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Tris-HCI (pH 7.0), Tris-maleate (pH 7.0) and HEPES-KOH (pH 6.8-8.2), CHES (pH 8.6-10.0) and
CAPS (pH 9.7-11.1) pH buffer solutions are widely used in physiological, biophysical and biochemical
experiments. However, their effect on cells has not been thoroughly examined. The results of this study
show that these pH buffer solutions can stop the protoplasmic streaming of Chara internodal cells and kill
them within one to several days at 10 mol m™~3, probably by destruction of the membrane functions.
However, the cells can be kept alive by the addition of 0.5 mol m~3 Ca?*; if this is done, the velocity of the
protoplasmic streaming remains normal for more than 10 days in 10 mol m~3 Tris pH buffer solutions.
The same toxic phenomenon was observed in 10 mol m~2 HEPES pH buffer solutions, probably due to the
liberation of calcium bound to the cell membrane by the Kt added as KOH to adjust the pH value.

Key Index Words:
buffer— HEPES—protoplasmic st
buffer.

The pH buffer solutions of potassium phos-
phate, Tris-HCI, Tris-maleate and HEPES-
KOH are often used in studies in cell physio-
logy and biophysics as well as in biochemistry.
However, the toxicity of potassium phosphate
pH buffer solution at pH 7.0 to the Chara
internodal cells was pointed out by Kiyosawa
and Adachi (1990). This toxic effect on cells,
cell membranes and membrane fragments
needs to be examined in detail.

Recently, Kiyosawa and Adachi (1990)
found that Chara internodal cells were killed
even when exposed to 10-50 mol m~3 KCI,
10.0mol m=3 MgCl; or Mg(NOs),, 1.0
mol m~3 BaCl, or Ba(NQO3),, as found with
NaCl by Katsuhara and Tazawa (1986).
However, these cells could survive in 80
molm~3 CaCl,, Ca(NOs),, SrCl, or
Sr(NOg), for more than ten days. Further-
more, addition of Ca?* or Sr?* to the KCl,
MgCl, and BaCl, enabled the Chara inter-
nodal cells to survive for more than a week.

These studies using calcium buffer solu-
tions showed that the minimum effective con-
centration of the Ca?* in the surrounding

calcium ions—Chara australis—Charophyta—ocytoplasmic streaming—Good pH
salt (electrolyte) tolerance— Tris-HCl— Tris-maleate— Tris pH

solution of the Chara internodal cell was be-
tween pCa 5 (1.0 X 1073 mol m~3) and pCa 6
(1.0X 1076 mol m~3). However, the calcium
buffer solution needed a pH buffer to stabilize
its pH during dissociation and/or binding of
the calcium ions and protons from/to EGTA
(Ogawa 1968). Such pH buffers as Tris and
one of the Good buffers, HEPES (N-2-hydrox-
yethylpiperazine-N"-2-ethanesulfonic  acid),
themselves may be the cause of death of Chara
internodal cells, independently of the calcium
concentration.

The Good buffers are said to be not very
permeable to the cell membrane and consi-
dered to be suitable for use in biochemical,
biophysical and cell physiological experi-
ments. These buffers have one or two sul-
fonic groups or one or two carboxyl groups in
their molecules. Usually KOH or NaOH is
added when these buffers are to be used as a
pH buffer solution. Although the buffers
themselves should be harmless to cells, the
K* (Kiyosawa and Adachi 1990) and Na*t
(Katsuhara and Tazawa 1986) externally
added to the bathing solution of Characean
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cells can kill the internodal cells. Therefore,
Good pH buffer solutions containing K+ or
Nat of considerably high concentrations
might be harmful to Chara internodal cells.

Tunnicliff and Smith (1981) have reported
that HEPES competitively inhibits Na-in-
dependent binding or y-aminobutyric acid
(GABA) binding to its receptor, and Hanra-
han and Tabcharani (1990) have shown that
HEPES supplied internally blocks the anion
channel of PANC-1 cells. Thus, the present
study examined the toxicities of Tris pH
buffers and some Good pH buffers, focusing
on Tris and HEPES which are most widely
used in biochemical, biophysical and cell phys-
iological experiments. The present experi-
ments were done to test whether or not an
externally supplied Tris or Good pH buffer
can kill Chara internodal cells as a result of
biophysical and biochemical interactions with
the cell membrane, as found in the case of
KCl, MgCl, and BaCl, (Kiyosawa and
Adachi 1990).

In this study, the toxicities of Tris and
HEPES-KOH pH buffers were examined.
Chara internodal cells in toxic electrolyte solu-
tions, Tris and HEPES pH buffer solutions
were found to show a gradual decrease in the
velocity of their protoplasmic streaming with
time, followed by its stopping. After this, the
turgor pressure was lost, signifying plant cell
death, at 1 or sometimes 2 days after the pro-
toplasmic streaming had stopped. The veloci-
ty of the protoplasmic streaming of the Chara
cells in Tris-HCI pH buffer solution was exa-
mined as a function of time and in relatioin
to the loss of turgor pressure.

Also studied were the antagonistic effects of
externally added Ca?* and Sr?* on the sur-
vival of Chara internodal cells in Tris pH
buffer solutions and the antagonistic effects of
externally supplied Ca’* on the survival of
Chara internodal cells in HEPES, one of the
Good pH buffers.

These studies suggested that Tris and
HEPES pH buffers, and other Good pH
buffers, CHES (2-cyclohexylamino-ethanesul-
fonic acid) and CAPS (3-cyclohexylamino-
1-propanesulfonic acid), disturb the normal

membrane transport processes. This can be
prevented by externally supplied Ca?*.
Therefore, the leakage of K+, Ca?t and
Mg?* from Chara internodal cells in 10
mol m~3 Tris-HCI (pH 6.9) and Tris-maleate
(pH 7.1) solutions was also examined. The
effects of CHES and CAPS on Chara inter-
nodal cells were studied to clarify the effect of
HEPES on Chara internodal cells.

Materials and Methods

Uncalcified internodal cells of Chara austra-
lis were used. They were cultured in poly-
ethylene buckets containing tap water and
soil several centimeters thick at the bottom.
Some of the buckets were exposed to the sun,
and others were kept out of the sun with
covers which permitted a little sunlight to pass
through. Internodal cells were isolated from
adjacent cells one or a few days before the
experiments and incubated in artificial pond
water (APW: 0.400 molm~3 KCI, 0.100
mol m~3 NaCl, 0.300 molm~3 CaSO, and
0.100 mol m~3 MgSO,; pH ca. 5.3).

Each internodal cell (n=10) was put in a
plastic vessel containing 30-40 cm?® of the test
Tris, HEPES, CHES or CAPS pH buffer so-
lutions or deionized water of 17-18 MQ cm ™!
specific resistance. The cells were incubated
in test solutions without agitation and ob-
served every day for a week or 10 days. Cell
death was judged from the loss of turgor
pressure. This was done by slowly raising
the Chara internodal cell with forceps from
the test solution after confirming that the
protoplasmic streaming had stopped. The
changes in arrangement, shape and color of
the chloroplasts were also observed with a
microscope. If the Chara internodal cell bent
easily on the forceps, the cell was regarded as
being dead. The test solutions in plastic ves-
sels were exchanged for newly prepared ones
at 3-day intervals. The percentages of sur-
vival of the Chara internodal cells in Tris
buffer solutions differed between those grown
in the shade and in the sun, with those grown
in the shade generally showing weaker toler-
ance to Tris buffer solutions. Thus, the per-
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centages of survival of the Chara internodal
cells for the respective test solutions were ob-
tained from at least two experiments: one
from Chara internodal cells (n=10) grown in
the shade and the other from those (n=10)
kept in the shade for one or a few weeks after
having been exposed to the sun for more than
several weeks or a month.

Since Tris buffers seemed to disturb the nor-
mal membrane transport processes, we exa-
mined whether or not leakage of K+, Ca?*
and Mg?* from the Chara internodal cell oc-
curs in 10 mol m~3% Tris-HCI (pH 6.9) and
Tris-maleate (pH 7.1) solutions. Apparent
leakages of K*, Ca?* and Mg?* from the
Chara internodal cell to 10 cm?® of 10 mol m ™3
Tris-HCI, 10molm~3 Tris-maleate and
deionized water of 10 cm3 by 14 h after trans-
fer of the internodal cell from APW to the
respective solutions were measured by the
atomic absorption method (Jarrell-Ash AA-
845). The amounts of leakage of the respec-
tive ions were expressed in terms of averaged
decrease in the ion concentrations of the inter-
nodal cell calculated from the volume of
the internodal cell and the measured changes
in the ion concentrations in the 10 cm® solu-
tions. The volume of the internodal cell was
calculated from the diameter measured with
an optical microscope equipped with an eye-
piece micrometer calibrated with an objective
one, and the length was measured with a ruler.
Ion leakage from Chara internodal cells in
HEPES pH buffer solution was not measured
because the HEPES pH buffer solution con-
tained a large amount of K* which would
have disturbed the determination of ion leak-
age from the Chara internodal cells by the
atomic absorption method.

Experiments and incubation were condu-
cted at 25+0.2°C and, unless otherwise sta-
ted, under a 12 h-12 h light-dark cycle. The
light intensity was 3.4 Wm~2

The velocity of the protoplasmic streaming,
which is sensitive to the Ca?* concentration
in the cytoplasm of the Chara internodal cells
(Williamson 1975, Tominaga and Tazawa
1981, Williamson and Ashley 1982, Tomi-
naga et al. 1983), in Tris pH-buffer solutions

was measured with an optical microscope
equipped with an eyepiece micrometer
calibrated with an objective one in continuous
light because the velocity gradually decreased
and attained almost equal values in a few days
irrespective of differences in the types and
concentrations of calcium salt solutions used,
such as APW, 10 molm~3 CaSQ,, 10 and
80 molm~3 CaCl,, or 10 and 80 molm™3
Ca(NOs), solutions in the dark. However,
the protoplasmic streaming did not stop in
such concentrated calcium salt solutions in
continuous light or in the dark (data not
shown).

Results

Percentages of survival in Tris pH buffer
solutions—All of the Chara internodal cells
immersed in 5.0, 10.0 or 20.0 mol m~3 Tris-
HCI pH buffer solution (pH 7.1) died within
a few or several days (Fig. 1). The higher
the concentration, the faster the drop to zero
percent survival. The same results were ob-
tained with Tris-maleate buffer solutions
(pH 7.1; Fig. 2).

K*, Mg?* and Ba®* tolerance of the Chara
internodal cells increased with addition of
Ca?* or Sr?* (Kiyosawa and Adachi 1990).
Na* tolerance of Nitellopsis also increased on
addition of Ca?* (Katsuhara and Tazawa
1986). Figs. 3 and 4 show similar increased
Tris tolerance of Chara internodal cells on
addition of 0.5 mol m~3 Ca?*. Addition of
Sr?2* to Tris pH buffer solutions did not
significantly increase the tolerance at a final
concentration of 5.0 mol m~3 (Figs. 3 and 4).

The velocity of the protoplasmic streaming
of the Chara internodal cells gradually
decreased with time in 10.0 mol m~3 Tris-
HCI buffer solution (pH 7.1), followed by the
stopping of the protoplasmic streaming and
death of the cell (Fig. 5). In the experiment
of Fig. 5, all of the Chara internodal cells
(n=5) in 10.0 mol m~3 Tris-HCI buffer solu-
tion (pH 7.1) died within a day. On the
other hand, the velocity of the protoplasmic
streaming of the Chara internodal cells in
10.0 mol m~3 Tris-HCI1+0.5 mol m~3 CaSO,
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Fig. 1. Survival percentage of Chara internodal cells in 5.0 molm~3, 10.0 molm~3 and 20.0 mol m~3
Tris-HCI as a function of time.
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Fig. 2. Survival percentage of Chara internodal cells in 5.0 molm™3, 10.0 molm~* and 20.0 mol m~3
Tris-maleate as a function of time.
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Fig. 3. Effects on survival percentage of Chara internodal cells of addition of 0.5 molm~% Ca?* or 1.0
mol m~3 or 5.0 mol m~3 Sr?* to 10.0 mol m~3 Tris-HCI.
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Fig. 4. Effects on survival percentage of Chara internodal cells
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Averaged values of velocity of the protoplasmic streaming of the Chara internodal cells in 10.0

mol m~3 Tris-HCI (pH 7.1) (O) and in 10.0 mol m~2 Tris-HC1+0.5 mol m~* CaSO, (®) as a function of time.
The velocity of the protoplasmic streaming of the Chara internodal cells in 10.0 mol m~3 Tris-HCI (pH 7.1) decrea-
sed gradually with time, while that of the protoplasmic streaming of the Chara internodal cells in 10.0 mol m~3
Tris-HCI (pH 7.1)+0.5 mol m~3 CaSO, remained constant for at least 144 h. All Chara internodal cells (n=5)
died by 24h after immersion in 10.0 mol m~3 Tris-HCI," while all Chara internodal cells in 10.0 mol m~3
Tris-HCI+0.5 mol m~% CaSO, remained alive for at least 144 h. Velocities of the protoplasmic streaming are

indicated with the mean +standard error.

remained constant for at least 144 h (Fig. 5).
The same results were observed with Tris-
maleate and HEPES pH buffer solutions
(data not shown).

The apparent leakages of K*, Ca?t and
Mg?* from the Chara internodal cell to 10.0
molm™3 Tris-HCl (pH 7.1), 10.0 mol m™3
Tris-maleate (pH 7.1) solutions and deionized
water are tabulated in Table 1. Apparently,
K+, Ca?t and Mg?* leaked from the Chara
internodal cell in Tris pH buffer solutions,

Standard errors are shown with bars.

resulting in apparent decrease in their intra-
cellular concentrations amounting to 6.5-8.8
mol m~3, 3.94.6 mol m~3and 0.71-0.64 mol m~3,
respectively.

Percentages of survival in simple HEPES
solution—Until the 4th or 5th day after trans-
fer from APW to the simple HEPES solutions
of 10, 20 and 50 mol m~3 (pH 5.26), high per-
centages of survival were maintained irrespe-
ctive of differences in HEPES concentrations,
but were followed by a steep decrease in the
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Fig. 6. Survival percentage of Chara inter-
nodal cells in simple 10, 20 and 50 mol m~* HEPES
solutions.
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Fig. 8. Survival percentage of Chara inter-
nodal cells in 10 mol m~3 ([K*]=8.9 mol m~3; @),
20 mol m~3 ([K*]=17.8 mol m~3; 0) and 50 mol m~3
HEPES ([K*]=44.5mol m~%; O) pH buffer solu-
tions at pH 8.0, and deionized water (W).
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Fig. 7. Survival percentage of Chara inter-
nodal cells in 10 molm~3 ([K*]=5.0 mol m~3; @),
20 mol m~3 ([K*]=10.0 mol m~3; 0) and 50 mol m~3
([K*]=25.0 mol m~3; O) HEPES pH buffer solu-
tions at pH 7.4, and deionized water ().
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Fig. 9. Survival percentage of Chara inter-
nodal cells in 10molm~=3 ([K+]=0.1molm™3;
—0-), 20molm~3 ([K*]=0.2molm~3; -0-) and
50 molm~* ([K*]=0.5molm™3; O) CHES pH
buffer solutions at pH 7.4, and those in 10 mol m—3
((K*]=8.4molm~% —-@-—) and 20 molm™3
([K*]=16.8 mol m~3; —-0-—) CHES pH buffer
solutions at pH 9.8, and deionized water (H).
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Fig. 10. Survival percentage of Chara inter-
nodal cells in 10 mol m~3 ([K*]=1.8 mol m~3; @),
20 mol m~3 ([K*]=3.6 mol m~3; ) and 50 mol m 3
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Fig. 12. Effects on survival percentage of
Chara internodal cells in 20 molm~° HEPES
(pH 8.0, 0) and 20 mol m~3 CHES (pH 9.8, O) pH
buffer solutions on addition of 0.5 or 1.0 mol m™3
Ca?* to their solutions; ®: 20 mol m~3 HEPES+
0.5molm~3 CaSO,; ®: 20molm~3 CHES+0.5
molm~3 CaSO,; and A: 20molm~3 CHES+1.0
mol m~3? CaSO,.
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Fig. 11. Survival percentage of Chara inter-
nodal cells in 5.0 mol m~3 (®), 15.0 mol m~3 (T) and
25.0 mol m~3 (O) KCI solutions (pH ca. 5.3), and
deionized water (B).

percentage of survival after 4 days (Fig. 6).

Percentage of survival in HEPES pH
buffer solution (pH 7.4)—The decrease in the
percentage of survival of the Chara internodal
cells in 10, 20 and 50 mol m~3 HEPES pH
buffer solutions at pH 7.4 became steeper as a
function of time with increase in the concen-
tration of the HEPES pH buffer solution (Fig.
7). The K* concentrations from the KOH
used to adjust the pH of the respective
HEPES pH buffer solutions were 5.0, 10.0
and 25.0 mol m~3.

Percentage of survival in HEPES pH
buffer solution (pH 8.0)—The percentage of
survival of the Chara internodal cells in 10, 20
and 50 mol m~3 HEPES pH buffer solutions
at pH 8.0 decreased more steeply with time
than those in the HEPES pH buffer solutions
at pH 7.4 of the corresponding concentrations
(Fig. 8; cf. Fig. 7). The K* concentrations
from the KOH used to adjust the pH of the
respective HEPES pH buffer solutions at
pH 8.0 were 8.9, 17.8 and 44.5 mol m™3.
The higher the pH and the K* concentra-
tion, the steeper was the decrease in the per-
centage of survival as a function of time.
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Table 1. Average leakages of K*, Ca?* and
Mg?* from Chara internodal cells (AC in mol m~3)
14h after transfer of the internodal cells from
artificial pond water (pH ca. 5.3) to 10 molm™3
Tris-HCI pH buffer solution (pH 7.1), 10 mol m~3
Tris-maleate pH buffer solution (pH 7.1) or deio-
nized water.

AC*
Solution
K+ Ca2+ Mg2+
Tris-HCI 6.5+3.0 3.9%+0.2 0.71%£0.06
Tris-maleate 8.8%+2.7 4.6%*0.2 0.64%0.00
Deionized water 0.0+0.0 0.0+0.0 0.00%+0.00

AC*: Averaged decrease in the concentration of respec-
tive ion in Chara internodal cells (n=6) due to leakage in
terms of mol m~3.

Percentages of survival in CHES and
CAPS—Fig. 9 shows the percentage of sur-
vival of the Chara internodal cells in 10, 20
and 50 mol m 3 CHES pH buffer solutions at
pH 7.4, and those in 10 and 20 molm™3
CHES pH buffer solutions at pH9.8. The
K+ concentrations of 10, 20 and 50 mol m—3
CHES pH buffer solutions at pH 7.4 were
only 0.1, 0.2 and 0.5 mol m™3, respectively,
and the CHES pH buffer solutions of such
concentrations were almost nontoxic to the
Chara internodal cells. CHES pH buffer so-
lutions of 10 and 20 mol m~3 at pH 9.8 con-
tained 8.4 and 16.8 molm™3 K™, respecti-
vely. At pH 9.8, the survival percentage of the
Chara internodal cells decreased more steeply
with time with an increase in the concentra-
tion of the CHES pH buffer solution. Also,
the survival percentage of the cells at pH 9.8
decreased much more steeply as a function of
time than those in CHES pH buffer solutions
at pH 7.4 of the same concentrations.

In CAPS pH buffer solutions of 10 and 20
mol m~3, all of the Chara internodal cells sur-
vived at pH 9.7 for more than a week (Fig.
10). This indicates that CAPS itself is not
strongly toxic and a high pH of 9.7 is not one
of the main causes of Chara internodal cell
death. However, 50 mol m~3 CAPS contain-
ing 9.0 mol m~3 K+ was very toxic.

Percentage of survival in KCI solutions—
KCl solutions of 5.0, 15.0 and 25.0 mol m—3
(pH ca. 5.3) could kill the Chara internodal
cells (Fig. 11). The higher the concentration

of KCI, the more steeply the percentage of
survival decreased with time.

Effects of Ca?* on the percentages of sur-
vival in HEPES (pH 8.0) and CHES (pH 9.8)
pH buffer solutions—All of the Chara inter-
nodal cells immersed in 20 mol m~3 HEPES
pH buffer solution (pH 8.0), which was much
more toxic than 10molm~% HEPES pH
buffer solution (pH 8.0), died within several
days. However, addition of 0.5 molm™3
Ca?* to 20 mol m~3 HEPES pH buffer solu-
tion (pH 8.0) increased the percentage of
survival of the Chara internodal cells to 90%
(Fig. 12). Addition of 0.5 or 1.0 mol m~3 Ca?+
to CHES pH buffer solution (pH 9.8) also
delayed the decrease in the survival percen-
tage of the Chara internodal cells as a function
of time. However, the effect of Ca?* on the
suvival percentage of the Chara internodal
cells in CHES pH buffer solution was weaker
than that on the survival percentage in 20
molm~3 HEPES pH buffer solution (Fig.
12).

Discussion

Tris and Good pH buffers have been wide-
ly used in physiological, biophysical and
biochemical studies. However, this has been
done without checking their direct effects on
the biochemical molecules in question or their
toxic effects on the cells used. The present
experiments showed that Tris and one of the
Good pH buffers, HEPES, are toxic to the
Chara internodal cells even at 10 molm™3
when the cells are externally exposed to
them. This indicates that Tris and HEPES
pH buffers can affect the cell membrane.

The protoplasmic streaming of Chara inter-
nodal cells did not stop in calcium salt solu-
tions of high concentrations such as 10
mol m~3 CaSQO,, 10 and 80 mol m~3 CaCl,,
and 10 and 80 mol m~3 Ca(NOs),, and even
in long-term plasmolysed Chara Braunii cells
in Ca(NO3), or CaCl, solution of high concen-
trations (Hayashi and Kamitsubo 1959) kept
under continuous light as well as in the dark.
The concentration of the Ca?* in the cyto-
plasm of Chara internodal cells is thought
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to be as low as below 107 6mol m~3, but as
high as ca. 10 mol m~?% when measured by a
direct chemical method using the atomic ab-
sorption method (Okihara and Kiyosawa
1988). The electrochemical potential differ-
ence across the Chara cell membrane for Ca?*
calculated from the measured Ca?* concentra-
tions inside and outside the Chara internodal
cell, and the electrical membrane potential
difference indicates that the Ca?* in APW
should be forced to enter the internodal cell
and stop the protoplasmic streaming of the
cell. The fact that protoplasmic streaming of
intact Chara cells in APW and calcium salt so-
lutions of various types at high concentrations
continues for a long time indicates that the
normal function of the Chara cell membrane is
to prevent a large amount of Ca?* from enter-
ing the cell, which would stop the protoplas-
mic streaming, but to allow enough Ca?* to
enter to instantaneously stop the protoplasmic
streaming on excitation by some stimulus,
such as an electrical current (Barry 1968,
Hayama et al. 1979, Kikuyama and Tazawa
1983, Lunevsky et al. 1983). The gradual
decrease in the velocity of protoplasmic
streaming of Chara internodal cells, followed
by its stopping, in Tris buffer solutions or
HEPES pH buffer solutions without any
special stimulus indicates that the normal
functions of the Chara cell membrane are dis-
turbed by Tris and HEPES pH buffers.
Recently, Katsuhara and Tazawa (1987)
showed that internal ATP at 1 mol m~3 was
necessary for the cell membrane of tonoplast-
free Nitellopsis cells to maintain salt (NaCl)
tolerance in 100molm~3 NaCl in the
presence of external 10 mol m~3 Ca?*. The
velocity of the protoplasmic streaming of
Chara internodal cells immersed in a Tris pH
buffer solution (pH 7.1) gradually decreased
with time, followed by cell death (Fig. 5).
These phenomena were observed in the
HEPES solutions as well. Externally added
0.5 mol m™3 CaSO, could keep the survival
percentage of the internodal cells at 100%
and maintain the normal velocity of the pro-
toplasmic streaming (Fig. 5). This fact sug-
gests that Tris pH buffers cause disturbance

of the normal membrane transport processes,
and induce leakage of ions and some biochemi-
cal components including ATP (Williamson
1975, Shimmen 1978) responsible for main-
taining the normal protoplasmic streaming
and keeping the Chara cell alive, and that ex-
ternally supplied Ca?* and intracellular ATP
prevent Tris pH buffers from inducing the
leakages of ions and some biochemical com-
ponents including ATP (cf. Katsuhara and
Tazawa 1987).

From the viewpoint stated above, we exa-
mined whether or not the leakage of K,
Ca?* and Mg?* from the Chara internodal cell
occurs in 10.0 molm~3 Tris-HCI (pH 7.1)
and Tris-maleate (pH 7.1) solutions. Our
findings (Table 1) together with those of previ-
ous work (Kiyosawa and Adachi 1990) show
that the leakage of K+ is from the cytoplasm
(Katsuhara and Tazawa 1986) which contains
much K+ (MacRobbie 1962, Spanswick and
Williamson 1964, Kishimoto and Tazawa 1965,
Tazawa et al. 1974, Okihara and Kiyosawa
1988). However, most of the calcium ions
liberated will be from the cell wall, to which
a considerably large amount of calcium is
bound (Kiyosawa and Adachi 1990, Reid and
Smith 1992), and/or the cytoplasm. The libe-
rated magnesium ions are thought to come
from the cell wall and/or the cytoplasm.
Leakage of the intracellular ATP has not
been measured yet.

When Nitellopsis cells are transferred from
artificial pond water (APW": 0.1 mol m™3
KCl, 0.1 mol m~3 NaCl, 0.1 mol m~3 CaCly;
pH ca. 5.3) to 100 molm~% NaCl+APW/,
the concentration of K* in the cytoplasm
decreases while that of Nat increases immedi-
ately after the transfer. This effect of the ex-
ternal NaCl of 100 mol m~3 on the cytoplas-
mic K+ and Nat concentrations can be nul-
lified by addition of 10 mol m~3 CaCl, to the
external 100 mol m~3 NaCl (Katsuhara and
Tazawa 1986). The same effects of the exter-
nal 70 mol m~2 NaCl on the survival of Chara
corallina internodal cells have been reported
together with a decrease in the K* concentra-
tion and an increase in the Na™ concentration
in the vacuole occurring a few days or several
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days after transfer from artificial pond water
(APW": 1.0molm~% NaCl, 0.05molm™3
K,S0,;, 0.1molm~3 CaSO,, 5.0molm3
HEPES titrated to pH 7.0 with NaOH) to
70 molm~3 NaCl+APW" (Tufariello et al.
1988). In this case, the coexistence of 7.1
molm~3% Ca?* is enough to prevent an in-
crease in the vacuolar Na*t concentration and
a simultaneous decrease in the vacuolar K+
concentration.

Cramer et al. (1985) and Lynch et al.
(1987), measuring the fluorescence of Ca?*-
chlorotetracycline from intact cotton root
hairs and protoplast suspension of corn roots,
reported that externally supplied Nat
reduced the amount of calcium binding to the
plasmalemma of cotton root cells and of corn
root protoplasts, respectively.

Although we have no direct and clear evi-
dence as to whether the externally supplied
alkali metal and alkali earth metal ions affect
the calcium bound only to the outer surface of
the cell membrane, or even the calcium inside
the cell membrane, the available experimen-
tal results (cf. Katsuhara and Tazawa 1986,
Tufariello et al. 1988, Kiyosawa and Adachi
1990) including the present ones indicate that
externally supplied Ca2* can prevent the dis-
turbance of membrane integrity by externally
supplied alkali metal ions, some of the alkali
earth metal ions and Trision. These observa-
tions suggest that the externally supplied
Ca?* affects the cell membrane itself and can
help maintain normal membrane functions
by suppressing calcium liberation from the
cell membrane in electrolyte solutions of al-
kali metal ions, some alkali earth metal ions
(cf. Kiyosawa and Adachi 1990) and Tris ion.

Kiyosawa and Adachi (1990) have shown
that KCI1, MgCl, and BaCl,, which killed the
Chara internodal cells even at considerably
low concentrations, caused liberation of
almost all of the calcium bound to the Chara
cell wall within an hour (cf. also Reid and
Smith 1992). This also occurred with SrCl,
added at 80 mol m~3, which could keep the
Chara internodal cells alive for more than two
weeks, but did not occur with externally sup-
plied Ca?* at 80 molm~3. Also, externally

supplied Ca*t of 0.5-1.0 mol m~3 more or
less inhibited liberation of the bound calcium
in KCI, MgCl, and BaCl, solutions. The
findings suggested that Sr?* could maintain
membrane integrity in a manner different
from that of Ca’t (Kiyosawa and Adachi
1990) or that Sr?* could suppress the calcium
release from the cell membrane by K+, Mg?*
or Ba?t but its action differed from that of
externally supplied Ca2™*.

Externally supplied Sr2*, which can main-
tain Chara cell membrane integrity in KCI,
NaCl, MgCl, and BaCl,, is not effective at 5
molm~3% in Tris pH-buffer solutions (Fig.
3). Thus, if the viewpoint is taken that exter-
nally supplied Sr?* can suppress the calcium
release from the cell membrane caused by K+,
Mg?* or Ba%*, this observation can be simply
and reasonably explained. Tris pH buffers
liberate the calcium bound to the Chara cell
membrane so effectively that it cannot be sup-
pressed by externally supplied 5 molm™3
Sr2*, but can be by externally supplied 0.5
mol m~3 Ca?*, as shown in Fig. 3. Further
studies using Chara cell membrane or cell
membrane fragments of other plants are ne-
eded to verify this.

On interpreting the effects of Good pH
buffer solutions on Chara internodal cells
obtained in the present study, together with
those of previous work, the following can be
considered to be important: (1) pH value, (2)
K™ concentration, and (3) the concentration
of the Good buffer itself.

Chara internodal cells can survive in an aci-
dic APW at pH 4.72 (Kiyosawa 1990). Thus,
the pH of 5.24 of a simple HEPES buffer solu-
tion should not be low enough to kill Chara in-
ternodal cells (Fig. 6). It must be the action
of the HEPES itself that kills that Chara inter-
nodal cells (cf. Fig. 6). As shown in Fig. 6,
an increase in the number of dead Chara inter-
nodal cells in simple HEPES solutions after
the 5th day suggests that HEPES interacts
directly with the cell membrane components
or channels, not mainly via lowering of the
pH of the bathing solution, as reported for the
isolated semicircular canal of the frog (Norris
and Guth 1985), Helix neurons (Witte et al.
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1985), and cultured Drosophila
(Yamamoto and Suzuki 1987).
Fig. 10 shows that the Chara internodal cells
can survive in 10 mol m~3 and 20 mol m~3
CAPS pH buffer solutions at pH 9.7. These
findings together with an earlier one (Kiyo-
sawa 1990) indicate that Chara internodal cells
can survive in solutions where the pH is as
low as 4.72 to as high as 9.7. Therefore, in
the present experiments, the pH of the test
solutions probably was not the main deter-
minant of the percentage of survival of the
Chara internodal cells, although it may have
been a contributing factor. Compared with
the results of Fig. 11, the fact that the percen-
tage of the survival of the Chara internodal
cells decreased at a more rapid rate with time
in the Good pH buffer solutions of higher con-
centrations seems to be explainable mainly in
terms of the higher K* concentration in the
Good pH buffer solutions. One of the main
actions of the K+ in HEPES and CHES
seems to be liberation of the calcium bound to
the Chara cell wall (cf. Kiyosawa and Adachi
1990, Reid and Smith 1992) and the cell mem-
brane. From this point of view, the survival
percentage of the Chara internodal cells was
examined in 20 mol m~3 HEPES (pH 8.0)+
0.5molm~3% CaSO,;, 20molm~3 CHES
(pPH9.8)+0.5molm=3 CaSO,; and 20
molm~3 CHES (pH9.8)+1.0molm™3
CaSO, in comparison with those in 20
molm~3 HEPES alone (pH8.0) and 20
mol m~3 CHES alone (pH 9.8) (Fig. 12).
The results of Fig. 12 clearly show that the
toxicity of 20 mol m~—3 HEPES (pH 8.0) pH
buffer alone, which was more toxic than 10
mol m~3 HEPES pH buffer solution alone,
was almost nullified when 0.5 molm™3 Ca*
was present for more than 7 days, as shown
with Tris pH buffers (Fig. 3). These observa-
tions further suggest that the blocking effects
of HEPES on the ion channels themselves
(cf. Witte et al. 1985, Yamamoto and Suzuki
1987, Hanrahan and Tabcharani 1990) may
have been reduced by addition of Ca?* to the
solution as well. These observations lead to
another important conclusion that all of the
pH buffers which contain K+ (KOH), Na*

neurons

(NaOH) or ions capable of liberating the cal-
cium binding to the cell membrane may be
toxic to cells and modify the membrane frag-
ments.

However, the toxicity of a simple 20
mol m~3 CHES (pH 9.8) pH buffer, which
was very toxic to Chara internodal cells, could
not be nullified, although it was slightly
reduced by addition of 0.5 or 1.0 molm™3
Ca?*. In the case of 20 molm~% CHES
pH buffer solution to which 0.5 molm~3 or
1.0 mol m~3 CaSO, was added, many crys-
tals of rectangular prisms, flower-like hexa-
gons, dumb-bells, and ellipsoid and indefinite
forms, were observed at the bottom of the ves-
sel, on the internodal cell, and on the surface
of the solution. These crystals were also
observed in solutions of 20 mol m~3 CHES
(adjusted at pH 9.8 by KOH or NAOH)+
1.0 mol m~3 CaCl, or Ca(NOs),. However,
no crystals were observed in 20 molm™3
CHES (to which no KOH or NaOH was
added)+5.0 molm~3 CaSO, solution. In
other words, even when 0.5 molm™3 or 1.0
molm~3 Ca?* was added to 20 molm™3
CHES pH buffer solution, the concentration
of the Ca?* in the CHES solution was lower
than calculated, due to the formation of
CHES-Ca crystals.

A previous paper (Kiyosawa and Adachi
1990) reported that Chara internodal cells kept
in 10molm~—3 HEPES pH buffer solution
remained alive for more than 10 days. This
may have resulted from the use of Chara inter-
nodal cells grown in the sun which had calci-
um-rich cell walls and also because the inter-
nodal cells had been immersed in the same
HEPES solution for a week. These findings
and considerations led to the conclusion that
Tris ions and HEPES-KOH interact with the
Chara cell membrane and the cell wall to in-
duce leakage of K*, and probably Ca?* and
Mg?*, from inside the cell and also liberation
of Ca?* and Mg?* bound to the cell wall and
probably to the cell membrane. This finally
leads to stopping of the protoplasmic stream-
ing and death of the Chara internodal cell.
Leakages of such biochemical components as
ATP-Mg, some inorganic and organic ions
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responsible for keeping the cytoplasm and
the cell membrane normal and maintaining
the normal protoplasmic streaming may also
occur from inside the cell through the cell
membrane in HEPES as well as Tris pH buffer
solutions. Thus, when Tris or HEPES pH
buffer solution is used with or without other
electrolyte(s), a moderate amount of Ca?*
should be added to the solution to prevent
modification of the biomembranes in such
solutions.

References

Barry, W. H. 1968. Coupling of excitation and cessa-
tion of cyclosis in Nitella: Role of divalent cations. J.
Cell Physiol. 72: 153-160.

Cramer, G. R., Lauchli, A. and Polito, V. S. 1985. Dis-
placement of Ca?* by Na* from the plasmalemma
of root cells. Plant Physiol. 79: 207-211.

Hanrahan, J. and Tabcharani, J. A. 1990. Inhibition of
an outwardly rectifying anion channel by HEPES
and related buffers. J. Membrane Biol. 116: 65-77.

Hayama, T., Shimmen, T. and Tazawa, M. 1979. Par-
ticipation of Ca?* in cessation of cytoplasmic stre-
aming induced by membrane excitation of Characeae
internodal cells. Protoplasma 99: 305-321.

Hayashi, T. and Kamitsubo, E. 1959. Plasmolysis in
Characeae. Bot. Mag., Tokyo, 72: 309-315.

Katsuhara, M. and Tazawa, M. 1986. Salt tolerance in
Nitellopsis obtusa. Protoplasma 135: 155-161.

Katsuhara, M. and Tazawa, M. 1987. ATP is essential
for calcium-induced salt tolerance in Nitellopsis
obtusa. Protoplasma 138: 190-192.

Kikuyama, M. and Tazawa, M. 1983. Transient in-
crease of intracellular Ca?* during excitation of
tonoplast-free Chara cells. Protoplasma 117: 62-67.

Kishimoto, U. and Tazawa, M. 1965. Ionic composi-
tion of the cytoplasm of Nitella flexilis. Plant Cell
Physiol. 6: 507-518.

Kiyosawa, K. 1990. H* tolerance of Chara internodal
cells and apparent net influx of H* in weakly acidic
solutions: Implication of the net flux of H* as a
minor component among the total net flux of ions
across the intact cell membrane of Chara. Plant Cell
Physiol. 31: 347-355.

Kiyosawa, K. and Adachi, T. 1990. Survival and death
of Chara internodal cells in electrolyte solutions
and calcium release from the cell wall. Plant, Cell
Environ. 13: 471-476.

Lunevsky, V.Z., Zherelova, O. M., Vostrikov, L. Y.
and Berestovsky, G.N. 1983. Excitation of
Characeae cell membrane as a result of activation of
calcium and chloride channels. J. Membrane Biol.
72: 43-58.

Lynch, J., Cramer, G. R. and Liuchli, A. 1987. Sali-
nity reduces membrane-associated calcium in corn
root protoplasts. Plant Physiol. 83: 390-394.

MacRobbie, E. A. C. 1962. Ionic relation of Nitella trans-
lucens. J. Gen. Physiol. 45: 861-878.

Noris, C. H. and Guth, P.S. 1985. Buffers may have
pharmacological actions. Trend. Pharma. Sci. 6:
315.

Ogawa, Y. 1968. The apparent binding constant of
glycoletherdiaminetetraacetic acid for calcium at
neutral pH. J. Biochem. 64: 255-257.

Okihara, K. and Kiyosawa, K. 1988. Ion composition
of the Chara internode. Plant Cell Physiol. 29: 21—
25.

Reid, R.]J. and Smith, F. A. 1992. Measurement of
calcium fluxes in plants using #*Ca. Planta 186:
558-566.

Shimmen, T. 1978. Dependency of cytoplasmic stream-
ing on intracellular ATP and Mg?* concentration.
Cell Str. Func. 3: 113-121.

Spanswick, R. M. and Williams, E. J. 1964. Electrical
potentials and Na*, K* and Cl~ concentrations in
the vacuole and cytoplasm of Nitella translucens. J.
Exp. Bot. 15: 193-200.

Tazawa, M., Kishimoto, U. and Kikuyama, M. 1974.
Potassium, sodium and chloride in the protoplasm
of characeae. Plant Cell Physiol. 15: 103-110.

Tominaga, Y. and Tazawa, M. 1981. Reversible inhibi-
tion of cytoplasmic streaming by intracellular Ca?*
in tonoplast-free cells of Chara australis. Protoplasm
109: 102-111.

Tominaga, Y., Shimmen, T. and Tazawa, M. 1983.
Control of cytoplasmic streaming by extracellular
Ca?* in permeabilized Nitella cells. Protoplasma
116: 75-77.

Tufariello, J. A. M., Hoffmann, R. and Bisson, M. A.
1988. The effect of divalent cations on Na™* toler-
ance in Charophytes. II: Chara corallina. Plant, Cell
Enviton. 11: 473-479.

Tunnicliff, G. and Smith, J. A. 1981. Competitive inhi-
bition of y-aminobutyric acid receptor binding by
N-2-hydroxyethylpiperazine-N"-2-ethanesulfonic acid
and related buffers. J. Neurochem. 36: 1122-1126.

Williamson, R.E. 1975. Cytoplasmic streaming in
Chara: A cell model activated by ATP and inhibited
by cytochalasin B. J. Cell. Sci. 17: 655-668.

Williamson, R. E. and Ashley, C. C. 1982. Free Ca?*
and cytoplasmic streaming in the alga Chara. Nature
296: 647-651.

Witte, O. W., Speckmann, E.-J. and Walden, J. 1985.
Acetylcholine responses of identified neurons in
Helix pomatia. I1. Pharmacological properties of
acetylcholine responses. Comp. Biochem. Physiol.
C80: 25-35.

Yamamoto, D. and Suzuki, N. 1987. Blockage of chlo-
ride channels by HEPES buffer. Proc. R. Soc.
Lond. B230: 93-100.



Toxicities of pH buffers to Chara 227

AREERED | EEEARMIRIC T % pH EHROENY

Ihi¥ CRERZ, £YHEFERYE, £F Thic ) FTECHV bR T & Tris-HCI (pH 7.0), Tris-maleate
(pH 7.0), RT¥, Good D pH E& W T4 5 HEPES (pH 6.8-8.2) D MMM N+ 5 FiE % B ~7, & pH
BERL, 10-20molm™ DRET, 1825 4~ 5 BOMEMBEHEMBROFHERE 2R« T HE I ¢,
Bk X8, RSHARYIECES L, LAL, 0.5-1.0molm™3 D Ca?* x5 &, LIt pHEHKD
HEEERIMIC X T 5 B A 7o LT, Good BEROBM X, REERKD pH ¥ & b¥ 5 bz 5
KOH @ K* A3, Tris BER OB AL Tris 1 A+ v 25, MRECKESE LT 5 Ca?t wilfs X ¢ CHIRREO#EES
Bled b L HEINI, (560 BPHEMILETI-1 KRAFEEB THREH TR








