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Summary. Charge-pulse experiments were performed on giant al- 
gal cells of Valonia utricularis. If the tonoplast and plasmalemma 
in series are charged to voltages of the order of 10mV, the decay 
of the initial voltage with time can be described by the sum of 
two or three exponential relaxations. It is not possible to explain 
the exponential decay of the voltage by two RC-circuits in series 
(e.g. tonoplast and plasmalemma), because this would lead to 
unreasonable values for the specific capacities of the two mem- 
branes. The exponential relaxations might be attributable to the 
transport of mobile negative charges present in both membranes, 
possibly as a part of a transport system. From an analysis of the 
experimental results in terms of the proposed model, the translo- 
cation rate constant k and the total surface density N t of the 
mobile charges in one membrane could be evaluated. On average 
k is of the order of 600sec 1 and N~ is about 5 x 10-12molcm 2 
(average turgor pressure 1.6bar). The transport properties of the 
mobile charges within the tonoplast and plasmalemma were stud- 
ied as a function of different parameters such as external pH, 
glutardialdehyde, electrical breakdown and turgor pressure. When 
the pH is lowered from 8.2 to 4 or 5 the mobile charges disappear 
completely, presumably as the result of protonation of the anionic 
groups. This pH effect was found to be completely reversible. 
Electrical breakdown causes a reversible disappearance of the 
relaxation with the longer half-time due to the decrease in mem- 
brane resistance. The value of the electrical breakdown voltage 
determined by injection of charge pulses of 300-psec duration into 
the cell is pH-independent and therefore is consistent with the 
mobile charge model and with results previously reported (U. 
Zimmermann & R. Benz, J. Membrane Biol. 53:33-43, 1980). Ad- 
dition of glutardialdehyde leads also to a disappearance of the 
mobile charges probably due to cross-linkage. Increase of the 
turgor pressure from 0.05 bar to 2 bar results in an increase in k 
by a factor of 2 and in N~ by about 30 %. The increase in k is in 
reasonable agreement with that expected on the basis of the 
assumed compressibility of the membranes. The elastic compres- 
sive modulus perpendicular to the membrane plane calculated 
from the pressure dependence of the translocation rate constant k 
is in very good agreement with that derived from electrical break- 
down experiments (14 and 13bar, respectively). The presence of 
charges within the membranes as well as the compressibility of 
the membranes are discussed in terms of a possible turgor-pres- 
sure-sensing mechanism. 

Key words voltage relaxations . mobile charges �9 turgor-pres- 
sure-sensing mechanism �9 Valonia 

Introduction 

There is a body of evidence that  m e m b r a n e  trans-  
port  and  certain metabol ic  processes in the cyto- 
plasm are either under  control  of turgot  pressure or 

at least turgor-pressure-dependent  [9, 15-18, 24-27, 
37-39]. The control  of cell turgor pressure in re- 
sponse to osmotic  stress or dur ing  growth is therefore 
a prerequisi te for a p lant  cell to m a i n t a i n  its funct ion-  
al state. The efficiency of p lant  cells in ma in t a in ing  a 
cons tan t  turgor  pressure over a wide range of exter- 
nal  osmolari t ies is par t icular ly apparen t  in cells liv- 
ing in env i ronments  of f luctuat ing salinity (e.g. es- 
tuaries). 

The mechan i sm by which a turgor-pressure sig- 

nal  in response to osmotic  stress is sensed by the 
cell m e m b r a n e  is unknown .  Z i m m e r m a n n  and  col- 
leagues [12, 13, 25, 28, 29, 34] have proposed an 
electromechanical  model  based on  the assumpt ion  
that  a change in the m e m b r a n e  thickness brought  
about  by turgor-pressure changes is the pr imary  step 
in the t rans format ion  of a turgor-pressure signal 
into al terat ions of the biophysical  and  biochemical  
properties of the membrane .  The key predict ion of 

this quant i ta t ive  model  is that  the intr insic  electric 
field wi thin  the m e m b r a n e  is init ial ly altered by 
changes in the m e m b r a n e  thickness. Thus, changes 
in the electric field or in the concent ra t ions  of ions 
in the su r round ing  med ium which cont r ibute  to the 
m e m b r a n e  potent ia l  should also lead to a control  of 
cell turgor. This and  several other predict ions of the 
model  have been verified experimental ly  in the 
mean t ime  [20, 27, 333, suppor t ing  the idea that  the 
key assumpt ion  of the model,  which was calculated 
on the basis of macroscopic  laws, is valid. 

Changes in the m e m b r a n e  thickness can be 
brought  abou t  by direct compress ion of the mem-  
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brane or indirectly by stretching of the plasma- 
lemma coupled to the cell wall. Changes in the mem- 
brane thickness arising from stretching can be esti- 
mated from the measurements of the elastic coef- 
ficient of the cell wall, whereas an estimate of the 
elastic compressive modulus perpendicular to the 
membrane plane can be obtained from electrical- 
breakdown experiments [32]. For the giant algal 
cells of Valonia utricularis it was calculated that the 
membrane thickness can be reduced by about 0.2 to 
0.4nm when the turgor pressure is changed by 1 bar 
[251. 

In this communication we present further evi- 
dence supporting the postulated turgor-pressure- 
sensing mechanisms by using a quite different exper- 
imental and theoretical approach. The membranes 
were charged very rapidly (within nsec) to a low 
voltage at different turgor pressures and the depen- 
dence of the voltage relaxation within the membrane 
on turgor pressure was subsequently measured [4- 
8]t. It has emerged from these experiments that the 
voltage relaxation has at least two components: a 
long relaxation, which is usually six to ten times 
longer than the normal RC-relaxation, and a second 
fast (and very often a third intermediate) relaxation 
arising from the movement of mobile charges within 
the membrane due to carrier systems. The surface 
density of these mobile charges is very high and the 
translocation rate of the charges within the mem- 
brane, as well as the density, are pressure-dependent. 
The increase in the translocation rate with increas- 
ing turgor pressure, particularly in the pressure 
range in which the potassium fluxes of V utricularis 
are markedly pressure-dependent [22], can be ex- 
plained by a change in the membrane thickness. 
This is supported by analogous experiments on lipid 
bilayer membranes of variable thickness in which 
lipophilic ions had been introduced [4]. The calculat- 
ed value for the change in membrane thickness with 
turgor pressure is in very good agreement with the 
value obtained from electrical breakdown experi- 
ments and analysis of these data on the basis of the 
electromechanical model [25]. Thus, it is suggested 
that turgot pressure is sensed both by a change in 
membrane thickness and by the presence of mobile 
charges within the membrane. 

Materials and Methods 

Cells of V. utricularis, originally collected in Naples, Italy, were 
grown in natural seawater at a salinity of l l 50mosmolkg  -a as 
described earlier [39]. Elliptical cells with a volume between 18 

Benz, R., Zimmermann, U. Evidence of mobile charges in cell 
membranes of V utricularis (in preparation) 

and 100~1 were fixed in a small perspex chamber continuously 
perfused with seawater. The temperature of the circulating sea- 
water was monitored by a thermistor mounted approximately 
2mm away from the cell. All experiments were performed at 
17 ~ in natural seawater at a pH of about 8.2. The solutions of 
p H 4  or pH5 were buffered with 10mM citrate. The turgot pres- 
sure of the cells used for this study was measured with the 
pressure probe [25-27, 37, 38]. The normal turgor pressure of the 
cells was 1 to 2bar. It was varied between 0.05 and 3bar by 
adding either NaC1 (analytical grade) or distilled water to the 
circulating external solution. The resting membrane potential was 
about 2 mV (inside positive). 

In the charge-pulse experiments the membrane capacitance of 
the algal cells was charged to voltages between 6 and 15mV by 
injecting short current pulses (50 to 200nsec duration) generated 
by a fast-pulse generator (Hewlett Packard 214B, maximum out- 
put voltage 100V at 50fl). The generator was connected to the 
internal current electrode (platinized platinum wire) through a 
diode with a reverse biassed resistance larger than 101~ The 
actual voltage across the membrane was measured using a second 
internal electrode (silver/silver chloride wire) connected to tl~e 
input of a Tektronix 7633 storage oscilloscope (7A22 amplifier, 
1 M ~  input resistance, maximum band-width 1 MHz) driving a 
Nicolet Instruments Explorer III digital storage oscilloscope (Mo- 
del 206 plug-in, maximum sampling rate 2 MHz). A voltage fol- 
lower (using a Burr Brown 3551 operational amplifier, input 
resistance 101a~) was used to test if the input resistance of the 
oscilloscope had any influence on the long time constant T 2. In 
most experiments described here the decrease of z 2 was less than 
3 %, whereas it was less than 10 ~ in all experiments. A silver/sil- 
ver chloride electrode of extremely large surface area was mount- 
ed close to the cell and was used as an external voltage and 
current electrode. The resistance of the current electrode was on 
the order of 100fl, whereas the voltage electrode had a resistance 
around 1 kf2. Both electrodes had an effective capacitance of less 
than 100 pF. The whole arrangement was similar to one pub- 
lished earlier [8]. 

The injected charge in the charge-pulse experiments was mea- 
sured using the voltage drop across a 10f~ resistor in series with 
the external electrode. The charge was determined by planimetry 
of the area below the voltage trace. 

The whole apparatus was carefully checked with test circuits 
as described earlier [1, 30]. One of these experiments is presented 
in Fig. 1. A capacitor of 0.47 gF in parallel with a resistor of 1 kf~ 
was connected in series with the internal and external current 
electrode (R e) (see inset in Fig. 1) and the decay voltage in the test 
circuit was measured after a charge pulse. The time resolution of 
the whole apparatus was of the order of 5 Ixsec. The data obtained 
from the digital oscilloscope was analyzed directly with a HP- 
9825A or a MINC-11 computer, whereas photographs of the 
oscillographic records were digitized with a Summagraphics Digi- 
tizer (HV-2-20). In this latter case the analysis of the data was 
performed with a HP-9820 A computer. 

Electrical breakdown experiments were performed using this 
experimental arrangement as described earlier [30]. 

The actual resistance of the whole cell was measured with 
this set-up by injecting a constant current of 1 to 30 gA into the 
cell for about 20msec. The voltage drop across both membranes 
and the constant current were recorded. The specific resistance of 
the cells was calculated according to Ohm's law and was nor- 
mally of the order of 500 to 4000f2 cm 2. 

In a parallel series of experiments the dependence of the 
current-voltage properties of the membranes on turgor pressure 
was measured in the conventional way, i.e. glass microelectrodes 
filled with 3 M KCI were used for measuring the membrane poten- 
tial and for applying the current from a constant current source 
(Keithley 225). The duration of the injected current pulses was 5- 
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Fig. 1. Oscilloscope record of a control experiment on the electri- 
cal analog circuit shown in the inset. The charge pulse of 200- 
nsec duration and 2.9 x 10 9 A sec injected charge Q resulted in 
an initial voltage V0=6.5 mV across the parallel combination of 
resistor (1 kf~) and capacitor (0.47 gF) simulating the membrane. 
The voltage relaxation is purely exponential with a time constant 

of 430 gsec. To provide better data it was recorded twice at 
different time resolutions. C and R of the analogous circuit were 
calculated to be 0.45 gF and 964 ~ according to Q = C. V o and 
= R . C  

10sec. The membrane resistance was calculated from the linear 
part of the current-voltage relationship. For further details see 
[36]. 

The vacuolar potassium influx was measured by the uptake of 
42K+ added to the seawater. The procedure and the calculation 
of the influx from the uptake of labeled potassium into the 
vacuole was performed as described elsewhere 1-22]. 

Some voltage-relaxation measurements were performed on 
cells fixed with glutardialdehyde (Merck, FRG). Four ml of 25 % 
glutardialdehyde solution were added to 100ml seawater at 
pH 8.2 whereby a final concentration of 1% (100mM/liter) was 
established. 

Theoretical Considerations 

Only general features of the considered transport 
system will be described here. The model will be 
given in full detail elsewhere 2. It is based on the 
assumption of a mobile carrier system similar to 
that used for the kinetic analysis of proton transport 
mediated by uncouplers of the linear type [3, 6]. It 
assumes that a chemical reaction (complex for- 
mation) takes place between a membrane-bound 
anionic group A-  and a positively charged substrate 
molecule S § (for example protons or potassium 
ions) at the membrane/solution interface (Fig. 2). 
This chemical reaction is described by overall rate 
constants, k As (association) and k As (dissociation). 
The translocation of the neutral complex AS 

2 See footnote 1, p. 184. 

A-~" k A- 

AS ko~ AS 

U._s+ 

Fig. 2. Model for the transport of the substrate S + by the anionic 
group A -  

through the membrane is treated as a first-order 
reaction with the rate constant k o. The translocation 
of the anionic group A -  through the membrane is 
described in a similar way by the rate constant k. 
This rate constant is assumed to be voltage-depen- 
dent, denoted by k' and k". 

Furthermore it is assumed that the two mem- 
branes in series, tonoplast and plasmalemma, sepa- 
rate identical concentrations of the transported ca- 
tion S § (concentration Cs). This is not a serious 
restriction of the theoretical treatment if the only 
driving force for the substrate transport is the vol- 
tage difference across both membranes. This voltage 
(i.e. resting potential) is normally of the order of 2- 
5mV (inside positive) and would lead to an almost 
identical concentration of the substrate on both 
sides of the membrane barrier. The system is in 
equilibrium at times t<0 .  At time t = 0  the mem- 
brane capacitance C m is charged within nanoseconds 
to a voltage V ~  

Denoting the surface concentrations of A-  and 
AS at the outside interface by N A and N~s and the 
surface concentrations at the inside interface by N A 
and N[s , the derivatives of these quantities are given 
by: 

dNA kas. Cs. , AS ' - k '  
dt  - N A + k D  "Nj~s . N ~ + k " . N A ,  (1) 

dN a  k~S Cs ,, As ,, 
dt - " " N A  + kD " NAs + k "  N A -  k " .  N~ ,  (2) 

dUj~s = kaR s" Cs" NA -- kAD s" NAS -- ko " N~s + ko " N~s,  (3) 
dt 

dn~s  = k~ s" Cs" NA -- kAD s" NAS + ko" NA s -- k o �9 N'j, s. (4) 
dt 
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The total carrier concentration in the membrane 
(either complexed or uncomplexed) should be time- 
independent (at least within the time scale of a char- 
ge-pulse experiment), i.e. 

N'A + N'~ + Nj~s + N As= Nt. 

k" = k.  e-u/2 

and where u is the reduced voltage 

(12) 

V~.F 
u = - -  (13) 

(5) R. T '  

The rate of decay of the voltage V m following the 
charge pulse is given by the current density J 
through the membrane. J is associated with the flow 
of charges, the carrier system and the unspecific 
ohmic conductance R~, of the membrane: 

d = - •(k'.  N ; -  k" .  N;0 - - -  
vm 

(6) 
am"  

With j=d~m__d,  m O V  Cm, Eq. (6) becomes: 
dt dt 

dVm F Vm 
�9 ( k ' - N ; ,  - k".  N ; ; )  - - -  (7 )  

dt C m Rm Cm" 

From the experimental relaxation curves it is 
obvious (see Results) that either the substrate con- 
centration C s in the aqueous phase is extremely low 
(NA>> NAs ) or the complexation reaction is very slow 
(k>>L.As L.as~ In both cases only two relaxations '~R ~ '~D I" 
would be observed [5]. The total surface concen- 
tration N t = N j , + N  ~ calculated under these con- 
ditions is of the order of 5 x 1 0 - 1 2 m o l c m - 2  for a 
single membrane (see below). This means that one 
membrane surface contains about 1 charge per 
33 nm 2. The concentration of charges is then only 60 
times lower than the density of lipid molecules in a 
pure lipid bilayer (1 lipid molecule per 0.6nm2). 
Because of this high surface concentration of 
charges, it seems to us more likely that the substrate 
concentration C s is low (NA, N~>NAs, NAS). Then 
the transport kinetics of the anionic groups A-  
within the membrane can be expressed in a similar 
way to the transport of lipophilic ions [2, 5] and 
gating particles [2] in membranes (two-state model). 
In this case the derivatives of the surface concen- 
trations N~. and N~ with time reduce to [compare 
Eqs. (1) and (2)]: 

- - - -  -k ' .Nj~ +k".  N'~, (8) 
dN~_ 
dt 

dNj, _ k" . N~ + k' . Nj~, (9) 
dt 

Nt=Nj  + N' ~ (10) 

where k' and k" are voltage-dependent according to 

In the limit of low voltages u < l  (Vm<25mV) 
Eqs. (7)-(9) represent a system of two linear differen- 
tial equations with the following solution for Vm(t ) 
[2] 3: 

Vm(t ) = VO(al e-tin + a  2 e -t/*~) (14) 

where 

a l + a 2 = l .  (15) 

a 1 and a 2 are the relative amplitudes of the two 
exponential decays�9 

Defining the quantities Z j, Z 2 and Z 3 as [2]4: 

1 1 
Z 1 = - - + - - ,  (16) 

Z 1 T 2 

1 1 
Z 2 = , (17) 

gl  T2 

z3 =al +a2. ( 1 8 )  
"~1 T2 

k, R m and N t can be calculated according to: 

k=�89 - z 3 ) ,  (19) 

1 2k 
- - .  - - ,  (20) R m= Cm Z z 

(21) 

with 

F z 
b (22) 

4RTC m" 

In this theoretical treatment it has been assumed 
that the two membranes in series, tonoplast and 
plasmalemma, behave in principle like a single mem- 
brane. This is justified in our opinion by the fact 
that the experimental data can be fitted with high 
precision to the two major exponential relaxations 
(see below). If the two membranes can be treated as 
one, the assumption of 0.5 pF cm -2 for the specific 
membrane capacity yields the correct value for R m 
(sum of the specific resistances of the two single 

3 S e e  footnote 1, p. 184. 
k'= k. e u/z, (11) " S e e  footnote 1, p. 184. 
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membranes) but only half of the total concentration 
N~ of charged particles present in a single mem- 
brane. On the other hand, the use of 1 gFcm -2 for 
the specific capacitance gives the correct value for N, 
and the specific resistance of one membrane. R,, is 
then obtained by doubling the resistance value. 

R e s u l t s  

Voltage Relaxation 

A typical voltage-relaxation experiment on a cell of 
Valonia utricuIaris is shown in Fig. 3. The membrane 
capacitance was charged by a short current pulse of 
200-nsec duration to about 7 mV (injected charge 2.8 
• As indicated in Fig. 3, the potential 

difference across the membrane decays in two expo- 
nential relaxations with distinct time constants. A 
semilogarithmic plot of the data is given in Fig. 4. 
The fast relaxation with a relative amplitude a I of 
0.88 has a time constant of l l0gsec, whereas the 
second, slower one (relative anaplitude a 2 =0.t2) has 
a time constant of 4.5 msec. 

In principle, one can argue that the two relax- 
ations are attributable to the two membranes ar- 
ranged in series. However, this explanation can be 
rejected for the following reason. It can be shown 
that the following equation holds if two membranes 
arranged in series are charged to a certain voltage 
V ~ by a short charge pulse (200nsec) duration and 
of an injected charge Q: 

Q = cm . = vo2 (231 

with 

V ~ + 17~ = V, ~ (24) 

Cml and C,, 2 are the capacitances of the tonoplast 
and plasmatemma membrane, respectively, and V~ 
and V~ are the corresponding initial voltages. 

Taking V,~ and V~ from Figs. 3 and 4 and the 
membrane area determined by geometric means 
(A=0.79cm 2) leads to values for Cm~ and CmR 
of 0.55gFcm -2 and 4.1 btFcm -2, respectively. Both 
values are in contradiction to the value of 1 gF cm -2 
reported in the literature for the specific capacitance 
of membranes (e.g. [21]). 

On the other hand, the value of 0.48gFcm -2 for 
the total specific capacitance of both membranes is 
in good agreement with the value expected for two 
membranes arranged in series both exhibiting a spe- 
cific capacitance of 1 pF cm- 2. If we analyze the two 
voltage decays in terms of two R C  relaxations with 
the time constants 
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Fig. 3. Voltage-relaxation curve of a typical cell of Valonia utri- 
cularis, recorded at cell volume 49 gl, turgot pressure 1 bar, na- 
tural seawater, pH 8.2. A charge pulse of 200 nsec was injected 
into the celt (2.8 x 10 -9 Asec); T=17~ The relaxation was re- 
corded at two different time resolutions to provide better data 

z I = R  1 �9 C 1 and 172 = R  2 �9 C 2 (25) 

the specific resistances are calculated to be R 1 
=200f~cm 2 and R 2 = l l 0 0 f 2 c m  2. These values 
agree with the total specific resistance obtained from 
measurements of the current voltage relationship (R1 
+ R 2 = R,, = 1400 fl cruZ). 

In the light of the very unusual values for the 
individual specific capacitances of the two mem- 
branes and on the basis of experiments on artificial 
lipid bilayer membranes doped with lipophilic ions 
[4, 5], we conclude that the two relaxation processes 
arise from the presence of mobile charges within 
both membranes which are probably part of a car- 
rier system for positively charged substrates. The 
analysis of the data in terms of mobile charges is 
given in the previous section. The theory yields the 
membrane resistance, as well as the rate constant k 
of translocation and the total concentraion N~ per 
unit membrane area of the charged particles in one 
single membrane. Thus, the value of N~ has to be 
doubled when using the total specific capacity of C m 
= 0 .5 g Fc m -2. On the other hand, the theory yields 
the sum of the resistances R m = R  1 + R  z when using 
this value for the specific capacity. For the data 
presented in Figs. 3 and 4 the following values have 
been calculated: k=630sec -1, N, = 4.9 x10-12 mol 
c m  - 2  and R,,=1250s 2 (turgot pressure 
P = 1 bar). 

The value for R m obtained from the analysis of 
the voltage-relaxation curves on the basis of the 
charge model agrees well with that deduced from 
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Fig. 4. Semilogarithmic plot of the voltage vs. time of the experiment given in Fig. 3. The initial voltages V ~ and V=~ as well as the time 
constants z 1 and z 2 were calculated using the least-squares method. (A) Semilogarithmic plot of the total relaxation process. (B) 
Semilogarithmic plot of the difference between the data at fast times and the fitted record relaxation process (Vml , zl) V~ zt 
= 110 btsec; V,,~ =0.86 mV; % = 4.5 msec. From the relaxation data the following values for kinetics of charge movements were calculated: 
k=630sec 1; Nt=4.9 x 10-12molcm-2; Rm=1250~cm z (Cm=0.5~Fcm -2) 

injecting a constant current into the cell and 
measuring the voltage drop across the membrane 
(Rm= 1400f~ cm 2) (see also ref. [-39]). 

The values for these three parameters obtained 
from 21 independent experiments at initial turgor 
pressure are listed in Table 1. The variation in the 
absolute value of these three parameters may arise 
both from the differences in the physiological state 
of the VaIonia cells (as has been found for other 
membrane properties [--28]), but also from the pres- 
sure dependence of these parameters (see below). 

In the analysis of the data obtained with the 
digital oscilloscope Explorer III  (4096 points, 12 bit 
resolution), a third intermediate relaxation of about 
5 ~o of the total amplitude and a time constant of 
300 to 1000gsec was detected in about 50~o of the 
experiments. An example of such an analysis is giv- 
en in Fig. 5. The third relaxation is not included in 
the theoretical analysis of the transport system. It is 
not clear whether this relaxation is involved in 
transport of the ionic groups A-  (or its neutral 
complex AS) or is due to other transport systems 

present in one or both membranes. In addition, it is 
assumed that the charged groups have the same 
translocation rate constant in both membranes and 
that both membranes have the same resistance. If 
this is not the case, i.e. if k or R,~ differ for both 
membranes by 20 to 30 ~ ,  this could be the cause of 
the intermediate relaxation. 

In view of these considerations and the fairly 
small influence of the intermediate relaxation on the 
results, only the fast and the slow relaxations have 
been used in the following for the calculation of the 
data. This is also justified by the fact that the ki- 
netics of the charge movement in a cell with two 
relaxations and a cell with three relaxations (the 
intermediate relaxation neglected) do not show any 
specific difference. 

Influence of pH and Glutardialdehyde 

Measurements in which the pH of the natural sea- 
water bathing the cell was lowered from pH 8.2 to 
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Alga V (I-tl) A (cm 2) P (bar) a 1 ~1 (msec) % (msec) k (sec 1) R m (f*cm 2) N, (10 1 2 m o l c m - 2 )  

10.11.80 26 0.51 3.0 0.87 0.094 5.8 766 1672 5.1 
11.11.80 53 0.85 3.5 0.90 0.170 10.5 337 2406 6.4 
12.11.80 35 0.70 3.2 0.90 0.109 17.2 485 3636 7.7 
28.11.80 67 1.05 0.1 0.86 0.092 3.9 871 1250 4.3 
01.12.80 77 1.01 1.0 0.90 0.094 16.4 560 3450 7.8 
16.12.80 59 0.93 2.0 0.90 0.I52 12.2 366 2714 6.8 
17.12.80 52 0.87 0.07 0.81 0.311 6.0 373 2784 2.5 
19.12.80 43 0. 69 0.1 0.93 0.197 6.5 249 1276 6.1 
23.12.80 46 0.77 2.5 0.90 0.108 11.5 502 2494 7.2 
05.01.81 18 0.41 2.5 0.89 0.168 6.5 396 1729 5.1 
14.01.81 48 0.81 0.1 0.87 0.102 4.9 726 1451 4.8 
15.01.81 52 0.71 0.05 0.87 0.714 5.8 166 2750 1.5 
19.01.81 91 1.19 2.0 0.89 0.138 3.9 513 1104 4.4 
20.01.81 96 1.01 2.7 0.87 0.121 4.1 643 1277 4.2 
22.01.81 102 1.61 0.8 0.88 0.140 4.0 539 1206 4.2 
30.03.81 66 0.91 1.6 0.85 0.092 1.2 1169 516 2.3 
06.04.81 50 0.63 3.2 0.89 0.126 16.0 464 3744 6.8 
14.04.81 50 0.69 0.3 0.93 0.241 3.4 281 924 2.9 
16.04.81 109 1.61 1.0 0.89 0.086 2.2 841 637 4.2 
21.04.81 74 1.08 1.7 0.87 0.074 0.8 1422 337 2.0 
25.05.81 56 0.80 1.2 0.91 0.148 9.8 350 2033 7.1 

p H 4  are in keeping with the proposed model. Fig- 
ure 6 shows an experiment in which the same alga 
as used in Fig. 3 was transferred for 3 min into sea- 
water of pH4.  The injected charge (Q=2.8 
x 10-9Asec) was the same as in Fig. 3. The finding 

that the initial voltage Vm ~ is not changed indicates 
that the absolute value of the total specific capaci- 
tance is not influenced by the low pH value. At pH 4 
the time constant of the fast relaxation process in- 
creased with time and merged into the long one. 
Therefore, the voltage decay at pH 4 exhibit only 
one exponential relaxation instead of the two, as 
found at pH 8.2. 

The time constant for this relaxation was 
1.33msec. With the assumption of a total specific 
capacitance of 0 .5gFcm -2 for the two membranes 
in series, a value of 2660f~cm 2 was calculated for 
R m. This figure agrees well with values of the specific 
resistance R m derived from current-voltage experi- 
ments in which a current pulse of 10-msec duration 
was injected (Rm=2630~cm2). The results suggest 
that the mobile charges bear a negative sign at 
pH 8.2 and are neutralized at pH 4. The pH effect 
on the voltage relaxation in charge-pulse experi- 
ments was completely reversible. Fig. 7 shows an 
experiment in which the same alga as in Figs. 3 and 
6 had been returned for 60min to seawater at a pH 
value of 8.2. It should be noted that the restoration 
of the original two relaxation processes required a 
much longer time than the disappearance of one of 
the relaxations when the pH of the seawater was 
lowered from 8.2 to 4. In addition, the time needed 
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Fig. 5. Semilogarithmic plot of a charge pulse experiment on a 
Valonia cell taken with the digital oscilloscope. The initial vol- 
tages VO, VO 2 and VO 3 as well as the time constants  ~l, r2 and % 
were calculated using the method of least squares. (A) Semi- 
logarithmic plot of the total relaxation process. (B) Semilogarith- 
mic plot of  the difference between the data at short  times and the 
fitted third relaxation process (V,,3, %). The inset shows the third 
fit. V O = 8 . 6 m V ;  z l = 2 4 0 g s e c .  VO2=0.88mV; r2=685gsec .  VO 3 
= 1 . 5 4 m V ;  z3=12.4msec .  From the data  of the first and the 
third relaxation process the following values for the charge move- 
ments were calculated: k = 3 5 0 s e c  1; N ,=4 .22x  1 0 - ~ 2 m o l c m - 2 ;  
Rm=4170 f l c m  2 (Cm-0 .5  i.tF cm -2) 
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Fig. 6. Oscilloscope record of a charge-pulse experiment on the 
same cell as shown in Fig. 3, 3 rain after changing the pH of the 
surrounding seawater to pH 4. Pulse duration was 200 nsec, in- 
jected charge: 2.8x 10-gAsec.  In order to calculate the curve 
better, the voltage relaxation was recorded at two different time 
resolutions�9 The fast relaxation has disappeared and both re- 
laxations merge into one by a single exponential decay with a 
time constant of 1.33 msec. Note that the initial membrane vol- 
tage is still about 7 mV, indicating that no change in total mem- 
brane capacity has occurred 
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Fig. 7. Voltage-relaxation curve of the same Valonia cell as shown 
in Figs. 3, 4 and 6, 60 min after replacing the seawater of pH 4 by 
natural seawater of pHS.2; injected charge 2.8xl0-9Asec, 
200 nsec duration. Both relaxations which were recorded at dif- 
ferent time resolutions appear again with time constants of 
zl=140psec and z:=5.3msec, respectively (V~ V,~ 
=0.65 mV). Comparison with the values from Fig. 3 shows that 
the pH effect is completely reversible (k=460sec-t; Nt=5.4 
x 10-12 mol cm - 2; R,~ = 1330 f~ cm 2) 

Table 2. Voltage relaxation studies on a cell of Valonia utricularis at a pH value of 5 (seawater 
+ 10 mN citrate buffer). At ~=0, the pH value of the external seawater was changed 

t (min) a t z 1 (msec) z 2 (msec) k (sec -1) Rm ( ~ c m  2) Nt (10-12molcm z) 

0 0.89 0.094 3.9 717 1047 5.1 
1 0.89 0.201 5.2 362 1523 4.2 
5 0.89 0.339 9.1 216 2674 4.2 

10 0.89 0.488 9.5 160 2952 3.5 
15 0.89 0.463 7.6 180 2527 3.1 
25 0.87 0.881 6.5 141 3223 1.3 
45 0.85 1.809 6.1 111 4905 0.4 
60 - 2.6 - 5110 - 

for the restorat ion of  the exponential  relaxations at 
p H  8.2 seems to be dependent  on the time the cell 
has been exposed to low pH. If  the cells have been 
bathed for a long time ( l -2h r )  in seawater of  p H  4, 
the time for complete recovery of the two relaxation 
processes at pH  8.2 is at least 10-12 hr. 

If  the p H  of the seawater is lowered to pH  5, 
some time is needed before the first relaxation 
merges into the second one. The results of  a typical 
experiment of  this type with a Valonia cell are given 
in Table 2. As can be seen from Table 2, N~ as well 
as k is a function of  the time after the pH change. 
The change of  k as a function of pH  or time is in 
principle not consistent with our model. However,  a 
lowering of  the pH may change the structure of the 
membrane,  thus resulting in decreasing the trans- 

locat ion rate constant  k of the remaining mobile 
charge. 

Fur ther  evidence that  the two relaxation pro- 
cesses indicate mobile charges within the membrane  
was obtained from cross-linking experiments with 
glutardialdehyde. The results of a typical experiment 
in the presence of  glutardialdehyde are given in Ta- 
ble 3. After addit ion of  glutardialdehyde to the sea- 
water a slight decrease in the time constant  of  the 
slower relaxation was occasionally observed. In con- 
trast, the time constant  of  the faster relaxation pro- 
cess shifted towards higher values. At the same time 
the amplitude ratio of  the two processes increases 
with time. After about  1 hr, only one relaxation was 
observed with a time constant  of  1.20msec. The 
resistance R m which was calculated from the time 
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T~ble 3. Voltage relaxation of a cell of Valonia utricularis (25 gl) in the presence of 1 ~ glutardialdehyde 
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t (rain) a 1 zl (msec) % (msec) k (sec 1) R,. (.Qcm 2) N~ (10 -12molcm-2 )  

0 0.88 0,094 2.1 858 674 3.6 
3 0.85 0.097 2.1 986 801 3.1 

10 0.83 0.130 2.2 860 986 2.5 
20 0,86 0.310 2.1 422 1135 1.2 
30 0.57 0.820 1.6 445 2260 0.1 
60 - 1.2 - 2400 - 

constant of the relaxation by assuming a specific 
capacity of 0.5 gFcm -2, was 2400~cm 2. This value 
agrees very well with that obtained by injection of 
long current pulses into the cell and measuring the 
corresponding membrane potential difference (R,, 
=R 1 +R e = 2360 f~ cm2). 

The results can be interpreted in terms of a 
cross-linkage of the mobile charges. The penetration 
of glutardialdehyde through membranes should be 
so fast that the cross-linking reaction presumably 
occurs in both membranes. 

Electrical Breakdown 

Reversible electrical-breakdown experiments also 
support the concept of the presence of mobile 
charges within the membrane and of nearly identical 
RC time constants of both membranes. Electrical 
breakdown was achieved by injecting charge pulses 
of 800 nsec to 300 btsec duration and high amplitude 
into the cell (injected charge about 10-7 A sec) [30]. 
After electrical breakdown the slower relaxation 
component disappeared. Occasionally two break- 
down pulses were required for the disappearance of 
the msec relaxation. The relaxation observed after 
breakdown had a time constant of 100-140 gsec. 
After a time interval of 15-60 rain the membranes 
had resealed and the second relaxation was again 
restored with a time constant in the msec range. 
This behavior could be explained on the basis of the 
proposed model. Breakdown leads in general to a 
large decrease in membrane resistance [1, 28, 30, 
35]. Introduction of a low membrane resistance of 
the order of 200-500 ~cm 2 into the basic equation 
of our theory clearly shows that the slow relaxation 
process speeds up and decreases in amplitude. This 
leads in the case of very low membrane resistances 
to only one relaxation. Thus the msec time constant, 
which is controlled mainly by the resistance of the 
membrane, decreased and finally disappeared com- 
pletely. Sometimes, as pointed out previously [30], a 
splitting of the fast relaxation process into two com- 
ponents after electrical breakdown was observed and 
might be attributed to the presence of the two-cell 

membranes, which may have slight different break- 
down voltages or resealing times. 

Further support for the validity of the proposed 
model of mobile charges was obtained from 
measurements of the electrical breakdown voltage of 
the membrane at pH 4. At pH 8.2 the breakdown 
voltage measured across the two membranes is on 
average 0.7 V (when injecting long charge pulses of 
300 tasec into the cell) and is increasing to a value of 
about 2.4 for short charge pulses (0.8 btsec) [30]. 

As mentioned above, interpretation of the two 
voltage decays in terms of two RC relaxations leads 
to membrane capacities of 0.55 and 4.1gFcm -z, 
respectively. Thus, when using short charge pulses 
(800-gsec duration) only one membrane would be 
charged up to the breakdown voltage, whereas at 
long pulse lengths the breakdown voltage of both 
membranes would be reached resulting in the dou- 
bling of the apparent breakdown voltage (Holzapfel 
et al., in preparation). This could not be experimen- 
tally verified. On the contrary, the opposite relation- 
ship was found [30]. Therefore, it can be concluded 
that the pulse length dependence of the breakdown 
voltage is an intrinsic property of the membranes 
[30] and that the specific capacitances of the mem- 
branes must be nearly identical. 

Furthermore, we found that the breakdown vol- 
tage and its pulse-length dependence is pH-inde- 
pendent which is inconsistent with the two-mem- 
brane model, but in agreement with the mobile charge 
concept and with similar experiments performed 
on artificial lipid bilayer membranes made up of 
oxidized cholesterol [1]. 

Our finding that plasmalemma and tonoplast 
show electrical breakdown contradicts the results of 
other authors [11] found with cytoplasmotic elec- 
trodes in Chara coraIIina. It is accepted, however, 
that insertion of electrodes into the cytoplasma of 
plant cells offers many problems which may lead to 
unreliable potential measurements [23]. 

Effect of Turgot Pressure 

Further evidence that the key assumption of mobile 
charges is valid comes from measurements of the 
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Fig. 8. (A) The dependence of the translocation rate k of the 
mobile charges on turgor pressure for two cells of Valonia utri- 
cularis. The relationship was calculated from voltage relaxation 
curves measured at different turgor pressures, using the mobile 
charge model. It is evideut that k is increasing in the pressure 
interval between 0-2 bar. Cell 1 (15.01.81, Table 4) is denoted by 
open triangles; cell 2 (06.04.81, Table4)  by filled triangles. (B) 
Pressure dependence of the concentration of the mobile charges 
N r in the membranes  of V. utricularis. Data were derived from the 
same voltage relaxation curves evaluated in Fig. 8A. Whereas the 
concentration of mobile charges is almost pressure independent in 
ceil 1, the second cell shows an increase in N~ of 100~ .  (Cell 1 
= o p e n  squares; cell 2=fi l led squares). (C) Pressure dependence 
of the total membrane  resistance as calculated from the voltage 
relaxation curves on the basis of the mobile charge model. Note 
that the membrane  resistance reaches a max imum value at about 
2-3 bar in both cells. Cell 1 is denoted by open circles, cell 2 by 
filled circles. The volumes of both cells were 50 pl 

dependence of the voltage relaxation on turgor pres- 
sure. The turgor pressure was raised or lowered by 
adding either distilled water or sodium chloride. It 
was monitored by the inserted pressure probe. 
Measurements were performed at water transport 
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Fig. 9. Pressure dependence of the vacuolar K + influx q~ov in cells 
of Valonia utricularis over a pressure range of 0 to 4 bar. Due to 
the variation in the absolute value of the potassium influx from 
cell to cell, the influx values at a given pressure were related to 
the m a x i m u m  K + influx at turgor pressure 0.05 bar. It is obvious 
that the potassium influx decreased markedly from 0 to 2 bar; 
above 2 bar an almost constant  value seems to be reached. Data  
denoted by a triangle were taken from Steudle et al. [22]. In the 
volume range of 10 to 100 gl investigated, no volume-dependence 
of the K + influx could be detected 
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Table 4. Analysis of voltage relaxation curves in terms of the mobile charge model at low and high turgor pressure 
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Alga V (~tl) A (cm 2) P (bar) al rl (msec) z 2 (msec) k (sec i) R m (f~cm 2) N, (10-*2molcm -2) 

28.11.80 67 1.05 0.l 0.86 0.092 3.9 871 1250 4.3 
2.0 0.83 0.053 4.8 1690 1720 4.1 

01.12.80 77 1.01 0.1 0.90 0.094 16.4 560 3450 7.8 
2.0 0.91 0.054 10.3 878 1952 8.7 

17.12.80 52 0.87 0.07 0.81 0.311 6.0 373 2784 2.5 
1.8 0.82 0.297 11.2 340 4520 3.3 

19.12.80 43 0.69 0.1 0.93 0.197 6.5 249 1276 6.1 
2.0 0.91 0.117 10.9 426 2175 7.8 

23.12.80 46 0.77 o.1 0.92 0.088 5.2 543 994 7.5 
2.5 0.90 o. 108 11.5 502 2495 7.3 

05.01.81 18 0.41 0.l 0.89 0.240 4.8 322 1483 3.6 
2.0 0.90 0.132 8.4 432 1918 6.5 

15.01.81 50 0.71 0.05 0.87 0.714 5.8 166 2750 1.5 
2.0 0.88 0.054 4.5 1209 1175 5.8 

19.01.81 Ol 1.19 0.05 0.90 0.110 10.9 496 2378 7.2 
1.6 0.93 0.770 3.5 587 633 7.3 

22.01.81 102 1.61 0.05 0.73 0.909 4.5 230 3757 0.7 
1.9 0.86 0.160 4.3 538 1479 3.6 

30.03.81 63 0.91 0.04 0.82 0.134 2.8 818 1228 2.7 
1.6 0.85 0.092 1.2 1169 515 2.3 

06.04.81 50 0.63 0.02 0.93 1.012 16.6 63 4206 3.5 
1.8 0.91 0.266 24.6 188 4912 7.8 

14.04.81 50 0.89 0.02 0.81 2.381 63.2 46 27873 2.8 
1.4 0.88 0.117 16.2 540 4094 6.3 

16.04.81 118 1.73 0.02 0.86 0.126 2.7 715 973 3.3 
1.4 0.87 0.069 1.4 1253 484 3.3 

21.04.81 77 1.01 0.02 0.87 0.101 4.7 736 1398 4.7 
1.7 0.87 0.074 0.8 1422 337 2.0 

equi l ibr ium.  The  veloci ty  of  the tu rgor  pressure 
change  was of  the o rde r  of  0.5 ba r  per  hr. 

Measu remen t s  on 14 cells d e m o n s t r a t e  tha t  t ime 
cons tan ts  and  ampl i tudes  of  the two re l axa t ion  pro-  
cesses are  pressure-dependent .  A typical  analysis  of  
da t a  in terms of  the p r o p o s e d  mode l  presented  in 
Fig. 8 shows tha t  the to ta l  surface concen t r a t i on  N~ 
increased  by  abou t  100 ~ f rom 4 to 8 
x 10-12 mol  cm -2  in the pressure  in terval  be tween  0 

and 2 ba r  in one exper iment ,  whereas  in the  second 
one N, was near ly  pressure  independen t .  Simul-  
t aneous ly  the t r ans loca t ion  ra te  increased from 
650 to 1300sec  -1  and  f rom 50 to 350sec  - I ,  
respect ively (Fig. 8A and B). In  general ,  the increase 
in N t and  k with increas ing pressure  was subject  to 
large var ia t ions  as ind ica ted  in Tab le  4. In  average,  
k and  N~ are at  low pressure  (0-0.1 bar)  440 sec - I  
and  4 .2•  10 -12 m o l c m  -2  and  at  h igher  pressures  
(1 .4-2 .5bar)  800sec  -1 and  5 .4x  10 1 2 m o l c m - 2 ,  re- 
spectively.  

It should  also be no ted  that  the pressure  de- 
pendence  of  N, was somet imes  not  detected,  es- 
pecia l ly  when the tu rgor  pressure  of  the  cells had  
been changed  very r ap id ly  ( see  Fig. 8B). O n  the 
o ther  hand,  only  three of  the  exper iments  d id  not  
exhibi t  a p r o n o u n c e d  p ressu re -dependence  of  k. The  

va r i a t ion  in the da t a  from one exper iment  to the 
o ther  is s imilar  to that  observed  for the pressure-  
dependence  of  K + influx and efflux. ~2K+ influx 
was found to decrease  by  a factor  of  2 to 3 in the 
pressure  interval  be tween 0.05 and abou t  2 b a r ,  
whereas  the 42K+ efflux increased  twofold  if the 

same vo lume  ranges were c o m p a r e d  (Figs. 9, 10 and  
refs. [22, 25]). 

Above  1-2 bar  the concen t r a t i on  of  the mobi le  
charges seemed to reach a cons tan t  value. The  same 
was found for the t r ans loca t ion  rate,  a l though  
somet imes  a decrease in k was observed  when the 
tu rgor  pressure  was further increased.  It should  be 
no ted  tha t  the  K § influx also became  near ly  inde- 
penden t  of  pressure  above  2 b a r  (Fig. 9), whereas  the 
K + efflux con t inued  to increase  over  the whole  pres- 
sure range  (Fig. 10 and  refs. [22, 25]. M o s t  impor -  
tantly,  the m e m b r a n e  resis tance ca lcu la ted  accord ing  
to Eq. (19) from the vo l t age - re l axa t ion  process  
(Fig. 8C) exhib i ted  a behav io r  wel t -known from 
measu remen t  of cur ren t -vo l tage  re la t ionsh ip  as 
shown in Fig. 11 [36] and  showed a m a x i m u m  value  
in the pressure  range  of  3 bar.  Due  to the oppos i te  
p ressu re -dependence  of  K § influx and  K § efflux, the 
m e m b r a n e  resis tance increased  with tu rgor  pressure  
up to a m a x i m u m  value and  then decreased  with 
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Fig. 10. Pressure dependence of the vacuolar K + efflux ~vo in 
cells of Valonia utricularis. Note, that the efflux increases con- 
tinuously with increasing turgor pressure. The absolute value for 
the efflux at a given turgor pressure depends on the cell volume 
as previously reported [22, 39] 
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Fig. 11. Effect of cell turgor pressure P on the membrane re- 
sistance R m of a cell of Valonia utricularis (cell volume 61 gl). The 
resistance was calculated from the current-voltage characteristics 
by using conventional microelectrodes and by injecting constant 
current pulses of 1 to 5 sec length into the cell. With increasing 
pressure, the membrane resistance reaches a maximum value and 
declines then with further increasing pressure. The maximum in 
membrane resistance occurs in the same turgor pressure range as 
calculated from the voltage relaxation curves on the basis of the 
mobile charge model (see Fig. 8 C) 

further increase in turgor pressure. It should be also 
noted, that in several experiments as indicated in 
Fig. 8 C and in Table 4 an increase in the membrane 
resistance towards very low pressures was observed. 
This finding is well-known from membrane resis- 

tance measurements using a constant current [36, 
39]. 

Discussion 

The results presented here strongly support the view 
that the two main exponential components in the 
voltage-relaxation curve of cells of V. utricularis arise 
from mobile charges within the membrane probably 
involved in a carrier transport system. The interpre- 
tation of the two relaxation processes in terms of 
different time constants of the two membranes (to- 
noplast and plasmalemma) arranged in series seems 
to be unlikely for the following reasons. The in- 
dividual specific capacitances of the two membranes 
are very unusual and inconsistent with the values 
reported in the literature for membranes of various 
species (e.g. [-21, 31]). The pulse length dependence of 
the breakdown voltage [-30] and the invariability of 
the breakdown voltage with pH cannot be explained 
by the assumption of two membranes (tonoplast and 
plasmalemma) with different specific capacitances. It 
has to be noted, however, that for membranes of 
Chara corallina a somewhat higher specific capaci- 
tance of both membranes has been found [10]. This 
higher specific capacitance may be explained on the 
basis of membrane folding (charasomes [14]), rather 
than by the assumption of high surface concen- 
trations of mobile charges (Benz, Shimmen & Zim- 
mermann, unpublished results). The voltage-relax- 
ation measurements after reversible electrical break- 
down of the cell membranes are consistent with the 
view of mobile charges within the membrane at a 
concentration of 1-10 x 10-12 mol cm -2. The experi- 
ments in which the voltage relaxation was studied in 
cells fixed with glutardialdehyde can also be reason- 
ably explained in terms of the mobile-charge con- 
cept. 

Furthermore, the pressure-dependence of the 
membrane resistance, which was calculated on the 
basis of Eq. (20) is in agreement with the mobile 
charge model. The absolute values of the membrane 
resistance calculated from injecting a constant cur- 
rent are in very good agreement at any given turgot 
pressure with those values obtained directly by 
measuring the current-voltage relationship in the 
conventional way. In addition, both the current-vol- 
tage and the charge-pulse technique for measuring 
membrane resistance showed the same dependence 
of membrane resistance on pressure: resistance in- 
creased with pressure up to a maximum value and 
then at higher pressure it declined [25, 36, 37, 39]. 

The pressure-dependence of the membrane re- 
sistance was explained by the observation that the 



u. Zimmermann et al.: Mobile Charges in Membranes 195 

potassium influx decreased with increasing pressure 
in the pressure interval between 0 and 2 bar; above 
about 2bar  the potassium influx was nearly pres- 
sure-independent [22, 25]. On the other hand, the 
efflux increased with pressure over the whole pres- 
sure range. Furthermore, the magnitude of the efflux 
at a given turgor pressure is a function of cell size. 
At the pressure at which the influx and efflux are 
equal for a given cell size (i.e. the steady state), the 
membrane resistance is maximum [25, 37]. The 
small increase in mobile charges within the mem- 
brane and the simultaneous strong increase in the 
translocation rate coincide with the pressure range 
in which the pressure-dependence of the K + influx is 
pronounced. It is conceivable, therefore, that the 
slight increase in the mobile charge concentration 
and the marked increase in the translocation rate 
are linked to the pressure-dependence of potassium 
influx (which is an active transport process). The 
mechanism by which the mobile charges influence 
the pressure-driven potassium influx or vice  versa  is 
unclear. It is possible that with increasing pressure a 
variable number of these charges is set fi'ee due to 
stretching of the membrane and thus interfere with 
active transport processes. This problem can only be 
solved if the real nature of these mobile charges is 
identified. They may be anionic groups attached to 
proteins. 

On the other hand, the increase in the translo- 
cation rate and its interference with the pressure- 
dependent transport processes is more amenable to 
a theoretical interpretation. We have shown that the 
translocation rate of dipicrylamine molecules intro- 
duced into a planar lipid bilayer membrane in- 
creased with decreasing thickness of the lipid bilayer 
membrane [4]. The thickness of the lipid bilayer 
membrane could be varied very simply by inclusion 
of different amounts of solvent within the mem- 
brane. 

Thinning of the membrane by compression leads 
to a lowering of the energy barrier in the center of 
the membrane according to the change in the Born 
energy w [19]: 

2 2 z eo(  z2e  /26t 
w = 8-s - 4rCeo era" d ew + e~ 

where e o is the charge on the electron, z and r the 
valency and radius of the ion, respectively, eo=8.85 
x 10-12Fm -1 is the permittivity of free space and 

e,,= 3 and ew= 80 are the dielectric constants of the 
membrane and water. The main contribution to w is 
the dielectric interaction of the ion with the mem- 
brane and the adjacent aqueous phase [19]. For two 
membranes of dielectric thickness d and d*, respec- 

tively, the difference A w  in the electrostatic energy of 
an ion located in the central plane of the membrane 
is given by: 

A w ~- w ( d * )  - w(d) ,  (27) 

A w _  z Z . e  2 in 2 .% (1 1) 
4~Zeo. ~m ~w+~,. ~ - ~ .  (28) 

The translocation rate constant k with respect to 
the translocation rate k* at d* is approximately giv- 
en by: 

k = k * .  e -  ~w/~r (29) 

where K is the Boltzmann constant and T the ab- 
solute temperature (290 ~ 

The results presented here show that the translo- 
cation rate constant k was approximately doubled 
when the pressure was raised from 0 to 2 bar. The 
thickness change of the environment around the mo- 
bile charge (presumably a protein) is then 0.4 nm 
assuming a membrane thickness of 3 nm and a 
dielectric constant for the membrane material of 3 
as calculated from Eqs. (28) and (29). However, the 
thickness change of the environment of the mobile 
charge can also be larger if its dielectric constant is 
higher or if the membrane is thicker at this particu- 
lar point. The thickness change can be used to cal- 
culate the elastic compressive modulus Ym, according 
to [253 : 

P = I1,,. In dd* (30) A 

where A P is the average pressure range in which k is 
increased by a factor of about 2. 

With the above assumptions a value for Y,, of 
14 bar is obtained. It is interesting to note that from 
electrical breakdown measurements on cells of V. 
u t r i cu la r i s  Y,, can be derived if breakdown is in- 
terpreted in terms of the electromechanical model 
[12, 25]. If the same values for the dielectric con- 
stant and thickness of the membrane are used as in 
the calculation given above and if a breakdown vol- 
tage of 0.4 V for the single membrane (as found for 
large pulse lengths) is assumed a value of 13 bar for 
Ym is calculated [30]. It does not seem to be reason- 
able to use the value of breakdown voltage of 1.8 V 
at very short pulse lengths (nsec range) because at 
high compression rates it can no longer be assumed 
that the value for Ym is constant, i.e. independent of 
membrane thickness (for proof see  [33]). The in- 
crease in Y~ with decreasing membrane thickness 
leads then to an increase in breakdown voltage [7, 
30]. A similar value for Y,, can be obtained from the 
experimentally determined pressure-dependence of 
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the b r e a k d o w n  voltage,  if the same values for the 
dielectr ic  constant ,  the m e m b r a n e  thickness  and  the 
b r e a k d o w n  vol tage  of  a single m e m b r a n e  are used 
[28]. W i t h o u t  giving any theory,  it is immedia t e ly  
evident  that  p recompress ion  of  the m e m b r a n e  by  
increas ing tu rgor  pressure  should  decrease  the exter- 
nal ly  app l i ed  m e m b r a n e  po ten t ia l  to reach the 
b r e a k d o w n  voltage. 

The agreement  be tween the Ym values ob ta ined  
from changes of the t r ans loca t ion  ra te  cons tan t  k of 
the mobi le  charges with pressure  and from the 
b r e a k d o w n  exper iments  could  be cons idered  as for- 
tuitous,  in that  the electr ical  b r e a k d o w n  m a y  occur  
in regions of  the  m e m b r a n e  widely separa ted  from 
the env i ronmen t  of the mobi le  charges. O n  the o ther  
hand,  in view of  the  excellent  ag reemen t  of  the  val- 
ues deduced  from qui te  different exper imenta l  and  
theore t ica l  approaches ,  we conc lude  that  there  is a 
high p robab i l i t y  that  tu rgor  pressure  is sensed by 
changes in m e m b r a n e  thickness,  subsequent ly  fol- 
lowed by  changes in m e m b r a n e  t ranspor t .  The  
changes in m e m b r a n e  t r anspor t  can arise ei ther  
from changes in the intr insic  electric field or by  
changes in the env i ronment  of the act ive pumps  (for 
example  by exclusion of water) or  by d ipo le  orien-  
t a t ion  of  water  and  l ipid molecules  [33, 35]. Both  
processes would  affect m e m b r a n e  t ranspor t .  The  pre- 
sence of  mobi le  charges, which were not  cons idered  
in the theory  of  the e lec t romechanica l  model ,  makes  
it p laus ib le  that  o ther  processes are affected in the 
higher  pressure range when the spacing of  the mo-  
bile charges becomes  too small ,  and  tha t  Ym ap- 
pa ren t ly  increases towards  h igher  pressures [33]. 

The  present  hypothes is  requires  that  the specific 
capac i tance  of  the membranes  should  increase  with 
pressure by abou t  10 ~o in the pressure  range of  0 to 
2 bar,  if we assume tha t  the m e m b r a n e  area  and  the 
dielectr ic  cons tan t  are pressure  independent .  

The  pred ic ted  increase  in the specific capac i t ance  
could  not  be verified because  the error  involved  in 
the capac i tance  de t e rmina t i on  (see Eq. (23) and ref. 

[31]) is also of  the o rde r  of  10 ~ .  
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