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The rotational spectrum of yeast cells changed after pre-treatment of the cells with HgCl, or Hg(NO,), and
became indistinguishable from that of ultrasonically produced cell walls. The spectrum of the affected cells
contained a peak which could only be explained by attributing a conductivity to the cell walls that was higher
than that of the medium. Theoretical models of the rotational response are fully in accord with the
experimental spectra. It is shown that the rotation method is capable of measuring even the low cell wall
conductivity of yeast cells (which was found to be 33 uS/cm at 10 uS/cm medium conductivity).
Knowledge of the spectra allowed a field frequency to be selected at which untreated cells showed no
rotation, but at which cells affected by treatment with Hg(II) identified themselves by rotating in the same
direction as the field. Calculation of the percentage of cells showing this co-field rotation gave an index
(termed the co-field rotation value) of the proportion of the cells that were affected. Using this technique,
effects of 25 nmol /1 Hg(Il) could be demonstrated. In media of low conductivity (10 uS / cm) the change in
the rotational spectrum was usually ‘all-or-none’, whereas at 200 xS /cm a graded Hg(II)-mediated change
became apparent. The co-field rotation method showed that the action of small quantities of Hg(IT) was still
increasing after 3 h of incubation and paralleled the Hg(Il)-induced K * release. A rapid reduction of the
effects of Hg(II) was seen when 3-30 mM K * (or Na*) or when 1 mM Ca’* were present in the incubation
medium, or as the pH was increased. At high incubation cell concentrations the toxic effect of Hg(I) was
reduced, apparently due to binding by the cells.

Introduction opment of bio-assays. Hg(II) compounds are

known to permeabilise the plasmalemma of yeast

The observation of the effects of ecotoxins such
as mercuric compounds on living cells is not only
of interest in its own right, but also for the devel-

Abbreviations: Hg(II), bivalent mercury, whether present as
Hg?*, molecular HgCl, or a complex ion; Mes, 4-morpholine-
ethanesulphonic acid.
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[1,2] and of other cells [3-5). Hg-permeabilised
yeast cells lose much of their K* and anion con-
tent [6]. When comparing toxicity data obtained
with Hg compounds, it must be remembered that
the Hg?" ion has a strong tendency to form com-
plex species [7], and that some of these complexes
are membrane permeable [8-10]. Which complex
is dominant in any particular medium will depend
strongly on the concentrations of ligands present.
The above observations on the membrane per-
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meability increase caused by Hg(II) compounds
indicate that the method of rotation of single cells
in a rotating electrical field may be useful for the
quantification of this effect. The theory and prac-
tice of cell rotation are now reasonably well
established [11-17].

In the following section we present results of
models based on likely yeast cell properties, for
both control and permeabilised cells. The insight
gained from these model calculations is then used
to interpret the change in the rotation spectrum
caused by treatment with Hg(Il). We go on to
show how the sensitivity of this technique can be
modulated by a variety of incubation conditions.

It should be noted that the permeabilisation of
yeast cells by various chemicals has been observed
before using electrical measurements [2,18]. How-
ever, those measurements applied dielectric bridge
techniques to yeast suspensions, and were there-
fore not able to observe the all-or-none response
seen here with the single-cell technique.

We have already described [19] how Ag ™ rapidly
affects the rotation of yeast cells. Hg(Il) can be
expected to act differently, because of the above-
described tendency to form complex species. The
results show that Hg(Il) differs from Ag™ not only
in the chemical conditions that favour its action,
but also in the speed and extent of the membrane
damage that are caused.

Materials and Methods

A rotating field of 120 V /cm field strength was
generated within a four-electrode chamber
[13,16,20]. Apart from the spectra given in Figs. 3
and 4, all measurements used a fixed frequency of
300 kHz. The cells were observed as described by
Arnold et al. [19].

Use of a 300 kHz rotating field in 10 pS/cm
media gave no rotation in most control cells, but
did give a co-field rotation in Hg(Il)-pretreated
cells (see legend to Fig. 3). When assessing a large
number of cells it was found convenient to express
the degree of change as the co-field rotation
(CFR):

{(No. cells co-field) — (No. cells anti-field) } X 100
CFR =

Total number of cells (co-field + stationary + anti-field)

1)

Solutions of Hg(Il) salts were prepared fresh
daily. In the case of the acetate or nitrate, the first
solution was diluted within 15 min, to avoid the
formation of a red precipitate (presumably of
Hg(OH),). The incubations and the final dilutions
of mercuric compounds were carried out in plastic
test tubes (to preclude adsorbtion on glassware).

We show later that the concentration of free
Hg(1I) added to cell suspensions is considerably
reduced by binding to the cells. Therefore, we
have distinguished between the total amount of
Hg(II) present per unit volume suspension (ex-
pressed in, e.g., pmol /1) and the concentration of
unbound Hg(II) (expressed in, e.g., uM).

The same strain of bottom-fermenting brewers’
yeast was used and grown as before [19]. A syn-
thetic medium was used for consistency and to
minimise carry-over of those nutrients which may
complex heavy metals [21-23].

Hg-treatment used the same procedure as de-
scribed by Arnold et al. [19]. If not otherwise
stated the cells were incubated at 30°C for 3 h:
incubations at 20 ° C gave a much lower sensitivity
to Hg(II). After washing, the cells were re-sus-
pended and brought to the rotation-assay conduc-
tivity (10.0 + 0.1 pS/cm) by addition of 2.5 mM

. KCl solution.

For investigation of the K™ loss induced by
mercury (II), no buffer was used in the incuba-
tions (although the pH was adjusted to 4.5 by
addition of citric acid).

Yeast cell rotation modelled

The response induced by a rotating electrical
field in spherical cells has been thoroughly
analyzed by Sauer and Schlogl [15] and, using a
different approach, by Fuhr [16,17]. For a simple
model cell (a conductive spherical droplet bound
by a single thin membrane without surface charge
or conductivity), and assuming the medium be-
haves as a simple dielectric, the two treatments
produce identical results. Sauer and Schlogl also
predict an additional rotation peak due to the
effects of the relaxation generated by counter ions
loosely bound to a true surface charge. However,
this additional peak does not appear in the rota-
tion spectra that we have taken (very possibly the
frequency range must be extended downwards).
On the other hand, Fuhr has explicitly considered



the effects of a surface conductance and we shall
show that the results agree very well with this
theory. The rotational torque equation used as the
basis of the model is Eqn. 123 (combined with the
hydrodynamic Eqn. 84) of Ref. 16, to which the
interested reader is referred. We point out that the
usual area-specific quantities membrane conduc-
tivity (G,,, units S/m’) and membrane capacity
(C,,, units F/m?) are used here. However, Eqn.
123 of Ref. 16 uses properties of bulk materials:
these are the membrane-material conductivity (o,,
units S/m) and absolute permittivity (e,, units
F/m). These two sets of parameters are inter-re-
lated by the membrane thickness, d, as follows (if
d < cell radius):

G,=o0,/d,and C, = ¢, /d.

The legends to Figs. 1 and 2 give the parame-
ters we used in the model. It can be seen that a
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Fig. 1. Theoretical rotation spectra for spherical model cells in
a medium of conductivity 10 uS/cm and viscosity 10 mP at a
field strength of 96 V /cm (parallel conditions to those of Fig.
3). Curves a, ¢ and d refer to model cells in which the internal
conductivity is high (5 mS/cm), the membrane conductivity is
low (0.33 mS/cm?) but with increasing surface conductances
of: a, K,=0; ¢, K,=5nS; d, K, =10 nS. As described in the
text, these surface conductances are equivalent to additional
membrane conductivities of 0, 0.11 and 0.22 S/cmz, respec-
tively. Curves b, e,  and g refer to models in which the inner
conductivity is equal to that of the medium, the membrane
conductivity is low (0.33 mS/cm?), but with surface conduc-
tances of: b, K. =0; ¢, K,=5n8; f, K,=10nS; g, K,=20
nS. In such a model the effects of surface conductance and
membrane conductivity are not equivalent. Other parameters
were taken to be: membrane thickness, 3 nm; cell radius, 3
pm; outside and inside permittivities 80-88.54 fF/cm, mem-
brane permittivity, 3.3-88.54 fF/cm (giving C,=097uF/
cm?).
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Fig. 2. Theoretical rotation spectra for spherical model cells in
a medium of conductivity 200 uS/cm and viscosity 10 mP at a
field strength of 96 V /cm (parallel conditions to those of Fig.
4). Curves a-d refer to models with a high inner conductivity
(5 mS/cm) and a low membrane conductivity (0.33 mS/cm?),
but with increasing surface conductances, as follows: a, K =0
nS; b, K,=10 nS; ¢, K, =30 nS; d, K, =100 nS. Curves e-h
refer to cell models in which the inner conductivity is equal to
that of the medium, and the surface conductance is zero. The
membrane conductivity was increased as follows: e, G, = 0.33
mS/cm?; f, G, = 0.1 S/cm?; g, G, = 0.33 S/cm?; h, G,=10
S/cm?, The ‘other parameters’ are as given for Fig, 1.

protoplast (a normal cell less its wall) in medium
of conductivity (o,) of 10 uS/cm should behave
as in curve a of Fig. 1 (1a). In a model with no
surface conductance, the frequency of the anti-field
maximum is determined essentially by the mem-
brane conductivity and capacity, together with the
conductivity of the medium (as long as this re-
mains much lower than that of the cell interior).
For example, increasing o; by a factor of 20
(curve a, Fig. 2 (2a) increases the anti-field peak
frequency by the same factor. This does agree
substantially with the simple equations presented
earlier [11,13] and it is to this peak that the
majority of the work so far published refers.

The high frequency peak (which is co-field in
all cases of biological interest) is predicted to be
essentially independent of the membrane. This
can be expected if the membrane is considered to
be electrically transparent at high frequencies. This
rotation at high frequencies depends on the dif-
ference in dielectric properties between the cell
interior and the medium. If the high conductivity
typical of the interior of a healthy cell is decreased
to that of the medium, then the high frequency
peak disappears, see curve b of Fig. 1 (1b) and
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curve ¢ of Fig. 2 (2e). However, the low-frequency
anti-field peak is only somewhat reduced in ampli-
tude (but is still present). Only when the mem-
brane resistivity is much reduced (curves ¢ and d
of Fig. 1 (1¢, 1d) also f-h of Fig. 2 (2f-h) does the
anti-field rotation also become much weaker. The
biological interpretation is that curve la corre-
sponds to an undamaged cell, curve 1b to a cell
without membrane damage but with total loss of
ionic contents, and curves lc and 1d to cells in
which the membrane is relatively conductive.

However, examination of the effects of surface

conductance (K,) on rotation spectra show that it
produces exactly the same change in curve 1a as
increasing the membrane conductivity does, at
least in the case of cells with high internal conduc-
tivity. For such cells we can use [14]:
a’G,, = 2K, ()
to relate the values of these two distinct parame-
ters which produce the same effect. That means
that curves 1c¢ and 1d correspond either to mem-
brane conductivities of 0.11 S/cm’ and 0.22
S/cm?, respectively, or to K, values of 5 nS and
10 nS, respectively (or to some combination).

On the other hand, modelling of the effects of
G, and of K, show that these quantities have very
different effects in the case where the inner con-
ductivity is equal to that of the medium. Increas-
ing the G,, value causes the peak of curve 1b to
reduce in amplitude, eventually to zero. On the
other hand, curve 1le shows how increasing K; to
5 nS causes a new positive peak to appear. This
peak increases in amplitude and frequency as K|
is increased, as shown by curves 1f (K, =10 nS)
and 1g (K, =20 nS). It is significant that increas-
ing the membrane conductivity has no influence
on these curves, as long as the inside conductivity
does not exceed that of the medium.

At 200 pS/cm medium conductivity, the effects
of a given amount of K (or G,,), are qualitatively
the same as at 10 puS/cm, but much weaker. The
curve series 2a—d (K, values of 0, 10, 30 and 100
nS) shows that (compare with curves la, 1c and
1d) the reduction in the effect of K on a cell of
high internal conductivity is in proportion to the
increase in o, (a factor of 20). The curve series
2e—h (G,, values of 0, 0.1, 0.3 and 1 S/cm?) shows

the effect of increasing membrane conductance
(maintaining K, = 0) on ‘cells’ with equalised in-
ternal and external conductivities. This data is
discussed further below.

The above has relied heavily upon the concept
of surface conductance without mentioning a
physical basis for this. It is now necessary to show
that the cell wall can provide this conductivity,
although the typical thickness of this organelle of
about 0.3 pm [24,25] means that quantitative con-
clusions based on ‘surface’ conductivity must be
considered approximate.

There is good evidence that, due to the
counter-ions to the fixed charges present in the
cell wall, the conductivity can be many times that
of the medium. This has been measured in certain
bacteria [26,27] and the conductivity ratio was
greatest at low medium conductivities. In ad-
dition, it has been suggested that the cell walls of
micro-organisms can contribute to a distinct type
of co-field cell rotation [20]. There appear to be no
direct measurements of the electrical properties of
yeast cell wall material. However, it is known that
yeast walls are highly porous [28,29]. As argued at
the end of this section they can, therefore, be
assumed to have a dielectric constant close to that
of the medium. It has been suggested from electro-
phoretic measurements that the yeast cell wall
(like bacterial walls) is conductive [30], however,
no quantitative estimate of this conductivity in the
case of yeast is available. The bacterial data ob-
tained using dielectric measurements on whole
cells [26] suggest conductivies of the wall material
(in low-conductive media, such as used here) of 3
mS/cm for Escherichia coli and of 9 mS/cm for
Micrococcus lysodeikticus. Work on isolated walls
from M. lysodeikticus [27] gave a value of 4
mS /cm, although this was possibly lowered by the
isolation procedure.

The conductance, along the plane of the layer,
of a wall of conductivity o,, and thickness, w, is
given by:

Ky=0,w 3)

In order to have the same total conductance,
the conductance that must be assigned to a true
surface layer without thickness is given by:

K,=(0,—0))w 4)



where the conductance of the medium that oc-
cupies the volume formerly occupied by the wall is
taken into account. If the cell wall is assumed to
be homogeneous and of thickness 0.3 pm, then the
values of o, given above would result in surface
conductivity values between 90 and 270 ns. As
shown in Figs. 1 and 2, these values are more than
enough to produce characteristic rotation spectra.

A possible inaccuracy arises in the above if the
relative permittivity (e,) of the water within the
wall is changed by the presence of the wall matrix.
It is possible that the rotational mobility of this
water is reduced so that water structured by the
presence of biomacromolecules will have a relaxa-
tion frequency (f.) between that of bulk water
(f. =20 GHz) and that of ice (f. =10 kHz) [31].
The theoretical predictions of the extent of this
change vary, but measurements (reviewed in Ref.
31) on water bound to proteins show relaxation
frequencies between 100 MHz and 10 GHz: well
above the region measured in the present work.
This is confirmed by measurements on ‘Sephadex’
particles, which can be assumed to be a better
model for the cell wall than proteins. The relaxa-
tion frequency of water within the Sephadex par-
ticles lies near 4 GHz [32]. It can therefore be
assumed that cell-wall water will respond as bulk
water to the field frequencies used here (2.5 MHz
or less).

It is still possible that some property of the
walls causes them to have an e, value different
from that of bulk water. We modelled the effect
on the rotation spectrum of a cell wall (0.3 pum
thick and inner radius 3 pm) of varying the e,
over the range of 30-160. A cell wall with K, =5
nS showed a variation of +12.5% (with respect to
the value at ¢, =80) in the amplitude of the
rotation peak, which otherwise resembled curves e
and f in Fig. 1. In the case of K, =10 nS, there
was only +7.7% variation in the amplitude of the
rotation peak (again with respect to ¢, = 80). The
variation in €, also caused variations in the peak
frequency: however, we only make use of the peak
amplitudes in assigning a value to K (see follow-
ing section). We conclude that even if €, is radi-
cally different from the value for water, the K,
value derived below is little affected.
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Results and Discussion

(a) Rotation spectra

Hg(II)-treated cells showed a very different ro-
tational spectrum from control cells (Figs. 3 and
4). In 10 pS/cm media, all affected cells had
spectra which were indistinguishable from those
seen after treatment with Ag* or with intense
ultrasound [19]. Even those ultrasonically broken
cells in which one end of the cell was completely
broken away, or in which the wall had been split
open along the long axis, showed rotation in this
region. Therefore, the 0.8 MHz rotation was purely
due to the wall material, and not due to a residual
inner conductivity. However, the speed of rotation
was rather slower than that shown in Fig. 3 (pre-
sumably for hydrodynamic reasons).

The absence of the anti-field rotation by treated
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Fig. 3. Rotation spectra in media of 10 uS/cm conductivity of
control yeast cells and of cells which had previously been
incubated with HgCl, (18.4 pmol /1 in 50 mM citric acid /KOH
pH 4.5. 3 h). In each case, one plot is data from single cells
(O), the other represents budded cells (a). Each plot is the
mean of data from two cells of similar size and shape, which
had been selected from many sets of data to be representative
of their type. The field strength was the same as at 200 uS/cm
(see legend to Fig. 2). Cell sizes: in each case the major and
minor diameters are given in pm, the cells being treated as
ellipsoids of rotation. Where two sets of dimensions are summed
per cell, these describe the two components of a budded cell,
measured as if they were two ellipsoids in contact. The control
cells measured: (O) both cells 7.5:6.5; (a) 8.5-5.5+5.0-4.0
and 7.5-6.5+3.5-3.5. The HgCl,-treated cells measured: (O)
one cell 5.5-4.0, one cell 6.5-4.5; (a) both cells 6.5-4.0+5.5-4.0.
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cells at 10 pS/cm indicates the the membrane
conductivity had become very high (an extreme
form of the trend shown by the theoretical curves
1c and 14d). It is not possible to conclude from this
alone that the inside conductivity was affected,
although it would be expected that extremely high
membrane conductivities indicate a very ‘leaky’
membrane. In addition, analysis of the medium
(section f below) indicated 100% K* leakage.

We have already explained that the co-field
peak (at 0.8 MHz in 10 puS/cm media) exhibited
by both damaged cells and cell walls can also be
explained by the existence of a significant wall
conductance. The spherical cell data in Fig 3
show a ratio between co-field and anti-field ampli-
tudes of 1.6 (=550/350). The theoretical values
for this ratio (curves 1c—f) at K, values of 5 and
10 nS are 1.1 and 2.6, respectively. The value of
the wall conductance can, therefore, be estimated
to have been 7 nS. This value has been arrived at
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Fig. 4. Rotation spectra in media of 200 uS/cm conductivity
of control yeast cells and of cells which had previously been
incubated with HgCl, (3.7 oM in 50 mM citric acid/KOH pH
4.5, for 3 h). The rotating field was produced by applying a
peak voltage difference of 15 volts between each pair of
electrodes 1.4 mm apart. In most cases, the data points are
from single measurements (not averages as in Fig. 3). Cell
sizes: assuming cells and cell-buds to be ellipsoidal (see legend
to Fig. 1), the major and minor axes measured (in s m) were as
follows. Control cells; (a) mean of two cells 7.5-5.5+2.0-2.0
and 8.0-5.0+1.5; (O) 8.5:7.5; (0) 11.0-8.0. HgCl,-treated
cells: (v) 7.0-5.0+6.5-5.0; (a) 8.0-6.5+5.5-5.0; (O) 8.5:-6.0+
5.5-5.0; (O) 9.0-6.5.

using data at a single conductivity and without
having to consider the absolute rotation speeds.
Substitution of this value into Eqn. 4 results in a
value for the wall conductivity (at o, = 10 pS/cm)
of o, =33 uS/cm.

It can be seen from Figs. 3 and 4 that the
anti-field rotation of unaffected cells is slower in
10 pS/cm media than at 200 uS/cm, although
this is not predicted by the theory for cells with no
walls (curves 1a and 2a, respectively). Further, the
frequency of the anti-field peak at 10 uS/cm is
considerably higher than the theoretical curve
(curve 1a), whereas the 200 pS/cm curve shows
good agreement with the theory (curve 2a). This is
also in accord with the possession by the cell wall
of an appreciably higher conductivity than the
medium. The cell membrane is thereby electrically
screened, and this effect will be greater in 10
#S/cm medium than in 200 puS/cm media (where
the ratio between wall and solution conductivities
is lower, at least in bacteria [26,27]). The effect is
illustrated by curves 1d and 1c.

We do not attempt to quantify the conductance
using this sort of data because it is necessary to
use the absolute rotation speed, or else to assume
that the effect of the cell wall on rotation at 200
pS/cm is negligible. As can be seen by comparing
Fig. 4 with curve 2b, at 200 pS/cm the cells
rotated with only 50% of the theoretical speed.
The discrepancy is not surprising in view of the
fact that yeast cells are not perfect spheres, and do
not possess the smooth surface that hydrodynamic
theory demands. In addition, we can not rule out
wall conductance effects. For both these reasons,
quantitative analysis based on the absolute rota-
tion speed is not advisable.

The models used for Figs. 1 and 2 predict that
if the membrane resistivity had been completely
abolished, there should have been no residual
anti-field rotation at any conductivity. In 10
pS/cm media (Fig. 3), Hg(II)-treated cells either
possessed no measurable anti-field rotation or were
indistinguishable from control cells (the relative
proportions depending on the amount of Hg(II)
used). It seems that the membrane resistivity was
abolished on an all-or-none basis. The all-or-none
onset of membrane damage has often been re-
ported in yeast cell populations affected by HgCl,
[1,6] or other substances [33].



However, spectra taken in media of 200 uS/cm
conductivity (Fig. 4) show that some treated cells
exhibit intermediate strengths of anti-field rota-
tion. The decreasing speeds of anti-field rotation
in Fig. 4 correspond to decreasing membrane re-
sistivities. Similar effects are shown either by cells
that have the full internal conductivity (refer to
the curve series 2a—-d) or by cells in which the
inner conductivity has been equilibrated with the
medium (curves 2e-h). We do not attempt to
quantitate the membrane conductivity because the
cell wall conductance in 200 pS/cm media is
unknown.

(b) Hg(1l)-sensitivity and cell density

When the effect of a toxin on many cells must
be measured, the taking of rotation spectra is too
slow. We found it best to work at a fixed field
frequency of 300 kHz, and to count the cells
which rotated co-field in 10 pS/cm media. The
results are expressed as the co-field rotation value
defined above (Eqn. 1 in the Materials and Meth-
ods). Control incubations yielded few cells which
rotate under these conditions (co-field rotation
10% or less). As the quantity of HgCl, or
Hg(NO,), in the incubation was increased, the
co-field rotation increased (Fig. 5). The sensitivity
to Hg(I1I) was found to be higher after incubations
using 1-10° cells/ml than when using 3-10°
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Fig. 5. The dose-response curves at two different cell con-
centrations for the HgCl,-mediated change in rotation proper-
ties. The (0) symbols and error bars show the mean and
deviation of at least 5 co-field rotation (CFR) values obtained
on separate days (incubation density 1-10° cells/ml). Circular
symbols refer to data obtained on a single day: (O) 1-10°
cells/ml; (@) 3-10° cells/ml. The incubations were for 3 h and
were unbuffered.
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cells/ ml (compare the extreme left and right hand
curves of Fig. 5). The central curve shows a mean
value for the sensitivity obtained from several
experiments at 1-10° cells/ ml.

This effect of cell concentration on the co-field
rotation value is better illustrated in Fig. 6. Al-
though 400 nmol /1 Hg(I1) applied to 6 - 10* cells /
ml gave 80% co-field rotation, there was little
effect on 3-10° cells/ml. In the case of Ag* [19]
it was argued that this cell-density effect is prob-
ably due to the binding of metal by the cell wall,
which certainly occurs in the case of Hg(Il) too
[34,35]. However, quantitative interpretation is
difficult because part of the Hg(Il) binding is
slow. For example, it has been observed that al-
though the cell wall accounts for the greatest
fraction of Hg(II) that is rapidly bound by yeast,
longer incubations show some accumulation in the
cell interior [34].

The cell concentration effect can help to ex-
plain why the co-field rotation method was much
more sensitive (25-250 nmol/1) than other de-
terminations of the toxicity of Hg(Il) to yeast
[6,21,36,37]. Table I shows that there is a clear
inverse correlation between sensitivity and suspen-
sion density, despite the wide differences in media
and incubation times.

It is interesting to note that no significant dif-
ference was found between the sensitivity to HgCl,
or to Hg(NO;),, despite the fact that HgCl, has a
much greater stability constant [38]. This is be-
cause, at normal pH and in the absence of other
ligands, low doses of any form of Hg(Il) will be
converted to Hg(OH),. For example, at pH 6.0
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Fig. 6. The decrease in co-field rotation (CFR) obtained by
increasing the cell density in the treatment medium (400 nmol /1
HgCl, for 3 h in 12 mM Mes/KOH, pH 6.0).
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TABLE 1

COMPARISON OF THE SENSITIVITY OF S. cerevisiae TO Hg(II) REPORTED ELSEWHERE AND HERE

To enable comparison with the literature values, the cell densities that we used were re-calculated in mg/ml (the mean cell volume of
the yeast used by us was 150 fl [19]). The results quoted are from Refs. (a) 6; (b) 36; (c) 21; (d) 37.

Criterion of toxicity Toxic dose in Yeast concentration  Assay medium Source
assay (pmol/1)  (initial) (mg/ml)
50% K™ release after 4 h 400 60 H,0 [a]
50% inhibition of fermentation over 1-2 h 120 23 4% glucose [b}
50% reduction in yield after 24 h growth 7.7 03 synth. growth medium  [c]
50% of cells showed no respiration after 30 min 0.8 8 0.85% NaCl {d]
50% of cells 04 0.14 12 mM Mes/KOH Fig. 4
showed co-field rotation 04 0.45 H,0 Fig. 3
0.1 0.015 H,0 Fig. 3

the concentration of molecular HgCl, would first
reach 10% of that of Hg(OH), when the HgCl,
dose was 18 pmol/l or more. However, these
equilibrium-constant based calculations must be
interpreted with caution because it has been re-
ported that the majority of Hg(Il) taken up by
Saccharomyces [34] or by Chlorella [4] is irreversi-
bly bound.

(c) Kinetics

The action of Hg(II) on yeast cells was found
to be relatively slow (Fig. 7). In the case of amounts
of Hg(Il) near to the threshold, the co-field rota-
tion was still increasing after 5 h of incubation,

—— /1
/A///A 4 800 nmol ‘ c§
804 200nmol /|
o

o 60+
“’; / / % 100nmot /L
.
a0 A

/ %/%/

e

a g/o

0 T T T — T T J

05 30 60 120 180 20 300
Length of incubation ,minutes

Fig. 7. Kinetics of the effect of HgCl, pre-treatment on yeast
cell rotation. The curves for 100 nmol/1 and 200 nmol /1 show
the means and deviations obtained from work on two days,
whilst the 800 nmol/1 curve refers to a single experiment. All
incubations used 1-10° cells/ml and were unbuffered. CFR,
co-field rotation.

and even 10 X threshold amounts required at least
1 h to reach saturation. A very fast (90 s) action of
HgCl, (present at 1 mmol/1) on the respiration
and permeability of yeast cells has been reported
[39]. This is not necessarily at variance with the
above because, in contrast to the Hg(OH),-
dominated equilibria found in very dilute Hg(II)
solutions, 1 mmol/1 HgCl, will remain substan-
tially in the molecular form. This is significant
because HgCl, (but not Hg(OH),) is strongly
membrane-permeant, at least in artificial bilayers
[8,9]. Small amounts of HgCl; and HgCl3 will
also be formed from 1 mmol/1 HgCl, [7,10].
Therefore, other Hg(II)-transport mechanisms are
to be expected in 1 mmol/1 HgCl, from those
seen at low concentrations.

(d) Effects of calcium and other salts

In contrast to the slow action of Hg(Il) de-
scribed above, Fig. 8 shows that addition of 1 mM
Ca(NO,), after 20 or 60 min resulted in an im-
mediate inhibition of the co-field rotation in-
crease. This suggests that Ca* can compete for
Hg(II) binding sites. It must also be said that the
presence of Ca?* will reduce the surface potential,
leading to a local reduction in the concentration
of all cations (including Hg?*) near to the mem-
brane [40]. Fig. 8 also shows that 1 mM calcium
acetate gave a much stronger inhibition than did
Ca(NQO,),: this was probably due to formation of
mercuric acetate. This can be said because the
presence of 2 mM acetate ion will have given a



Length of incubation, mnutes

Fig. 8. Inhibition of the effect of HgCl, by the addition of 1
mM Ca?* during the incubation. The data points represent:
(O) controls, showing the progressive increase of co-field
rotation (CFR) over 5 h; (@) Ca(NO;), added after 60 min;
(a) Ca(NO,), added after 20 min; (O) calcium acetate added
after 60 min; (a) calcium acetate added after 20 min incuba-
tion. (2 pmol/1 HgCl,, 1-10° cells/ml in 50 mM citric acid/
KOH, pH 4.5).

mercuric acetate/ Hg?* concentration ratio of 4 -
10%, whereas the ratio between Hg(OH), (other-
wise the dominant species) and Hg?* at pH 4.5 is
630. Therefore, the formation of mercuric acetate
will have reduced the concentration of all other
Hg(1I) species by a factor of 4 - 10* /630 = 63. The
values are calculated from data from the tables of
Ref. 38.

It is also possible that the effects of acetate are
due to diffusion of acetic acid across the mem-
brane leading to a reduction in cytoplasmic pH,
and so to a change in sensitivity to Hg(Il) at a
cytoplasmic site. We tested the effects of acetate
alone by carrying out similar experiments to those
shown in Fig. 8, but using 2 mM potassium acetate
in parallel to 1 mM calcium acetate. Although
potassium acetate alone did protect against the
effects of Hg(II), the calcium salt gave at least
double the effect (although the acetate concentra-
tion was the same).

The above observations (of slowly developing
damage to the cells which can be rapidly inhibited)
suggests a two-stage model for the action of Hg(II).
The initial binding is fast and reversible, and is
the obligatory precursor of a slower, irreversible,
permeabilising reaction. The observation that the
increase in co-field rotation is extremely slow at
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SALT CONCENTRATION, mM

Fig. 9. Decrease in the effect of HgCl, on cell rotation in

- response to the presence of increasing concentrations of KNO,

(circular symbols) or NaNO, (square symbols) in the incuba-
tion medium. The HgCl, concentrations were: (®, @) 400
nmol /1; (O, O) 200 nmol /1.

20°C may mean that the irreversible stage is

highly temperature dependent. A fast (ionic ?)
binding followed by transport-limited or other
slow but damaging processes have often been pro-
posed for the mechanism of damage by Hg(II)
[4,6,9,10].

Fig. 9 shows that 3-30 mM KNO, or NaNQ,
are also capable of decreasing the action of Hg(II).
The fact that K* salts were not found to have a
stronger effect than their Na* analogues indicates
that neither the membrane potential nor K*-
specific sites are involved (in contrast to the Ag*
sensitivity found earlier [19]).

(e) pH dependence

It was observed that the sensitivity to Hg(II)
decreased as the pH was increased. The central
curve of Fig. 10 shows the effect well, although it
is possible that these values were affected by the
salt-concentration effect (Fig. 9), because increas-
ing pH values were accompanied by progressive
increases in K* concentration. However, even
when the K™ concentration was held constant
(upper and lower curves of Fig. 10), the effect of
pH change is still to be seen. It is known that the
surface charge of yeast cells and cell walls be-
comes more negative as the pH increases [41,42].
This may give a greater binding of Hg?*, as was
measured in the case of Mn?* [35]. This will
amplify the suspension-density effect (Fig. 6) at
high pH.

It can be argued that the rapid decrease in the
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Hgll, 400nmol/l & 6mM K*
. 400nmot/L ® SO0mM Mes
100 < 4 100nmoi/t o 6mM K
4 .x
E 80 ® .
E .
o 60 1
-
s}
40 *
0]
D\l
0L f : 2
5 6 7
pH

Fig. 10. Decrease in HgCl, sensitivity with increase of pH. The
experimental difference between the circular and square sym-
bols was that either the K™, or the Mes concentration was held
constant over the pH range. The incubation conditions were:
(m) 400 nmol/1 HgCl, in 6 mM KOH/Mes; (®) 400 nmol/1
HgCl, in 50 mM Mes/KOH; (00) 100 nmol /1 HgCl, in 6 mM
KOH /Mes.

concentration of Hg?* with increasing pH (due to
Hg(OH), formation, as noted in connection with
Fig. 5) could contribute to the pH sensitivity. This
is because a pH increase from 4.5 to 6.0 should
decrease the concentration of free Hg?* (already
extremely low) by a factor of 1000. However, Fig.
10 shows that to maintain 50% co-field rotation

100

0\0 80 §
x x
60 =]
5 AK? 2hours [
he
40 =
; / a [wISY / SC
20 / o [0
i e
L i e
] AK? 10minutes
0 0 102 10°
[Hgl, nmol/1

Fig. 11. Comparison between the percentages of potassium lost
by the cells (open symbols) and the change in the rotation
parameter co-field rotation (solid circles) that resulted from the
addition of various amounts of HgCl,. The two steeper curves
refer to cells that had been incubated for 2 h, whilst the flatter
curve shows the very small K* efflux that could be measured
after 10 min incubation.

over this pH range it is only necessary to increase
the HgCl, dose by a factor of 4. Therefore, the
change in free Hg?* concentration cannot explain
the pH dependence.

(fi K~ release

The action of Hg(II) on yeast cells is known to
cause the release of most of the K* [6]. This was
also found to be the case here, and the increase in
co-field rotation correlated very well with this
release (Fig. 11). In both cases little effect was
seen after only 10 min of incubation, but after 2 h,
100% of the K* loss and 100% co-field rotation
were reached. It should be noted that even in
control incubations, about 30% of the cellular K*
is lost after 2 h (as is normal in a K*-free medium
[1]). Despite this there was no change in the
co-field rotation, which means that the 30% K™*
loss was evenly distributed over the cells. If 30%
of the cells had lost essentially all their K*, even
without incurring a drastic decrease in membrane
resistivity, these cells would have given rise to a
corresponding co-field rotation value.

Conclusion

We have demonstrated that the single-cell rota-
tion technique can be modified to follow the ef-
fects of Hg(Il) on yeast cells. The quantities of
Hg(II) that can be detected in this way appear to
be smaller than possible with other bio-assays,
which is largely a consequence of the ability to
work with very small numbers of cells. A further
advantage of the single-cell rotation technique is
that we were able to observe directly deviations
from the all-or-none response.

As part of the investigation of the Hg(1I)-treated
yeast cells it was noted that their rotation in
response to rotating fields between 0.1 and 2500
kHz was indistinguishable from that of yeast cell
walls. This rotation could only be accounted for
by assuming that the yeast wall has a conductivity
(33 pS/cm), which is rather higher than that of
our assay medium (10 pS/cm). Literature values
for the cell wall conductivities of many bacteria
are considerably higher (3-9 mS /cm) than this, so
the rotation method may find application in the
characterisation of microbial wall composition and
structure. It may also be possible to follow the



binding of substances to ionogenic groups within
the wall.
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