the carotenoid absorption spectrum previously studied
(Ono TA, N Murata 1981 Plant Physiol 67: 176-181).

Potassium and magnesium ions in the cell suspension medium protected
the algal cells from the chilling-induced damage of the Hill reaction with
1,4-benzoquinone. The activity of the Hill reaction which had been dimin-
ished by the first chilling treatment in a low salt medium was restored by
the second chilling treatment of a high salt medium. The chilling suscep-
tibility of the Hill reaction could be attributed to the leakage of cations
from the cytoplasm due to increased permeability of the cytoplasmic
membrane at the chilling temperatures.
A mechanism is proposed to interpret the chilling susceptibility of A.

n d,ans: (a) at chilling temperatures, the bilayer lipids of the cytoplasiic
membrane are in the phase separation state; (b) ions and solutes having
low molecular weights leak from the cytoplasm to the outer medium when
the lipids of the cytoplasmic membrane are in the phase separation state;
(c) decreases in the intracellular concentrations of ions and solutes degrade
the physiological activities of the cells.

It is shown in the preceding paper (22) that Anacystis nidulans
loses the activities of photosynthetic 02 evolution and the Hill
reaction when it is exposed to chilling temperatures. The temper-
ature region critical for chilling susceptibility depends on growth
temperature. The midpoint values for the critical regions are 4 and
12 C in cells grown at 28 and 38 C, respectively. These tempera-
tures are much lower than those of the onset of phase separation
of thylakoid membrane lipids (15, 16, 19, 21, 22).

In some heterotrophic bacteria, the intracellular solutes, such as
permease-accumulated substances (10, 23) and K+ (7), are released
when the temperature is lowered below a critical value. The
chilling susceptibility of these bacteria can be attributed to the
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stimulation of passive permeability of the cytoplasmic membrane
at the low temperatures. In A. nidulans, some amino acids and
pteridines are known to leak from the cells at chilling temperatures
(4, 9).
The study presented here was conducted to elucidate the rela-

tionship between the leakage of the intracellular substances and
the chilling susceptibility of A. nidulans. We suggest that the
temperature-induced phase change of lipids of the cytoplasmic
membrane, but not of the thylakoid membrane, is involved in the
chilling susceptibility of this alga.

MATERIALS AND METHODS

A. nidulans was photoautotrophically grown at 28 and 38 C as
described previously (22). The cells at the late logarithmic phase
were harvested by centrifugation at 50OOg for 5 min at the growth
temperature and were suspended in an appropriate medium, the
temperature of which had been adjusted to the growth tempera-
ture. The cell density was in a range of 100 to 150 ,g Chl/ml for
measurements of the releases of K+, ninhydrin-reacting sub-
stances, and pteridines and in a range of 5 to 10 ,ug Chl/ml for
measurements of photosynthesis and the Hill reaction. Chilling
treatments of the cells were performed as described previously
(22).
To investigate the effect of chilling treatment on the release of

K+, the harvested cells were washed three times by resuspension
and recentrifugation with 40 mm Na-phosphate buffer (pH 7.0) at
the growth temperature. The resultant pellet was resuspended in
the same buffer solution. In experiments for the release of ninhy-
drin-reacting substances and pteridines. NaH2PO4 in the buffer
was replaced by KH2PO4. After an appropriate period of chilling
treatment, the cell suspension was filtrated through a well-washed
glass fiber filter (Wattman GF/F; pore size, 0.6 ,um). The filtration
was completed within 15 s at the temperature of treatment. All of
these procedures were done in the dark.
The amount of K+ in the filtrate was determined in the flame-

photometer with an atomic absorption spectrophotometer (Hitachi
508 A). The amount of ninhydrin-reacting substances was deter-
mined in the method of Yemm and Cocking (25). To identify the
amino acids released from the cells, the filtrate was applied to the
two-dimensional TLC on silica gel with the developing solvents
1-butanol-acetic acid H20 (4:1:1, by volume) and H20-saturated
phenol (18). Spots were detected with ninhydrin. The amount of
pteridines in the filtrate was photometrically determined. After
the complete oxidation of pteridines by exposing the filtrate to air
at 4 C for 12 h (4), the A at 410 nm was measured.
To investigate the effect of salts and sucrose in the suspension

medium on the chilling susceptibility of the Hill reaction with 1,4-
benzoquinone and photosynthesis, the cells grown at 38 C were
twice washed with 15 mm Tes-NaOH buffer (pH 7.0) at the growth
temperature. The resultant pellet was resuspended in the same
buffer solution at 38 C containing various concentrations of either
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KCI, NaCl, or MgCl2 in the salt effects, and 300 mm sucrose in
the sucrose effects. After being kept at 38 C for 20 min, the cells
were treated at 0 C or 60 min. They were warmed to 38 C and,
after being kept at the temperature for 10 min, were subjected to
the measurements. In experiments of the two-step treatment, the
cells were washed with and resuspended in 15 mm Tes-NaOH
buffer (pH 7.0) at 38 C. They were treated at 0 C for 60 min (the
first treatment), warmed up to 38 C, and kept at the temperature
for 10 min. 10 mM MgCl2 was added to the cell suspension, and
the cells were treated at 0 .or 38 C for 30 min (the second
treatment). After being rewarmed to 38 C and being kept at
temperature for 10 min, the cells were subjected to the measure-
ments. All of these procedures were done in the dark.

Activities of the Hill reaction with 1,4-benzoquinone and the
photosynthesis were measured as described previously (22), Chl a
concentration was determined in 80% aqueous acetone according
to the method of MacKinney (I 1).

RESULTS

EFFECT OF CHILLING TREATMENT

On Release of Potassium Ions. When the algal cells grown at
38 C were exposed to 0 C, the leakage of K+ from the cells to the
suspension medium was greatly stimulated. Figure 1 shows time
courses of K+ release at 0 and 38 C. The K+ release was small and
slow at 38 C, i.e. the growth temperature, whereas it was marked
and rapid at 0 C. The amount of leaked K+ attained almost to the
final level within 10 min at the low temperature.
There was a small, but distinct, amount of K+ release at zero

time even at 38 C. A non-zero value of K+ release on changing
the suspension medium has been observed in E. coli (7). This type
of K+ release might occur in A. nidulans.
An intracellular concentration of K+ was estimated from the

amount of released ions, on the assumption that all of K+ leaked
and that a cell had a cylindrical shape 3.0 ytm in length and 0.5
ltm in diameter (20). The estimated concentration was approxi-
mately 0.2 M.

Figure 2 shows the temperature dependence of the K+ release.
In cells grown at 38 C, the extent of K+ released in 10 min was
high below 10 C and very low above 17 C. A midpoint value for
the temperature region critical for the K+ release was around 14
C. In cells grown at 28 C, a similar feature of temperature
dependence was found. A midpoint value for the critical temper-
ature was around 4 C, although it could not be precisely deter-
mined. We note that the critical temperature region depended on
the growth temperature.
On Release of Ninhydrin-reacting Substances. Jansz and
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FIG. 1. Effect of chilling treatment on the K+ release in cells grown at

38 C. The cells were suspended in 40 mm Na-phosphate buffer (pH 7.0)
and treated at 38 C (0) or 0 C (0).
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FIG. 2. Dependence of the K+ release on chilling temperatures in cells
grown at 28 C (-) and 38 C (A). The cells were suspended in 40 mm Na-
phosphate buffer (pH 7.0) and treated for 10 min at chilling temperatures.
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FIG. 3. Effect of chilling treatment on the release of ninhydrin-reacting
substances in cells grown at 38 C. The cells were suspended in 40 mM Na/
K-phosphate buffer (pH 7.0) and treated at 38 C (0), 10 C (O), or 0 C
(0).

MacLean (9) discovered that some amino acids were released
from the cells of A. nidulans when they were exposed to the
chilling temperatures. We re-examined this phenomenon using
the cells grown at 38 C. Figure 3 shows that the ninhydrin-reacting
substances leaked to the outer medium at 0 and 10 C. Most of the
leakage was completed within 10 min. A small and slow release
seemed to begin after 30 min of chilling treatment at 0 C. TLC on
silica gel revealed that a major component of the released ninhy-
drin-reacting substances was glutamic acid. Two minor ninhydrin-
positive spots were found on the thin layer plate but were not
identified.

Figure 4 shows the temperature dependence of the release of
ninhydrin-reacting substances. The temperature regions critical
for the release appeared with midpoints around 5 and 13 C in
cells grown at 28 and 38 C, respectively. The critical temperature
regions coincided with those observed in the K+ release. These
findings indicate that a common mechanism underlies the chilling-
induced releases of K+ and the ninhydrin-reacting substances.
On Release of Pteridines. When the cells grown at 38 C were

exposed to chilling temperatures, a yellow-colored and fluorescent
substance with absorption peaks at 410 and 270 nm leaked from
the cells. Forrest et al. (4) identified it as isosepiapterin. The
pteridine began to leak only after 30 min of treatment at 0 C and
50 min at 10 C (Fig. 5). We note that the pteridine release was
much slower than the releases of K+ and ninhydrin-reacting
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FIG. 4. Dependence of the release of ninhydrin-reacting substances on
the chilling temperatures in cells grown at 28 C (0) and 38 C (A). The
cells were suspended in 40 mm Na/K-phosphate buffer (pH 7.0) and
treated for 10 min at chilling temperatures. The amount of ninhydrin-
reacting substances was calculated in terms of leucine.

Treatment time, min
FIG. 5. Effect of chilling treatment on the release of pteridines in cells

grown at 38 C. The cells were suspended in 40 mm Na/K-phosphate
buffer (pH 7.0) and treated at 38 C (0), 10 C (O), or 0 C (@). A at 410 nm
due to pteridines was measured after pteridine solution was kept at 4 C for
12 h.

substances.
Effects of Salts and Sucrose on Chiiling Susceptibility of Hill

Reaction. KCI and MgCl2 in the suspension medium were found
to protect the cells against the chilling-induced damage of the Hill
reaction with 1,4-benzoquinone. In Figures 6 and 7, the Hill
reaction was measured after the cells grown at 38 C were treated
at 0 or 38 C in the presence of various concentrations of KCI or

MgCl2. On treatment at 0 C (Fig. 6), the activity of the Hill
reaction increased from 250 ,mol 02 evolved/mg Chl-h without
KCI to 500 ,umol 02 evolved/mg Chl- h with 25 mm KCI. Further
additions of KCI slightly suppressed the activity. On treatment at
38 C (Fig. 6), the activity decreased from 700 t,mol 02 evolved/
mg Chl h without KCI to 550 ,umol 02 evolved/mg Chl-h with
80 mm KCI. In increasing the KCI concentration, the relative
activity (the activity of the 0 C-treated cells divided by that of 38
C-treated cells) augmented from 40%o without KCI to 75% with 30
to 80 mm KCI. These findings indicate that KCI significantly
protects the algal cells from the chilling-induced damage of the
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FIG. 6. Effect of the KCI concentration in the suspension medium on
chilling susceptibility of the Hill reaction with 1,4-benzoquinone. Cells
grown at 38 C were suspended in 15 mm Tes-NaOH buffer (pH 7.0)
containing various concentrations of KCI and treated for 60 min at 38 C
(0) or 0 C (0). Relative activity (Q) stands for the activity in the chilled
cells divided by that in the unchilled cells.

Hill reaction. A KCI concentration required for the half-maximal
effect of protection was 7.5 mm. NaCl at concentrations lower
than 40 mm had the same effects as KCI did, although NaCl at
concentrations higher than 50 mm strongly inhibited the Hill
reaction at both 0 and 38 C.

In increasing the MgCl2 concentration (Fig. 7), the activity
remained almost constant at 38 C, whereas it augmented from a
low to high level at 0 C. The relative activity increased from 35 to
75%. A MgCl2 concentration for the half-maximum effect was 1.5
mM. MgCl2 was 5 times as effective as KCI in protecting the cells
from the chilling-induced damage.

Table I shows the effect of MgCl2 on the chilling susceptibility
of the Hill reaction in cells grown at 38 C. The activity of the Hill
reaction which had decreased to 35% of control after the treatment
at 0 C in the absence of MgCl2 was restored to 74% of control
when the cells were retreated at 0 C in the presence of 10 mm
MgCl2. This recovered activity was approximately the same as the
activity in the cells which were directly treated at 0 C in the
presence of MgCl2. The Hill reaction was partially restored on the
second treatment with MgCl2 even at 38 C, although the recovered
activity was lower than that at 0 C. It can be inferred, therefore,
that the chilling is not necessary in recovering the declined activity
in the second treatment.
To investigate the effect of osmotic pressure on the chilling

susceptibility of the Hill reaction, the cells grown at 38 C were
treated at 0 or 38 C in the presence of 300 mm sucrose (Table II).
Sucrose decreased the activity to about two-thirds, irrespective of
the presence or absence of MgCl2 and the temperature of treat-
ment. As a result, the chilling treatment in the presence of sucrose
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FIG. 7. Effect of the MgCI2 concentration in the suspension medium
on chilling susceptibility of the Hill reaction with 1,4-benzoquinone. Cells
grown at 38 C were suspended in 15 mM Tes-NaOH buffer (pH 7.0)
containing various concentrations of MgCl2 and treated for 60 min at 38
C (0) or 0 C (0). Relative activity (Q) stands for the activity in the chilled
cells- divided by that in the unchilled cells.

Table I. Activity of Hill Reaction with 1,4-Benzoquinone after Two-step
Treatment in Presence and Absence of MgCl2.

Cells grown at 38 C were suspended in 15 mM Tes-NaOH buffer (pH
7.0), with or without 10 mM MgCI2 as indicated, and were treated at 0 or

38 C for 60 min in the first treatment and for 30 min in the second
treatment.

First Treatment Second treatment

02 Evolved
Tempera- MC2 Tempera- MgCl2ve

ture MgCl2 ture MgCl2
C C ytmol/mg Chl-h

38 - 524
0 - 186
0 + 416

0 - 0 - 200
0 - 0 + 391
0 - 38 - 147
0 - 38 + 323

diminished the activity of the Hill reaction to 28% in the absence
and 78% in the presence of 10 mM MgCl2. We conclude that the
osmotic pressure does not affect the protective effect of MgCl2.

Effect of Salt on Chilling Susceptibility of Photosynthesis. The
chilling susceptibility of photosynthesis 02 evolution, on the other
hand, was not influenced by MgCl2. Figure 8 shows the effect of
the MgCl2 concentration on the photosynthesis when the cells
grown at 38 C were treated at 0 or 38 C. At 38 C, MgCl2 stimulated
the photosynthetic activity at high concentrations. At 0 C, the

CHILLING SUSCEPTIBILITY IN ANACYSTIS. II

Table II. Effect of Sucrose on Chilling Susceptibility of Hill Reaction with
1,4-Benzoquinone in Presence and Absence of MgCl2.

Cells grown at 38 C were suspended in 15 mM Tes-NaOH buffer (pH
7.0) containing 0 or 300 mm sucrose and 0 or 10 mM MgCl2 as indicated
and were treated at 0 or 38 C for 60 min.

Additions
Temperature 02 Evolved

Sucrose MgCl2
C pmol/mg Chl. h

38 - - 661
38 - + 721
0 - - 168
0 - + 499

38 + - 426
38 + + 500
0 + _ 120
0 + + 336
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FIG. 8. Effect of the MgCI2 concentration in the suspension medium
on chilling susceptibility of photosynthetic O2 evolution. Cells grown at 38
C were suspended in 15 mm Tes-NaOH buffer (pH 7.0) containing various
concentrations of MgCl2 and treated for 60 min at 38 C (O or 0 C (0).
Relative activity (Q) stands for the activity in the chilled cells divided by
that in the unchilled cells.

activity was markedly suppressed throughout the MgCl2 concen-

trations from 0 to 50 mm. The relative activity remained at 25% at
all the MgC12 concentrations examined.

DISCUSSION

We found that the critical temperature regions for the release of
K+ and amino acids were the same as for the susceptibility of the
photosynthetic activities and the carotenoid absorption spectrum
(22). Similar time courses were found in the release of the intra-
cellular ions and solutes here and the responses of the photosyn-
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thetic activities and the absorption spectrum in the preceding
paper (22). We also note that the critical temperature regions
depended on growth temperature in similar ways. The findings
suggest that a common mechanism underlies chilling susceptibility
and the release of intracellular ions and solutes.

Forrest et al. (4) inferred that the release of pteridines from the
cells at chilling temperatures would be related to chilling suscep-
tibility. As shown here, however, it is much slower than the
inactivation of the photosynthesis and the Hill reaction and the
leakage of K+ and amino acids. These findings may indicate that
the leakage of pteridines is not directly related to chilling suscep-
tibility but, rather, is the result of chilling injury.

Studies on the lipid phase of thylakoid membrane in A. nidulans
(15, 16, 19, 21) have shown that the onset of phase separation
occurs around 15 and 25 C in cells grown at 28 and 38 C,
respectively. These temperatures, however, are about 10 C higher
than the critical temperature regions of chilling susceptibility and
ion leakage. It is likely that a membrane system other than the
thylakoid membrane is responsible for the chilling susceptibility.

Studies on the freeze-fracture electron microscopy (1, 2, 5, 24)
have provided information on the lipid phase of cytoplasmic
membrane of A. nidulans. Armond and Staehelin (1) have shown
that the particle-free area where the lipids are probably in the gel
state is much smaller in the cytoplasmic than in the thylakoid
membrane at low temperatures. This fact seems to indicate that
the onset of phase separation occurs at a lower temperature in the
cytoplasmic than in the thylakoid membrane. Furtado et al. (5)
have shown that the particle-free area is found in the cytoplasmic
membrane at 5 C in cells grown at 28 C and at 15 C in cells grown
at 38 C.
We have also studied the lipid phase of cytoplasmic membrane

by means of the freeze-fracture electron microscopy (unpublished
data). The result indicates that the onset of phase separation of
the cytoplasmic membrane occurs around 14 C in cells grown at
38 C and 4 C in cells grown at 28 C. The membrane lipids are in
the liquid crystalline state above, and in the phase separation state
below, these temperatures. These temperature regions coincide
with those critical for chilling susceptibility and ion leakage. This
fact suggests that the lipid phase of cytoplasmic membrane is
closely related to these temperature-dependent phenomena in A.
nidulans.

It has been shown in the artificial membranes that the passive
permeability for ions and solutes of low mol wt drastically alters
according to the physical phase of lipid hydrocarbon core (6). The
permeability is very high when the membrane lipids are in the
phase separation state (6). The ions and solutes leak probably
through the disordered structure at the interface between liquid
crystalline and gel phases. A similar situation might be involved
in the cytoplasmic membrane of A. nidulans.
The structure of cell envelope of A. nidulans is similar to the

gram-negative bacteria (3). It is likely that the diffusion barrier
for the intracellular solutes of low mol wt is the inner cytoplasmic
membrane. The leakage of K+ and amino acids from the cyto-
plasm upon chilling treatment suggests that the inner cytoplasmic
membrane is the site of chilling susceptibility.
The effect of salts in protecting the cells from the chilling-

induced damage of the Hill reaction can be rationalized by the
stimulated passive permeability of cytoplasmic membrane. In the
experiments of two-step treatment, the reduced activity of the Hill
reaction after chilling treatment in a low salt medium was restored
on treating the cells in a high salt medium. This fact strongly
indicates that the cytoplasmic membrane becomes passively
permeable and that the intracellular ions regulate the activity of
the Hill reaction.

Also in the two-step treatment (Table I), the salt was found to
restore partly the Hill reaction in the second treatment even at 38
C. This suggests that the cytoplasmic membrane was irreversibly

damaged at the first chilling treatment and was still permeable
after the cells were rewarmed to 38 C. The same conclusion was
reached by Brand et al. (2) in a study on the freeze-fracture
electron microscopy.
MgCl2 is 5 times as effective as KCI and NaCl in protecting the

cells from chilling-induced damage of the Hill reaction. This is an
indication that cations, but not anions, are essential to the protec-
tive effect of salts. This type of valency-dependent effectiveness of
cations is seen in the neutralization of surface potential of thyla-
koid membrane (8), the stacking of grana thylakoid (12) and the
regulation of light energy distribution (13, 14).
The change in osmotic pressure due to 300 mm sucrose had no

influence on the MgCl2 effect in protecting the cells from the
chilling-induced damage of the Hill reaction. It can be inferred,
therefore, that the osmotic pressure by KCI and MgCl2 did not
afford the protective effect of salts on the Hill reaction.
The chilling-induced damage of photosynthetic O2 evolution

cannot be explained solely by the changes in the intracellular
concentrations of cations because the high-salt medium does not
have any protective effect on the activity. Releases of solutes other
than cations may be also involved in the chilling susceptibility of
photosynthesis.

It has been found by Nakajima et al. (17) that the intracellular
concentration of K+ is about 0.25 M in E. coli and this concentra-
tion is required for the growth of the bacterium. The intracellular
concentration of K+ (about 0.2 M) in A. nidulans estimated from
the amount of released ions on chilling treatment is almost equal
to that of E. coli.
We propose a mechanism for the chilling susceptibility of A.

nidulans on the basis of the findings disclosed here and in the
preceding paper (22): (a) at chilling temperatures, the bilayer
lipids of the cytoplasmic membrane are in the phase separation
state in which the passive permeability of the membrane is high;
(b) ions and solutes with low mol wt, such as K+ and amino acids,
leak from the cytoplasm to the outer medium; (c) decreases in the
intracellular concentrations of ions and solutes inactivate photo-
synthesis and other physiological activities.
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