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Abstract lon fluxes across the plasma membrane activated by 1 mM Ce*, cell apoptosis and
taxol biosynthesis in suspension cultures of 7axus cuspidata were studied. The extracellular pH
sharply decreased upon the addition of 1 mM Ce®, then increased gradually and exceeded the
initial pH value over a time period of 12 h. The extracellular Ca** concentration decreased within
the first 3 h after the addition of Ce*, then gradually decreased to one third of initial value in
control at about 72 h and remained unchanged afterwards. Experiments with an ion channel
blocker and a Ca*-channel blocker indicated that the dynamic changes in extracellular pH and
the Ca* concentration resulted from the Ce*-induced activation of H* uptake and Ca®* influx
across the plasma membrane vig ion channels. A pretreatment of the ion channel blocker initi-
ated Ce*-treated cells to undergo necrosis, and the prior addition of the Ca?*-channel blocker
inhibited Ce*"-induced taxol biosynthesis and apoptosis. It is thus inferred that H* uptake is nec-
essary for cells to survive a Ce**-caused acidic environment and is one of the mechanisms of Ce*-
induced apoptosis. Furthermore, the Ca?* influx across the plasma membrane mediated both the
Ce*-induced apoptosis and taxol biosynthesis.
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INTRODUCTION

Taxol is a very effective anticancer drug and has shown
significant activity in clinical trials against a wide variety
of tumors especially refractory ovarian, non-small cell
lung cancer, AIDS-related Kaposi’s sarcoma and other
cancers. However, the limited supply of taxol from the
bark of the Taxus species prompted intense efforts to de-
velop alternative methods for taxol production. Suspen-
sion cultures of Taxus spp. are regarded as a very promis-
ing alternative for the production of taxol [1], but the
yield of taxol is very low due to the inherent characteris-
tics of plant cell cultures. So, various biotic and abiotic
elicitors have been introduced aiming at high taxol pro-
duction [2-4]. Our research showed that 1 mM Ce**is
the most effective elicitor when compared with other rare
earth ions including Ce’*, La’* and Nd** for taxol biosyn-
thesis and cell apoptosis in suspension cultures of Taxus
cuspidata [5,6].

Unlike other rare earth ions, Ce** creates a low pH in a
solution and possesses a high oxidation-reduction poten-
tial, which stimulates an O, burst in a suspension culture
of Taxus cuspidata [7]. H* in plants functions as Na*
does in animals, and the change in H* distribution be-
tween extracellular and intracellular spaces can produce a
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proton force that causes the fluxes of other ions across
the plasma membrane [8]. Whether or not Ce** can
cause ion fluxes across the plasma membrane is thus
questioned considering its ability to acidify the environ-
ment. It has been reported that Ce** acts as an abiotic
elicitor in Taxus spp [5-7,9]. The activation of ion fluxes
is one of the early signal events in a plant-elicitor interac-
tion. Jabs et al. [10] reported that the recognition of an
elicitor by a plasma membrane receptor is accompanied
by the activation of ion channels, resulting in transient in-
fluxes of Ca®* and H* and effluxes of K* and CI". Accord-
ingly, we also questioned whether Ce** can activate ion
fluxes across the plasma membrane like other elicitors do.

It is possible that Ce** acts in the same manner as
other rare earth ions. The effect of rare earth ions on ion
channels was reported to have two opposite modes. Ln**
was shown to enhance a Ca®* influx [11,12] while other
rare earth ions acted as Ca?’-channel blockers of the
plasma membrane [13,14].

Ion fluxes over the plasma membrane are one of the
early elements of these receptor-mediated responses and
they play an essential role in-an oxidative burst, the acti-
vation of defense-related genes and the accumulation of
phytoalexin. In addition, both secondary metabolite bio-
synthesis and cell apoptosis have been recognized as the
late elements of plant defense responses to elicitors [10].
In this work, the effects of Ce** on ion (H* and Ca?*")
fluxes across the plasma membrane were investigated in
suspension cultures of Taxus cells by analysis of the dy-
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namical changes of extracellular pH and Ca®* concentra-
tion. Experiments with an ion channel blocker and Ca®*-
channel blocker were also conducted to shed light on the
mechanism of action of Ce** on Taxol biosynthesis and
cell apoptosis.

MATERIALS AND METHODS
Chemicals

Propidium-iodide (PI), Hoechst 33342, anthracene-9-
carboxylate (A-9-C), nifedipine and - Ce(NH,),(NO;)¢
were purchased from Sigma. Ce(NH,),(NO;), was dis-
solved in sterilized distilled water. A-9-C and nifedipine
was dissolved respectively in DMSQ before use. Control
cultures were treated with equal amounts of sterilized
distilled water or DMSO.

Cell Line and Culture Conditions

The cell line from young stems of Taxus cuspidata was
subcultured on solid B; medium at 25°C in the darkness.
Cell suspensions were cultured every 8~10 days for a to-
tal of five generations in a fresh modified B; medium
containing sucrose (25 g/L), naphthylacetic acid (2
mg/L) and 6-benzyl aminopurine (0.15 mg/L). The pH
of the medium was adjusted to 5.8. Cell cultures (100
mL) were maintained in 500-mL flasks at 25°C in the
darkness with continuous shaking at 110 rpm. Fresh cells
(2.5 g) from the suspension cultures of the 5th generation
were inoculated into 50 mL of fresh modified B; medium
in a 250-mL Erlenmeyer flask. Ce(NH,),(NO;); was
added to the culture system at the late stage of cultures
(day 12), and cell samples were collected at predetermined
time intervals for analyses. Two control groups, Control 1
without any additive and Control 2 with NH,NO; (2
mmol/L) and 4 mmol/L. NaNO; (4 mmol/L), were used to
test the effects of NH,* and NO;™ on the culture system.
All data were the average of triplicate samples and the
standard errors were within + 8%.

Measurement of Extracellular pH and Ca*
Concentration

Extracellular pH and the Ca®* concentration were de-
tected with a pH-meter and an automatic Beckman bio-
chemical analyzer C-X7, respectively.

Hoechst 33342-Pi Co-staining

One mL of cell suspension was centrifuged at 1,100 x
g for 10 min and the supernatant was discarded. The
remaining cells were washed three times with 10 mL of
0.1 M phosphate buffer (pH 5.8) with continuous bub-
bling to prevent the cells from aggregating. The cells were
re-suspended in 0.2 mL of 0.1 M phosphate buffer at pH
5.8 for staining with fluorescence dyes, Hoechst 33342
and Propidium-iodide following the method of Ormerod
et al. [15]. The stained cells were collected by centrifuga-
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tion, washed with 10 mL of 0.1 M phosphate buffer at
pH 5.8 and resuspended in the same phosphate buffer
(0.2 mL). Cell suspensions (50 ul) were dropped on a
slide and observed using a fluorescent microscope
(Nikon, E-800) under UV radiation.

Extraction of Taxol and Analysis by HPLC

Taxol was extracted from the suspension cultures and
analyzed by HPLC as described in a previous publication
[16].

RESULTS AND DISCUSSION
Effects of Ce* on Extracellular pH

The extracellular pH of the suspension culture of Taxus
cells in response to different Ce** concentrations was
investigated (Fig. 1). The addition of 1 mM Ce(NH,),
(NO;), caused the extracellular pH to decrease immedi-
ately from 4.8 to 3.3 and then to increase to 5.5 at 24 h,
while Ce(NH,),(NO5) at a lower concentration (0.5
mM) did not cause an obvious change of the extracellular
pH within 24 h. Additionally, Ce(NH,),(NOs), at a higher
concentration (5 mM) resulted in a decrease of the ex-
tracellular pH from 4.8 to 2.4, which remained un-
changed with time. Fig. 2 shows the time course of the
extracellular pH induced by 1 mM Ce(NH,),(NOj5)s. The
extracellular pH sharply declined by about 3.3 pH units
upon the addition of 1 mM Ce** (Stage 1). After about 1
h, the pH began to increase and reached the initial pH of
4.6 at 12 h (Stage 2). The pH then continued to increase
to 6.2 at 29 h and remained at this level thereafter (Stage
3). In contrast, the extracellular pH of Control 1 (without
any additive to B; medium) changed minimally during
the whole period of time. These results indicate that the
effect of Ce(NH,),(NOs5), on extracellular pH was dose-
dependent, which is consistent with the dose-dependence
of taxol biosynthesis. It is thus likely that only 1 mM
Ce(NH,),(NO;), activated the H* influx across the plasma
membrane resulting in the activation of downstream sig-
nal events such as the related defense gene expression
and taxol biosynthesis.

To further clarify the mechanism of 1 mM Ce(NH,),
(NO;),-caused H* uptake, it was necessary to determine
which component of Ce(NH,),(NO;), plays the key role
in this process. Ce(NH,),(NO;), can be taken as consist-
ing of two parts: Ce** and NH,*-NO;". The culture sys-
tem was composed of two parts: cells and the medium.
To investigate whether the pH change was also caused by
other components in addition to Ce**, the extracellular
pH of Control 2, which contained equal amounts of
NH,* and NO; but without Ce**, was tested (Fig. 2).
The extracellular pH of Control 2 decreased slightly
compared with that in Control 1 without any additives.
This indicates that the change of extracellular pH caused
by Ce(NH,),(NO;), mainly resulted from Ce**. To inves-
tigate whether the pH change was caused by the effect of
Ce** on the medium or cells, the Ce**-caused pH change



Biotechnol. Bioprocess £ng. 2005, Vol. 10, No. 2

4]
T =3 ne 3
4 | RS
H
2 | N
N
R
RS
o . AN LN
Co (0SmM)  Ce{lmM)  Ce (SmM) Coxtrel 2

Fig. 1. Effect of Ce** concentration on extraceltular pH in a sus-
pension of T. caspidata. (0 Before the addition of Ce**, Just
after the addition of Ce**, M 24 h after the addition of Ce**.

of the cell-free medium was also monitored. It is seen
that the pH of the cell-free system fell sharply upon the
addition of Ce(NH,),(NOs), and remained unchanged
within 24 h, while the pH of the cell-containing system
decreased rapidly, and then increased immediately as
shown in Fig. 2. So, the pH changes in Stages 2 and 3
resulted from the action of Ce** on cells, whereas the
sharp fall of the extracellular pH in Stage 1 was a conse-
quence of the action of Ce** on the medium.

Plant cells possess a self-regulation mechanism that re-
sponds to various environmental changes to some extent.
To analyze whether the dynamic change of extracellular
pH is caused by the ability of Ce** to acidify a medium,
the effect of instantaneous acidification of the culture
medium caused by 1 mM Ce** was modeled by regulat-
ing the medium pH with HCl. As shown in Fig. 2, the
extracellular pH of the system treated with 1 M HCl also
returned to its initial level (a similar trend with that of the
Ce**-treated system) and subsequently remained at the
initial level thereafter. It is thus inferred that the sharp
decrease of pH caused by Ce** was within the endurable
pH range for Taxus cells, and the pH could be restored to
its normal level by the self-regulation of the cells. The
subsequent alkalinization of the culture medium, however,
is difficult to explain in terms of a cell self-regulation
mechanism to the decreased pH.

Plants use protons almost exclusively as coupling ions.
The efflux of H" generates the electrochemical gradient
of protons across the plasma membrane that provides the
driving force for the uptake and efflux of ions and me-
tabolites across the plasma membrane [8]. The plasma
membrane H*-ATPase is a key component required to
generate a proton motive force with a membrane poten-
tial from -120 to -160 mV (negative inside) and a pH
gradient from 1.5 to 2.0 units (acid outside) by excluding
H* from the cells [17]. Our results show that the addition
of Ce** (1 mM) immediately decreased the extracellular
pH by 1.3 units (Fig. 2), forming a pH gradient (acid
outside) similar to that produced by PM H*-ATPase. It is
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Fig. 2. Time course of extracellular pH induced by 1 mM Ce**
in suspension cultures of 7. cuspidate cells. O Control 1
(without any additives), A Control 2 (with NH,NO; (2
mmol/L) and NaNO; (4 mmol/L), (O Ce**-treated culture,
x HCl-treated culture.

thus presumed that Ce** functioned as the plasma mem-
brane H*-ATPase in terms of generating proton forces
that caused the fluxes of ions during Stage 2. It has been
proposed that the different effects of elicitors on the
plasma membrane H*-ATPase and the resultant acidifica-
tion or alkalinization of the extracellular medium is the
consequence of cell responses to the difference between
specific and nonspecific elicitors [18].

Effects of Ce* on Extracellular Ca?* Concentration

As shown in Fig. 4, the concentration of extracellular
Ca®* obviously decreased within the first 3 h after the
addition of Ce**, then gradually decreased to one third of
initial value in control at about 72 h and remained un-
changed afterwards. In contrast, the concentration of
extracellular Ca?* in Control 2 hardly changed with time.
This result implies that Ce** caused the influx of extracel-
lular Ca®* across the plasma membrane. This is consis-
tent with our previous presumption that the sharp in-
crease of the cytoplasmic Ca’* concentration of Taxus
cuspidata cells (within 2~4 min after the addition of Ce**)
resulted from the influx of extracellular Ca?* into the cy-
toplasm as well as the release of Ca?* from the calcium
storage to the cytoplasm [19].

Effects of lon Channel Blocker and Ca*-channel
Blocker on Extracellular pH

The dynamic change of extracellular pH and Ca®* sug-
gested that the ion fluxes took place in the 1 mM Ce**-
induced system. To validate this assumption, A-9-C, an
ion channel blocker, and nifedipine, a Ca®*-channel
blocker, were added to the culture system at 30 min prior
to the addition of Ce**, respectively. It was observed that
A-9-C at 300 and 400 puM partially inhibited the pH in-
crease caused by Ce** (Fig. 4), while nifedipine at 100
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Fig. 3. Time course of the concentration of extracellular Ca*
induced by 1 mM Ce** in suspension cultures of T. cuspidate

cells. O Control 1 (without any additives), @ Ce**-treated
culture.

Ce' 800
(400 pbd)

Ce'+4-9-C
(300 phg)

Ce®

A9-C
(400 by

Cortrol 2

Fig. 4. Inhibition of Ce**-induced increase of extracellular pH
by 300 uM Anthracene-9-carboxylate (A-9-C). Extracellular
pH was detected 24 h after the addition of Ce** (1 mmol/L) in
suspension cultures of T. cuspidate cells. A-9-C was added to
the culture system 30 min prior to the addition of Ce**.

pM and 150 puM hardly affected the pH (Fig. 5). This
indicates that Ce** activated the H* channel leading to an
increase in the extracellular pH, independent of the Ca**
channel activation.

It has been reported that A-9-C also inhibits elicitor-
induced K* effluxes in parsley: Petroselinum cripum [10].
There also exists a plasma membrane K* efflux/H™* influx
exchange mechanism in tobacco [20,21]. Thus, the par-
tial inhibition of 9-A-C to the increase of extracellular pH
likely blocked the plasma membrane K* efflux/H* influx
exchange.

Effects of lon Channel Blocker on Cell Viability and
Intracellular Soluble Protein Content

An intracellular pH that remains relatively constant is
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Fig. 5. Inhibition of Ce*'-induced an increase of extracellular
pH by nifedipine (100 uM) in suspension cultures of T. cuspi-
date cells, Extracellular pH was detected 24 h after the addition
of Ce** (1 mmol/L). Nifedipine was added to the culture sys-
tem 30 min before the addition of Ce**.

essential for cells to perform their physiological functions,
and a slight change in pH might significantly affect cell
metabolism. It was observed that the prior addition of the
ion channel blocker, A-9-C, made the Ce**-containing
cultures become dark-brown and the numbers of cells
obviously decreased at 24 h after the addition of Ce**. In
contrast, the culture system with 1 mM Ce** alone and
with A-9-C alone showed a light cream color, similar to
that of Control 2. The addition of A-9-C obviously de-
creased cell viability and the intracellular soluble protein
content of the Ce**-treated cells, while the treatment with
Ce** or A-9-C alone only slightly decreased cell viability
and the intracellular soluble protein content (Table 1). It
is thus concluded that the H* influx across the plasma
membrane is essential for cell survival as it protects cells
from the strong acidic environment caused by Ce**.

A change of pH has been regarded as a part of the bio-
chemical response mechanism [8] and H* may act as a
second messenger [22]. Several reports on animal cell
apoptosis implicated the reduction in intracellular pH as
proapoptotic signals [23-26]. As for the Ce**-induced
Taxus suspension culture, the H* influx across the plasma
membrane resulted in cytoplast acidification of Taxus
cells. It has been reported that Ce** induced Taxus cells
undergo apoptosis. It is thus presumed that the H* up-
take induced by Ce** activated the downstream signaling
events and consequently led to apoptosis.

Effects of Ca*-channel Blocker on Taxol Biosynthesis
and Cell Apoptosis

Numerous reports indicated that Ca®* is a critical ele-
ment in elicitor-mediated signal transduction as observed
in many other signaling processes [27]. The increase of
cytosolic Ca?* concentration can serve to transduce a par-
ticular stimulus to target proteins that guide the cellular
responses. To clarify whether or not the Ca®* influx across
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Table 1. Effects of A-9-C on T. cuspidate cell viability and intracellular protein content (M + SD, n=3)

Control 2 A-9-C¢ Ce** Ce**+A-9-C° Ce*t+A-9-C¢
Cell viability
03+0.33 5.58 +0.32 00 +0.26 1.61+0.07 1.00 + 0.05
o § F 6.03+0.3 0.3 5.00 61+0.0
Protein content 9.46 + 0.61 8.74 +0.52 8.25 + 0.56 1.58 + 0.06 0.93 + 0.04
(mg /g FW)

Anthracene-9-carboxylate (A-9-C) was introduced 30 min prior to the addition of Ce**.
b Cell viability and protein content were detected 24 h after treatment with Ce**.

¢ The concentration of A-9-C was 300 uM.
4 The concentration of A-9-C was 400 uM.
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Fig. 6. Inhibition of Ce**-induced taxol production and apop-
tosis by nifedipine (100 pM) in suspension cultures of T. cuspi-
date cells. Nifedipine was added 30 min prior to the addition of
Ce**. Taxol production was detected 48 h after the addition of
Ce**.

the plasma membrane mediated 1 mM Ce**-induced taxol
biosynthesis and cell apoptosis, nifedipine was introduced
30 min prior to the addition of Ce**, and the taxol con-
tents and apoptosis ratio were detected at day 2 and day 9
after the addition of Ce**, respectively. As shown in Fig. 6,
nifedipine completely blocked the taxol biosynthesis but
partially inhibited the cell apoptosis induced by Ce**, indi-
cating that the Ca®* influx across the plasma membrane
mediated the signal transduction pathways from Ce** to
both taxol production and cell apoptosis.

CONCLUSION

The addition of 1 mM Ce** causes dynamic changes of
extracellular pH and the Ca?* concentration due to the
activation of H* uptake and Ca®* influx across the plasma
membrane via ion channels. An H* uptake is essential for
Ce**-treated cells to survive a harmful environment and
is one of the mechanisms for Ce**-induced apoptosis. A
Ca’* influx across the plasma membrane is essential for
Ce** to induce taxol biosynthesis and apoptosis.
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