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Summary. The effects of various chemical sub-
stances on the permeability of plasma membranes
and tonoplasts of three suspension cultures (Ca-
tharanthus roseus, Thalictrum rugosum and Che-
nopodium rubrum) have been studied. The per-
meability of the plasma membrane is monitored
by measuring the activity of the cytosolic enzyme
isocitrate dehydrogenase and the permeability of
the tonoplast is measured by determining the re-
lease of substances stored in the vacuoles (inor-
ganic phosphate, berberine and betanin for the
three cell lines, respectively). The minimum con-
centration required for quantitative release of va-
cuolar products have been established for five dif-
ferent permeabilization agents. Cell viability is
lost upon permeabilization except for treatment
of Catharanthus roseus with DMSO and Triton X-
100.

Introduction

Plant cell cultures have during decades been con-
sidered as potential sources for the production of
natural compounds. The development has, how-
ever, been relatively slow and today only a couple
of industrial processes have been reported (Ya-
mada and Fujita 1983; Ushiyama 1986). Various
technological and biological limitations are re-
sponsible for the limited industrial success with
plant cell cultures as a source for biochemicals.
Some years ago, we initiated studies on the
immobilization of cultivated plant cells to investi-
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Abbreviations: DMSO, dimethylsulfoxide; PEA, phenethylal-
cohol; HDTMAB, hexadecyltrimethylammonium bromide;
ICDH, isocitrate dehydrogenase

gate if the advantages of immobilized biocatalysts
also hold true for plant cells (Brodelius et al.
1979). One of the major advantages of such a bio-
catalyst is a continuous operation of a process.
However, plant cells most often store secondary
product(s) in the vacuoles which makes a contin-
uous operation of a process involving immobil-
ized plant cells impossible. Attempts are now be-
ing made to develop methods for the permeabili-
zation of plant cells for release of intracellularly
stored products. The cells should remain viable
after the treatment to be fully biosynthetically ac-
tive. This would allow the reutilization of the ex-
pensive biomass for biosynthetic purposes.

Various substances may be employed for the
permeabilization of microbial and plant cells (Fe-
lix et al. 1981; Felix 1982). Dimethylsulfoxide
(DMSO)' has been used for the reversible per-
meabilization of immobilized cells of Catharan-
thus roseus (Brodelius and Nilsson 1983). Ex-
tended studies on the permeabilization of C. ro-
seus, Thalictrum rugosum and Chenopodium rub-
rum suspension cultures with different permeabil-
izing substances are now reported. These cell lines
were selected as model systems for these studies
since they have been maintained as stable suspen-
sion cultures for a few years. Furthermore, they
were selected while the determinations of released
vacuolar compounds are relatively uncompli-
cated.

Méterials and methods

Chemicals. Hexadecyltrimethylammonium bromide
(HDTMABY)', phenethyl alcohol (PEA), chloroform, isocitrate,
NADP* and berberine were obtained from Fluka (Switzer-
land). Dimethylsulfoxide (DMSO) and Triton X-100 were pur-
chased from Merck (FRG). **P orthophosphate was supplied
by Amersham (UK).
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All other chemicals were of analytical grade and were ob-
tained from commercial sources.

Cultivation of cells. Stock suspension cultures were cultivated
on gyratory shakers (120 rpm) at 26 °C in the following man-
ner:

C. roseus: LS-medium (Linsmaier and Skoog 1965) sup-
plemented with 10 uM 2'4-D and 10 pM NAA in the dark.

T. rugosum (kindly supplied by J. Berlin, Stéckheim,
FRG): MS-medium (Murashige and Skoog 1962) supple-
mented with 2 pM 2’4-D in the dark.

C. rubrum (kindly supplied by J. Berlin, Stéckheim, FRG):
MS-medium supplemented with 2pM 2'4-D in daylight
(16 h).

Permeabilization. For the permeabilization experiments cells
in early stationary phase were used. This corresponds to incu-
bation times of 7, 10 and 12 days for Catharanthus roseus, T.
rugosum and Chenopodium rubrum, respectively. The standard
procedure used for the permeabilization of cells was as fol-
lows:

Cells were collected by filtration. An aliquote (0.5 g fresh
weight) was suspended in appropriate permeabilizing agent
(10 ml) shaken for 30 min on a gyratory shaker (80 rpm) at
room temperature in a 25 ml Erlenmeyer flask. The cells were
collected by centrifugation (500 x g; 2 min) and washed with
the appropriate medium (2x 5 ml). The supernatants were
combined and analyzed for released product.

Analytical procedures. Isocitrate dehydrogenase activity was
determined as previously reported (Felix et al. 1981).

Berberine was quantitated by TLC as previously described
(Funk et al.- 1987) and betanin was quantitated by OD meas-
urements at 450 nm.

The vacuoles of Catharanthus roseus cells were loaded
with inorganic phosphate as described elsewhere (Lundberg et
al. 1986).

Results and discussion

In order to release products from vacuoles of cul-
tivated plant cells two membrane barriers have to
be penetrated (i.e. the plasma membrane and the
tonoplast surrounding the vacuole). Various
chemical may be employed to make these mem-
branes permeable to different compounds. The
permeability after treatment may be monitored in
various ways.

Permeabilization assays

The activity of cytoplasmic enzymes may be em-
ployed for monitoring the permeability of plasma
membrane. Enzymes requiring nucleotide coen-
zymes such as NADP(H), ATP or CoA are parti-
cularly convenient to use (Felix et al. 1981). These
coenzymes cannot penetrate an intact plasmal-
emma and therefore no enzyme activity is ex-
pressed unless the membrane has been made
permeable to these cofactors.
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The release of small molecular weight com-
pounds from the vacuoles may be used as a meas-
ure on the permeability of the tonoplast. Howev-
er, the tonoplast is not permeabilized unless the
plasma membrane has been made permeable.
Therefore, the response of the tonoplast to var-
ious treatments may not reflect the sensitivity of
this membrane but rather that of the plasma mem-
brane.

In this study isocitrate dehydrogenase (ICDH)
is used to monitor the permeability of the plasma
membranes as previously described for cells of
Catharanthus roseus (Brodelius and Nilsson
1983). The release of berberine and betanin from
cells of T. rugosum and Chenopodium rubrum, re-
spectively, is employed to measure the permeabil-
ity of the tonoplasts of these two cultures. For
tonoplasts of Catharanthus roseus another proce-
dure is used. In vivo *'P-NMR studies have
shown that these cells quickly take up inorganic
phosphate from the medium and store it within
the vacuoles (Brodelius and Vogel 1985). Further-
more, it was recently reported that *’P-NMR may
be used to study the permeabilization of the tono-
plast (Lundberg et al. 1986). Here radioactive
inorganic phosphate (**P) is used to study the per-
meability of tonoplasts of C. roseus cells after
treatment with various permeabilizing agents. Be-
fore treatment the cells are “loaded” with inor-
ganic phosphate (Lundberg et al. 1986).

For each system studied a dependence be-
tween membrane permeability and concentration
of permeabilizing agent can be established result-
ing in dose-response curves. At a sufficient high
concentration of permeabilizing agent the cell
population is fully permeabilized. At this point
(100% permeabilization) no further increase in en-
zyme activity or release from the vacuoles is seen
upon an increase in the concentration of permea-
bilizing agent. In this manner the lowest concen-
tration of permeabilizing agent resulting in total
permeabilization is determined ([P];q0)-

Permeabilization as function of cell concentration

The response (degree of permeabilization) is
highly dependent on cell concentration at a spe-
cific concentration of permeabilizing agent as ex-
emplified in Fig. 1. The amount of berberine re-
leased from cells of 7. rugosum is linear to about
50 mg cells (fresh weight) per ml suspension. At
higher cell densities a comparatively lower
amount of berberine is released indicating a satu-
ration effect. The amount of permeabilizing agent
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Fig. 1. Release of berberine from cells of T. rugosum as a func-
tion of cell concentration after treatment with 30 ppm
HDTMAB

per unit area of membrane decreases with increas-
ing cell concentration resulting in a lower abso-
lute degree of permeabilization.

Permeabilization as function of incubation time

Figure 2 demonstrates the time course of permea-
bilization. At high concentrations of permeabiliz-
ing agent the cells are rapidly permeabilized,
while at lower concentrations the process is some-
what slower. The standard conditions used in the
subsequent studies are: 50 mg cells (fresh weight)
per ml and treatment for 30 min.
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Fig. 2. Release of berberine from cells of T. rugosum as a func-
tion of incubation time after treatment with various concentra-
tions of HDTMAB as indicated in the figure
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Fig. 3. Relative ICDH activity within cells (A) and relative
release of products from vacuoles (B) as a function of phene-
thyl alcohol concentration. (— A —) Catharanthus roseus;
(— 0O —) Chenopodium rubrum; (— QO —) T. rugosum

Permeabilization as function of concentration of
permeabilizing agent

In this study five different permeabilizing agents
have been used. These were randomly selected
from a large number of compounds that have
been employed for the permeabilization of micro-
bial cells (Felix 1982).

Figure 3 shows as an example the effects of
phenethyl alcohol on the permeability of mem-
branes of the three cell lines used in this study.
Similar curves may be established for other per-
meabilizing agents. From these curves the concen-
trations required for 50% and 90% permeabiliza-
tion (i.e. [P]so and [Ploy) have been determined.
The results are summarized in Table 1 (for plasma
membranes) and Table 2 (for tonoplasts). The val-
ues given in Tables 1 and 2 are the average of two
separate experiments with 9 double assays per
curve. The diviations were less than 5% within
one experiment and less than 10% between ex-
periments. The three cell lines studied respond
differently to the various permeabilizing agents.
For instance, C. roseus ((DMSO]so=3%) is more
sensitive to DMSO than T. rugosum
(IDMSO]50=13%), while the latter cell line is
more sensitive to PEA ([PEA]s;=1.0% and 0.6%
for C. roseus and T. rugosum, respectively). These
and other differences in the response to various
permeabilizing agents may be due to different
membrane compositions and/or cell morphology.
However, further studies are required to establish
the reasons for the differences observed.
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Table 1. Concentration of various permeabilizing agents required for expression of 50 and 90% of
maximum isocitrate dehydrogenase activity in cultivated plant cells

Permeabilizing Catharanthus Chenopodium Thalictrum
agent roseus rubrum rugosum

50% 90% 50% 90% 50% 90%
DMSO (% v/v) 2 5 5 30 7 15
PEA (% v/v) 0.82 0.96 0.66 0.86 0.60 0.72
Chloroform (% sat.) 58 68 42 53 55 70
Triton X-100 (ppm) 140 190 120 145 115 200
HDTMAB (ppm) 12 28 12 24 13 28

Cell viability after permeabilization

Cell viability after treatment is of fundamental
importance for the development of a process in-
volving intermittant release of intracellularly
stored products by permeabilization. The in-
fluence of permeabilization on cell viability has
been investigated by measuring cell growth after
treatment of the cells. The cell cultures were
treated for 30 min with permeabilizing agents re-
sulting in around 10%, 50% or 90% permeabiliza-
tion of the tonoplasts and subsequently the cells
were transferred to fresh growth medium. After
treatment with chloroform, PEA or HDTMAB no
cell growth could be observed for any of the three
treated cell cultures.

In a previous study it was shown that cells of
C. roseus could grow after treatment with various
concentrations of DMSO (Brodelius and:Nilsson
1983). Cells of T. rugosum or Chenopodium rub-
rum require considerably higher concentrations of
DMSO for permeabilization (Table 2) and they do
not grow after the DMSO-treatment. Likewise,
after treatment with Triton X-100 C. roseus cells
can grow as illustrated in Fig. 4. The treatment re-
sulting in 50% release of vacuolar products results
in a relatively short lag phase. T. rugosum and C.
rubrum cells are more sensitive to Triton X-100.

Only cells of the former type treated with a low
Triton X-100 concentration (0.01%) resulting in
release of 10% of the stored berberine showed
some growth (data not shown).

Cells of Chenopodium rubrum appear to be the
most sensitive of the three cell lines tested. They
did not survive any of the treatments. Catharan-
thus cells are more tolerable to permeabilization
that the other two species. The reasons for these
differences are not known at present. However, it
has been demonstrated that cell cultures of C. ro-
seus contain different cell types with special func-
tions (Neumann et al. 1983). A small part of the
cell population is specialized in storage of alka-
loids. These “storage” cells show a vacuolar pH
of 3 as compared to pH 5—6 for normal cells.
This low pH is consistant with the ion-trap hypo-
thesis for transport of alkaloids into the vacuoles.
If these “storage” cells also take up phosphate at
a higher rate than other cells the studies on the
effects of the various permeabilization agents may
have been restricted to this subpopulation of cells.
Consequently, if these cells are more sensitive to
permeabilization than other cells it may be ex-
pected that under certain permeabilization condi-
tions survival of the culture is obtained even when
quantitative release of product is achieved. Thus,
the growth observed in a few instances after per-

Table 2. Concentration of various permeabilizing agents required for release of 50% and 90% of

intracellularly stored products from cultivated plant cells

Permeabilizing Catharanthus Chenopodium Thalictrum
agent roseus rubrum rugosum

50% 90% 50% 90% 50% 90%
DMSO (% v/v) 3 7 10 35 13 30
PEA (% v/v) 1.04 1.16 0.86 0.98 0.60 0.80
Chloroform (% sat.) 53 66 54 64 50 67
Triton X-100 (ppm) 140 185 185 230 140 210
HDTMAB (ppm) 44 72 22 84 24 60
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Fig. 4. Dry weight increase of freely suspended cells of C. ro-
seus as function of incubation time. The cells were treated for
30 min with Triton X-100 at concentrations corresponding to
0%, 10%, 50%, and 90% release of vacuolar substances as indi-
cated in the inserted figures. (—@®—) 0; (—O—) 0.010;
(—0—) 0.015; (— m—) 0.020% Triton X-100

meabilization may be due to the fact that a frac-
tion of the cell population is resistant to the con-
ditions used during treatment.

Other similar attempts to chemically permea-
bilize cultivated plant cells have also resulted in
non-viable cell populations (Parr et al. 1984;
Rueffer 1985; Wichers 1985). Relatively high
DMSO concentrations were required to release
intracellularly stored quinoline alkaloids. from
cells of Cinchona ledgeriana (Parr et al. 1984).
Very limited release of alkaloids from cells of Ber-
beris stolonifera was observed after DMSO treat-
ment (Rueffer 1985). Even though only 0.07% of
the alkaloids stored within the cells was released,
a non-viable cell preparation was obtained after
DMSO treatment. Alginate-entrapped cells of
Mucuna pruriens hydroxylating tyrosine to DOPA
were permeabilized by treatment with 10% isopro-
panol (Wichers 1985). The hydroxylation capacity
of the immobilized cells was improved three-fold
by this treatment (most likely due to removal of
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substrate uptake barriers). However, already in a
second batch most of the enzymic activity had
been lost due to leakage of the enzyme from the
permeabilized cells.

Conclusions

In conclusion, chemical permeabilization for the
release of intracellularly stored products appears
to be appropriate only in a very limited number of
systems if sustained cell viability is required. It is
not likely that other permeabilizing agents will
improve the situation. The low viability after
treatment is most likely not due to the permeabil-
izing agent as such but to destruction of cell com-
partmentation and to the release of toxic com-
pouds and degradive enzymes (e.g. proteases).
Other methods for the release of intracellularly
stored products should be developed for the pos-
sible utilization of immobilized plant cells in a
semi-continuous process. Recently, attempts were
made to permeabilize plant cells by electropora-
tion (Brodelius et al. 1987). However, also in this
case the viability of the cells decreased as the
amount of released product increased. More
promising are the attempts to reverse the ion-trap
mechanism by changing the extracellular pH
(Renaudin and Guern 1982).

However, permeabilization may in the future
find application in the downstream processing of
cultured plant cells. The harvesting of water sol-
uble intracellular products after a fermentation
process may be readily achieved by a permeabili-
zation procedure. Such a procedure should be
more selective than extraction with organic sol-
vents resulting in an easier purification of the
product. Furthermore, permeabilized plant cells
may be used for bioconversion of substrates that
are not taken up by intact cells as illustrated by
the glucosylation of warfarin by cells of Populus
alba after treatment with cetyl trimethyl ammon-
ium bromide (Fuller and Bartlett 1985).
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