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Effect of alkaline earth ions on the movement of mobile charges
in Valonia utricularis

L. Walter, K.-H. Buchner and U. Zimmermann
Lehrstuhl fiir Biotechnologie der Julius-Maximilians-Universitit Wiirzburg, Wiirzburg (F.R.G.)

(Received 14 October 1987)

Key words: Barium ion effect; Mobile charge; Turgor pressure; Potassium ion transport; (V. utricularis)

An attempt was made to further characterise the pressure-dependent translocation of mobile charges which
are probably linked to the pressure-dependent K* transport system in the membranes of the giant marine
alga Valonia utricularis. It could be shown that concentrations of 10 mM BaCl, added to the external sea
water specifically and reversibly reduce the pressure dependence of the translocation rate of the mobile
charges, leaving their total concentration unaffected. No such effect could be observed with other alkaline
earth ions. The results are discussed on the basis that either Ba>* decreases membrane compressibility or
that the transport system may consist of a pressure-independent and a pressure-dependent part and that

Ba’* competes with K* for specific sites on the latter.

Introduction

Elucidation of the molecular mechanisms in-
volved in the turgor pressure-dependent transport
of K* across the membranes of the giant algal
cells of Valonia utricularis is fundamental to the
understanding of turgor pressure- (and cell
volume-) control in plants [1-4]. Recently mobile
negative charges within the membranes of V. utri-
cularis and Halicystis parvula have been identified
as possible candidates for the transformation of
turgor pressure signals into K* transport [5-9].
These mobile charges are presumably connected
to highly specialised integral proteins such as
channels, pumps and/or carriers which may be
involved in the K* transport [7]. The rise in the
translocation rate of the mobile charges with in-
creasing turgor pressure in the turgor pressure
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interval between 0 MPa and 0.2 MPa, in which the
K™ fluxes are pressure-dependent [10], is assumed
to result from membrane thinning [5,9]. Such tran-
sient changes in the membrane thickness and in
the translocation rate of the mobile charges could
modulate K* transport and coupled fluxes of other
ions which ultimately regulate the internal osmotic
pressure.

Although various approaches can be considered
to explore the nature and the role of these mobile
charges in turgor pressure regulation of V. utricul-
aris, studies of the specific interactions of certain
ions and uncharged low-molecular weight com-
pounds with the mobile charge system represent a
suitable method of obtaining insight into the events
and processes on the molecular level.

Recently, we have shown that some anaesthet-
ics at very low sub-clinical concentrations signifi-
cantly increase the translocation rate of the mobile
charges. This observation supports the assumption
that the mobile charges are ligands of proteins
which exhibit pressure-sensitive sites [8].

In this communication we report on the in-
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fluence of various concentrations of alkaline earth
ions on the translocation rate of the mobile
charges. We could demonstrate that Ba?* ions
very specifically suppress the pressure dependence
of the translocation rate of the mobile charges
within the membranes of V. utricularis. The results
can be explained either by the assumption that the
mobile charge system represents a heterogeneous
transport system consisting of pressure-indepen-
dent and pressure-dependent parts on which Ba2*
and K* compete as ligands or by assuming that
Ba’* specifically decreases membrane com-
pressibility.

Materials and Methods

Giant marine algal cells of Valonia utricularis,
collected from the Gulf of Naples were cultivated
in natural sea water at a salinity of 1200
mosmol/kg [5,9]. For the investigation with the
charge pulse technique well-rounded cells with
volumes between 10 and 53 pl were employed.
Single cells were fixed in a small perspex chamber
perfused with artificial sea water (ASW), contain-
ing 545 mM NaCl, 12 mM KCl, 11 mM Ca(Cl,
and 10 mM MgCl,. The pH was buffered at 8.0 to
8.2 with 10 mM carbonate or 10 mM Hepps
(4-(2-hydroxyethyl)-1-piperazinepropanesulfonic
acid) and the temperature was kept at 20 + 1°C.
The turgor pressure was varied by addition of
NaCl or distilled water.

The charge-pulse technique has been described
in several publications in detail, [5,9,11], therefore,
only a short description of the experimental set up
will be given. Two microcapillaries were inserted
into the cell under investigation. The first (current
electrode) was for the application of the charge
pulse, the second, an Ag/AgCl-electrode filled
with 3 M KCl, was for the measurement of the
voltage relaxation. The current electrode was com-
bined with a pressure transducer (CQS 140, Kulite
Semiconductors, Ridgefield, NJ) for recording the
cell turgor pressure. The membranes of the cells
were charged to 20-40 mV with a charge pulse of
1 pus duration generated by a fast pulse generator
(Hewlett Packard 214 B) and recorded across a
series resistor (10 2) using an HP 7633 storage
oscilloscope. Membrane discharge was monitored
with a Nicolet Explorer III digital storage oscillo-

scope and evaluated by a DEC Minc 1.1 Lab
Computer or an Olivetti M24.

The decay of the initial voltage with time across
the membrane of Valonia wtricularis can be de-
scribed by the mobile charge concept [5,9]. The
two exponential relaxations might be attributed to
the transport of mobile negative charges in the
membrane, possibly as part of a potassium trans-
port system. From an analysis of the experimental
results in terms of the proposed model, the trans-
location rate, k, the concentration of the mobile
charges, N,, as well as the specific membrane
resistance, R, could be evaluated. From the re-
laxations the following relations can be calculated
as functions of the time constants of the biphasic
relaxation 7, and 7, and their relative amplitudes
a, and a, (a; +a,=1):

k=(1/2)(a, /7 + ay /7)) 1)
R, =Q1/C)(ayn+a,m) 2)
Ny = (4RTC,, /F*)(a1a5(1, — 1)’ /(RoCr)’) 3)

where F = Faraday constant, R = gas constant,
T = absolute temperature and C,=Q/U, (Q is
the amount of charge needed to generate the ini-
tial voltage U.).

For the investigation of the influence of al-
kaline earth ions on the translocation rate of the
mobile charges in the membranes of V. utricularis,
the cells were exposed to artificial sea water con-
taining various chlorides: BaCl, (puriss, p.a.) was
obtained from Fluka, CH; SrCl,, CaCl,, MgCl,
from Merck, F.R.G. other chemicals NaCl, KCl,
Na,CO;, and NaHCO, (p.a.) were obtained from
Merck, F.R.G., and Hepps from Sigma, F.R.G.

Results

The translocation rate k of the mobile charges
in the membranes of Valonia utricularis increases
by a factor of about 2 in the pressure range
between 0 and about 0.2 MPa, whereas towards
higher values it assumes a constant maximum
value (see also below and [5,9)]).

In order to explore possible effects of alkaline
carth ions on the translocation rate and to exclude
simultaneously interference of pressure effects, the
effect of various concentrations of Mg?* Ca?*,
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Fig. 1. Voltage relaxations of a cell of V. utricularis (V = 20 ul,
A= 0.36 cm?). Fig. 1A shows the actual voltage decay of a cell
in artificial sea water (ASW) (trace 1) and after incubation in
ASW containing 10 mM BaCl, (trace 2), at a turgor pressure
of 0.39 MPa. In Fig. 1B the resulting semilogarithmic plots are
displayed. The charge pulse of 1 pus duration and 4.5 nA-s
magnitude resulted in an initial voltage U, = 25 mV in ASW
(22 mV in ASW + 10 mM BaCl,) across the membrane. Using
a least-squares fit, the best straight line through the curve for
longer times was found. Hence the parameters (a,, 7,) of the
slower decay were calculated and then subtracted from the
experimental curve. Subsequently the corrected data were fitted
again and the parameters a, and 7, were obtained. From the
above curves the following values were calculated: a; = 0.93,
7, = 50 us, 7, = 3007 us for the voltage relaxation in ASW, and
a; =092, 1, =76 ps, , = 2739 ps for the relaxation in 10 mM
BaCl,.

Sr2* and Ba®* ions on the translocation rate of
the mobile charges were studied in the first set of
experiments at turgor pressure values above 0.2
MPa.

Fig. 1A shows typical voltage—relaxation curves
recorded on the same cell in the absence and
presence of 10 mM BaCl, at a turgor pressure of
0.39 MPa. Both relaxations could be fitted by two
exponentials (Fig. 1B), indicating that the total
relaxation process consisted of fast and slow com-

ponents (with time constants 7, and ,) both in
the presence of and in the absence of BaCl,.
Addition of BaCl, obviously resulted in a signifi-
cant increase of the relaxation time 7, of the fast
relaxation process. The relaxation time 7, of the
slow process and the relative amplitudes @, and
a, of the two relaxation processes as well as the
specific capacity C,, and the specific resistance
R, seemed to be unchanged — at least within the
limits of accuracy. Calculations of k, N,, and R,
from these data according to Eqns. 1-3 revealed
that the translocation rate decreased by about 23%
compared to the control value, whereas the other
parameters remained fairly constant (see Table I,
No. 1). Further independent experiments on 10
different algal cells supported these findings (see
Table I). Performance of relaxation studies at
various times after the addition of BaCl, to the
external sea water showed that the effect of this
alkaline earth ion on the fast relaxation and, in
turn, on k was very rapid as compared to effects
of pH or pressure changes [9]. After about 5 to 10
min the final values could be recorded. The effect
of Ba?* ions on the fast relaxation was almost
completely reversible when the sea water contain-
ing Ba?* was replaced by normal sea water (ASW,
see Table I). However, about 15 to 30 min were
required before the original voltage-relaxation
curves could be recorded. The reversibility of the
barium effect on k is particularly obvious from
Table I. As can be seen the translocation rate is
reduced between 45% (No. 4) and 12% (No. 2) in
the presence of 10 mM Ba2* ions.

Table II shows the influence of turgor pressure
on k in the absence and presence of 10 mM Ba2*,
It is evident that addition of BaCl, nearly sup-
pressed the increase of k with increasing turgor
pressure. Measurements on various algal cells over
the whole turgor range between 0 and 0.4 MPa
confirmed this result.

Only in the very low concentration range could
a dependence of the translocation rate upon the
concentration of Ba®* be found (Fig. 2). Measure-
ments were performed on the same cell exhibiting
a constant turgor pressure of 0.27 MPa. It is
obvious that a concentration of only 0.1 mM was
sufficient to induce a significant reduction in k
which became more pronounced with increasing
concentration up to 1 mM. However, above a



TABLE 1

TEN TYPICAL RESULTS FROM MEASUREMENTS OF THE BARIUM EFFECT (10 mM) ON DIFFERENT CELLS OF V.
UTRICULARIS IN THE HIGHER TURGOR PRESSURE RANGE ( > 0.25 MPa)

The results show a reversible increase in the fast relaxation time 7,. The relative amplitude a,, the slower relaxation time 7, and the
membrane capacity C,, remained unaffected. From these parameters R, N, and k could be calculated. It is evident that addition of
BaCl, decreased the translocation rate and the other parameters showed no significant response. Further information is given in the

text.

No. Medium P a, n T, R, Cn N, k
(MPa) (us)  (ns) (07*Q-m*) (107*wF-m™?) (amol'm™?)  (s7)
1 ASW 0.93 50 3007 523 0.50 443 876
10 mM BaCl,  0.39 0.92 76 2739 499 0.56 375 678
ASW 0.94 53 2789 433 0.53 474 785
2 ASW 0.94 47 1956 456 0.36 29.3 900
10 mM BaCl,  0.39 0.93 62 1857 469 0.38 245 792
ASW 0.93 50 1858 428 0.40 29.1 932
3 ASW 0.94 58 2268 526 0.38 291 763
10 mM BaCl, 025 0.93 81 2523 624 0.41 26.0 639
ASW 0.93 63 2646 577 0.41 320 717
4 ASW 0.90 74 4543 1160 0.44 31.0 776
10 mM BaCl, 0.34 09 152 3838 1152 0.43 21.0 426
ASW 0.90 86 4785 1189 0.47 323 665
S ASW 0.88 49 6009 1525 0.51 334 1344
10 mM BaCl, 048 0.88 58 5500 1401 0.50 32.8 1101
ASW 0.88 49 5762 1475 0.50 332 1316
6 ASW 0.81 75 11880 3268 0.71 29.5 1311
10 mM BaCl,  0.49 0.85 101 9106 2633 0.56 28.1 807
ASW 0.84 77 9388 2645 0.60 29.2 1115
7 ASW 0.92 73 2271 404 0.63 372 769
10 mM BaCl,  0.52 0.91 109 2577 453 0.70 344 578
ASW 0.92 74 2625 437 0.62 409 707
8 ASW 088 142 6081 1592 0.55 285 506
10 mM BaCl, 042 090 196 5075 1458 0.47 224 345
ASW 0.88 143 5928 1650 0.50 26.7 492
9 ASW 0.85 105 10722 2280 0.74 38.7 761
10 mM BaCl, 041 0.85 142 13951 2956 0.75 38.7 572
ASW 087 105 11762 2537 0.64 389 667
10 ASW 0.86 201 37774 8638 0.62 376 355
10 mM BaCl, 041 087 275 41326 9775 0.58 36.1 253
ASW 0.85 220 34507 8189 0.66 35.5 360

concentration of about 1 mM a further decrease of
k could not be achieved even up to a concentra-
tion of 100 mM (not shown). The dependence of k
on the Ba2* concentration curve could be roughly
fitted to a binding curve first order with respect to
Ba?* concentration (not shown), from which a K;
value of 0.3 mM was estimated.

In order to investigate possible interference of

Ca2* jons with the effect of the Ba’* ions the
calcium concentration in sea water was lowered
from 11 mM (the normal concentration in the sea
water used) to 1 mM and the effect of two con-
centrations of barium ions (0.5 mM and 10 mM)
on the voltage relaxations was studied. The experi-
ments were performed at high turgor pressures of
0.27 and 0.4 MPa, respectively. As shown in several
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Fig. 2. The dependence of the translocation rate of the mobile
charges on the concentration of Ba2* ions in the external
seawater. The translocation rate decreased as the concentration
of BaCl, was increased from 0.1 to 1 mM. The measurements
were performed on a cell (V=53 pl, 4=0.92 cm?) exhibiting
a constant turgor pressure of 0.27 MPa. Further information is
given in the text.

experimental runs the low Ca2* concentration did
not lead to qualitative or quantitative changes of
the barium effect on the translocation rate. Sig-
nificantly higher Ca%* concentrations than 11 mM
could not be tested because of the low solubility
of the calcium salt at pH 8.2. The effects of Ca?*
concentrations lower than 1 mM were difficult to
investigate because of membrane damage occur-
ring after some hours of exposure. However, some

TABLE II

INFLUENCE OF BARIUM IONS ON THE TRANSLOCA-
TION RATE IN A SINGLE CELL OF V. UTRICULARIS
(V=24 pl, 4=0.51 cm?)

As can be seen, incubation in 10 mM BaCl, causes a signifi-
cant decrease in the translocation rate at higher turgor pres-
sures, whereas in the low pressure range, where the transloca-
tion rate is decreased anyway, no additional effect of barium
could be detected within the limits of accuracy.

Medium P(MPa) a;, 1 (ps) n(ps) k(7Y
ASW 0.36 090 151 4662 421
10 mM BaCl, 0.34 0.90 316 4532 258
ASW 0.36 0.90 156 5144 406
ASW 0.11 091 154 4619 403
10 mM BaCl, 0.12 0.90 477 5071 194
ASW 0.12 0.90 165 3235 433
ASW 0.02 0.88 322 18732 214
10 mM BaCl, 0.02 0.88 324 14793 222
ASW 0.02 0.88 321 15281 223

short-time experiments in the absence of Ca’*
ions showed that within the first 10 min no changes
in the voltage relaxations could be recorded, sup-
porting strongly the assumption that Ca2* did not
interfere with the Ba2*,

It is also interesting to note that Sr’* and
Mg2* had no effect on the translocation rate
during a time period of up to 30 min within the
limits of accuracy (not shown). In these experi-
ments concentrations of Sr2* up to 10 mM (above
this concentration SrCl, was insoluble at pH 8.2)
and of MgCl, up to 100 mM were used. In all
these measurements the turgor pressure was above
0.25 MPa.

Discussion

Millimolar concentrations of barium have been
found to specifically block inward and outward
rectifying K* channels in muscle cells, starfish
eggs, heart cells and guard cell protoplasts [12-22].
In contrast, Mg?*, Ca?* and Sr2* ions showed —
if any - only slight blocking effects {15]. On the
other hand, Ba?* ions have been found to open
potassium channels in algal membranes at very
low concentrations (0.1-100 pM), but showing the
normal blocking effect at higher concentrations
(0.1-5 mM) [23].

The charge-pulse experiments presented here
also demonstrate a highly specific effect of Ba?*
on the voltage relaxation pattern of the mem-
branes of Valonia utricularis. Ba’* suppressed
nearly completely the pressure-dependence of the
translocation rate, which was observed at external
K™ concentrations of 12 mM. The other alkaline
earth ions showed no effect. This finding coincides
with the sequence of size of the ions. The ionic
radius of Ba?* is at 0.134 nm only slightly greater
than that of K* (0.133 nm). In contrast Sr?*,
Ca?* and Mg?™* have with 0.112, 0.099, and 0.066
nm, respectively, much smaller radii [24]. Thus,
the ionic radius of Ba®* relative to that of K* is
probably one of the important parameters which
influence the translocation rate of the mobile
charges. Preliminary experiments at high external
K™ concentrations of 100 mM confirm this as-
sumption. In this case the translocation rate was
decreased in the higher pressure range. No ad-
ditional effect of Ba2* could be detected (unpub-
lished).



The results can be interpreted in different ways.
It can be assumed that the mobile charge system is
a heterogeneous transport system which is com-
posed of a pressure-independent and of a pres-
sure-dependent part. In this case Ba?* competes
with K* ions at specific sites of the pressure-de-
pendent part [16]. As the affinity of the mobile
charges for Ba?* seems to be higher than for K*
this leads to an almost complete decrease in the
pressure dependence of the translocation rate.
Thus we could assume K* channels to which the
mobile charges are linked if we accept the inter-
pretation of Ba®* effects on the cell systems men-
tioned above [14-21].

However, it is not necessary to assume a het-
erogeneous transport system. We can still proceed
with the homogeneous model previously intro-
duced for the interpretation of the pressure depen-
dence of the translocation rate of the mobile
charges (and of the K™ transport system) [5,9].
The increase in the translocation rate was ex-
plained as mentioned above in terms of an electro-
mechanical compression of local areas of the
membranes. Thinning of the membrane by com-
pression leads to a lowering of the energy barrier
in the center of the membrane according to the
change in the Born energy [5], resulting ultimately
in an increase in the translocaton rate. Because of
its ionic radius and of its divalency, Ba2* may
specifically cross-link membrane components at
sites of the membranes where the mobile charge
system is located or which are connected to the
mobile charge system — with the consequence that
the compressibility of this local membrane area is
decreased. Therefore, increase of turgor pressure
leads in the presence of Ba’* only to a minor
change in membrane thickness and Born energy
and thus in the translocation rate. On the basis of
the theoretical considerations and data given
elsewhere [9,25] and from the pressure dependence
of the translocation rate observed here in the
presence of Ba?* we can calculate that the elastic
modulus of the membrane has to be increased by
about 10% as compared to the untreated mem-
brane in order to explain the effect of Ba®" ions.

At the present stage of information it is dif-
ficult to decide which of these two interpretations
is correct. Certainly, patch clamp experiments on
membrane droplets of V. wtricularis cells and stud-

ies of the effect of Ba’* on radioactively labelled
K™ fluxes are required to get more insight into the
complex nature of this and other pressure-depen-
dent transport systems.
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