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Abstract

The effect of Cr(VI) anion on an ergosterol-producing strain of eukaryotic yeast Candida albicans and its mutant with
ergosterol-less membrane was studied with EPR spectroscopy. 5- and 14-doxyl stearic acid spin probes were used to label the
protoplast membrane after removal of the cell wall. In control experiments, the mutant strain exhibited larger rigidity in the
membrane than its parental strain. Addition of Cr(VI), at a minimum inhibitory concentration of 0.6 mM, increased the
rotational mobility of the spin labels significantly and decreased the temperature of the structural changes in both strains, in
the temperature range between 0 and 30°C. The ergosterol-less mutant, having a membrane composition with increased
polyunsaturated fatty acid content, exhibited higher Cr(VI) sensitivity. Treatment of the membrane with Cr(VI) for 10 min
already resulted in an increase in membrane fluidity. An EPR signal of Cr(V) was detected which reached maximum
amplitude after 120 min of treatment with Cr(VI). Further chemical reduction of Cr(V) in the absence of extracellular Cr(VI)
led to a lack of detectable paramagnetic chromium intermediates within 200 min. © 1999 Published by Elsevier Science
B.V. All rights reserved.
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1. Introduction [3,8,12,19]. Chromium VI penetrates into the cell as

a tetrahedral chromate (CrOj~) anion using a non-

Chromium VI compounds are known to be potent
mutagenic, toxic and carcinogenic agents, as shown
by epidemiological studies [10]. Numerous aspects of
the complex effect of Cr(VI) on eukaryotic cells and
tissues have already been studied extensively

Abbreviations: EPR, electron paramagnetic resonance; 5-
SASL, 5-(4',4-dimethyl’-oxazolidine-N-oxyl) stearic acid; 14-
SASL, 14-(4’,4-dimethyl’-oxazolidine-N-oxyl) stearic acid
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specific anion carrier, the so-called permease system,
which transports a number of anions with a tetrahe-
dral configuration, such as SO~ and PO;~ [24]. In
contrast to Cr(III), the anion Cr(VI) has a very weak
association with the negatively charged polynucleo-
tide chains, as revealed by in vitro studies with puri-
fied DNA [23]. The carcinogenic effect of Cr(VI)
within the cell may therefore be explained by redox
processes. Cr(VI) is reduced to Cr(III) thereby gen-
erating unstable intermediates, i.e., Cr(V) and Cr(IV)
ions [2]. Recent studies have also shown that free
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radicals, such as hydroxyl free radicals, are generated
during the reduction process. Singlet oxygen, super-
oxide anion, thiyl and organic free radicals are all
responsible for the DNA damage observed earlier
[1,9,18]. The end product of Cr(VI) reduction is
Cr(III) that binds to purified DNA in vitro, forming
adducts, DNA-DNA cross links, and DNA-protein
cross links reducing the fidelity of DNA polymerase
[21,22].

This multiplicity of interactions between chromate
anions and cellular processes has been demonstrated
by in vivo and in vitro experiments. However, inter-
actions of Cr(VI) with plasma membranes have not
been investigated until now. In order to get more
information about the interaction of chromium ions
with the components of the biological membranes
after addition of Cr(VI), cell growth and EPR experi-
ments were performed in the present study on an
ergosterol non-producing yeast membrane mutant
and its parental strain to elucidate the importance
of membrane components in this interaction. The
lipid components of the mutant strain have already
been characterized both qualitatively and quantita-
tively [16]. The enzymatic and transport properties
of membrane proteins have been shown to be sensi-
tive both to the membrane lipid composition and to
the mobility of the lipid chains [15]. Because the lipid
bilayer is the major permeability barrier of the mem-
branes, potential perturbation of this structure by
chromium in the presence of membrane proteins
may also influence the membrane properties. This
process should then be dependent on the lipid com-
position, and therefore the physical state of the mem-
brane, which is known to be different in the two
strains [20]. Spin probes, providing fluidity data, in-
corporated directly into the plasma membrane of the
two strains and paramagnetic forms of reduced
Cr(VI) were measured by EPR in the present work
to address these questions.

2. Materials and methods
2.1. Chemicals
K;,Cr,O7 and other chemicals were of analytical

grade and purchased from Reanal Co. (Hungary).
K>Cr,07 solutions were always freshly prepared.

5-SASL was purchased from Sigma Co. (Germany).
14-SASL was kindly donated by Derek Marsh (Max-
Planck-Institut fiir biophysikalische Chemie Gottin-
gen, Germany).

2.2. Strains and culture conditions

The ergosterol-deficient membrane mutant of Can-
dida albicans, erg-2 (ATCC 44831), originated from
the adenine auxotroph ergosterol-producing strain
33 erg™ (ATCC 44829), as described earlier [15].
The following media were used throughout the ex-
periments: complete medium (YG): 0.5% yeast ex-
tract, 1% glucose, 25 pg/ml adenine; minimal me-
dium (MM): 1% glucose, 0.5% (NH4)>SO4, 0.1%
KH,POy4, 0.05% MgSO4-7H,0, 25 pg/ml adenine,
2 pg/ml biotin, 400 pg/ml thiamine (pH 6.0). Media
were solidified with 2% agar when required. Four
day old stock cultures were used to prepare over-
night mid-log phase cultures. Minimal inhibitory
concentrations of K,Cr,O; were determined by a
twofold serial dilution test on YG and MM agar,
as described previously [15]. The inhibitory effect of
K>Cr,07 on growth at different concentrations was
measured in liquid MM cultures for 60 h at 30°C on
a shaker at 200 rpm. The starting cell number was
1X10° cells/ml, the cell numbers were determined
using a hemocytometer.

2.3. Preparation of samples for spin labelling
experiments

Mid-log phase cells were collected by centrifuga-
tion and washed two times with 0.6 M KCl solution.
For protoplast formation, the suspension was incu-
bated with 2% lyophilized snail enzyme, prepared
from Helix pomatia in 0.6 M KCIl as osmotic stabil-
izer. In order to perform spin labelling of the plasma
membrane of vegetative cells, cell wall-free proto-
plasts were used. After 2 h incubation at 37°C, the
protoplasts were washed three times in stabilizer so-
lution and diluted fivefold in 0.6 M KCI prior to
addition of spin probes. For control experiments, a
13 ul aliquot of a solution of 5-SASL or 14-SASL
(5 mg/ml in ethanol) was added to 300 ul of cell
suspension, and the mixture was gently shaken for
10 min at room temperature to facilitate spin probe
incorporation. The protoplast suspension was then
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sedimented (at 3000 X g for 3 min) and resuspended
in 100 ul 0.6 M KCI. The suspension was filled into a
100 pl capillary tube, then centrifuged again at 4°C
and the supernatant was removed. Capillary tubes
contained 5x10% protoplasts in each experiment.
Under these conditions, no isotropic triplet arising
from unincorporated spin probes was detected.

In order to study the effect of Cr(VI) on plasma
membranes, 0.6 mM K,Cr,O7 dissolved in 0.6 M
KCI was used. Addition of K,Cr,O; did not change
the pH (8.2) of the solution. K,Cr,O; solution was
added to the protoplast suspension following the in-
corporation of spin labelled fatty acids into the mem-
brane. After 120 min of Cr(VI) treatment, the cell
suspension was washed again with 0.6 M KCL

2.4. Electron paramagnetic resonance measurements

Electron paramagnetic resonance spectra were re-
corded with an ESP 300E spectrometer (Bruker, Ger-
many), equipped with an ER 412VT temperature
regulator. The EPR spectra of fatty acid-free radical
spin labels 5-SASL and 14-SASL incorporated into
the membranes were taken in the temperature range
of 0-30°C on both control and chromium-treated
samples. The conventional EPR spectra were ob-
tained using 5 mW microwave power, and 100 kHz
field modulation with an amplitude of 0.1-0.2 mT,
and a 10 mT scan width. The parallel and perpen-
dicular hyperfine splitting parameters partially aver-
aged by limited rotational motion (4, and A4, re-
spectively) of the spin label molecules, known to be
related to the orientational order parameter in mem-
branes [4,13], were used to study the effects of Cr(VI)
on the fluidity of protoplast membranes [4,13]. In the
case of slow motion at lower temperatures, where the
inner splitting (24,) could not be derived clearly
from the spectra, the splitting of the outermost ex-
trema (24,) was used. However, the varying large
EPR signal arising from Cr(V) of samples treated
with chromium, and for which subtraction was not
a rational approach, overlapped with the high-field
extrema of the 5-SASL spectrum. A simple parame-
ter was therefore introduced instead of 24, to char-
acterize the changes in the mobility of probe mole-
cules as a function of temperature. This parameter,
designated by AH(+1), was defined as the distance
between the low-field maximum and the cross-over

point of the central hyperfine peak. Unfortunately,
the accuracy of this spectral parameter is smaller
than that of 24, normally measured without a dis-
turbing spectral component, but the systemic error
can be estimated to be not larger than the g-value
anisotropy [6] and to not influence temperature-de-
pendent differences.

In order to characterize the difference between the
strains and the effect of Cr(VI), the break in the plot
of the spectral parameter AH(+1) against tempera-
ture was approximated by two straight lines. The
straight lines were obtained using a computer pro-
gram that calculated the breakpoint by searching for
the minimum of the residual sum of squares of the
two regression lines. According to Jones and Moli-
toris, an approximate F value was calculated to ver-
ify that a broken line gave a significantly better fit
than a single straight line [7]. Data analysis showed
that the two-line model resulted in a significantly
better fit in all cases.

3. Results and discussion
3.1. Characterization of the membrane

The plasma membrane-Cr(VI) interaction was in-
vestigated using an ergosterol-producing wild-type 33
ergt strain of C. albicans and its ergosterol-free
membrane mutant, erg-2 [16]. In comparison to 33
erg*, the erg-2 has the following features: (i) 33 erg™
accumulated ergosterol (71.5%) and ergosta-7-en-3f-
ol (14.3%), while erg-2 membrane contained fecoster-
ol (55.6%) and zymosterol (42.7%) as the main ster-
ols, indicating a block of the A%-A7 isomerase; (ii)
alterations in sterol composition induced an adapta-
tion in phospholipid composition resulting in de-
creased amounts of phosphatidylcholine and phos-
phatidylserine (described as fluidizing lipids) and in
an increased amount of phosphatidylinositol, phos-
phatidylethanolamine and phosphatidic acid (consid-
ered to be rigidifying lipids) in the mutant [20]; (iii)
as regards the fatty acid composition, a significant
increase of polyunsaturated fatty acids of 16:2,
16:3 and 16:8 was detected in erg-2 [20] which might
be attributable to an elevated level of lipid peroxida-
tion and, thus, metal sensitivity [5]. These two well-
characterized yeast strains seemed to be useful to
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investigate the dynamic properties of the membranes
and their significance in the interaction with Cr(VI).

Multiplication of both strains was fully blocked by
0.6 mM Cr(VI) for growth in minimal liquid medium
(data not shown). In complete medium, 5 mM
Cr(VI) was required to block cell multiplication
(Figs. 1 and 2) for both strains. Cell viability was
not decreased during the first 2 h required for the
EPR measurements. The erg-2 mutant was more sen-
sitive than the parental 33 erg" strain both in mini-
mal and complete medium (cf. Figs. 1 and 2 for the
complete medium) at lower Cr(VI) concentrations.
These experiments suggest that the differences in
the composition of the membrane of the two strains
play a role in the interactions between chromate
anions and cellular processes. On the basis of these
observations, application of 0.6 mM K,Cr,0O7, which
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Fig. 1. Effect of K,Cr,O7 on growth of an ergosterol-producing
strain 33 erg" incubated in complete medium for 72 h at 30°C.
Symbols: () no K,Cr;O7; (a) 0.6 mM K,Cr;07; (X) 2.5 mM
K>Cr,07; (@) 5.0 mM K,Cr,05.
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Fig. 2. Effect of K,Cr,O7 on growth of mutant erg-2 in com-
plete medium at 30°C. Symbols: (*) no K,Cr,O7; (a) 0.6 mM
K;,Cr,07; (X) 2.5 mM K,Cr,07; (m) 5.0 mM K,Cr,0.

was already effective in complete medium, seemed to
be justified to carry out measurements on the inter-
action of the plasma membrane with Cr(VI) ions by
EPR. The EPR measurements were done on yeast
extract-free solutions. Integrity of the plasma mem-
brane did not change during treatment with 0.6 mM
K>Cr,07, neither lysis nor shrinking of protoplasts
was observed.

3.2. Interaction of Cr(VI) with membrane
components

Samples were prepared by pre-treatment of the
cells in 0.6 mM Cr(VI) for 120 min in order to re-
ceive maximum concentration of Cr(VI) in the cells
[24]. An EPR signal arising from Cr(V), with
g=1.9554, was detected that evidenced rapid reduc-
tion of Cr(VI) to Cr(V) [2] (Cr(VI) has no paramag-
netism). The concentration of the Cr(V) species gen-
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Fig. 3. Time dependence of the concentration of Cr(V) in pro-
toplast preparations at 14°C after 120 min treatment with and
then removal of extracellular Cr(VI). The double integral of the
Cr(V) EPR signal is plotted against time. Inset shows the Cr(V)
signal (g =1.9554) over a scan range of 10 mT.

erated did not remain constant, the double integral
of the newly formed Cr(V) species decreased in time
due to further chemical reactions (Fig. 3). The semi-
logarithmic plot of the signal intensity can be ap-
proximated by two straight lines (not shown) with
different slopes evidencing that the rapid reduction
process of Cr(VI) to Cr(V) was followed by slower
chemical reactions resulting in the reduction of Cr(V)
to Cr(IV) and then to its ultimate form Cr(I1I) [3,19].
Nearly 200 min was needed to reduce Cr(VI) to
Cr(IIT) in the absence of extracellular Cr(VI).
Cr(IV) has again no paramagnetism but we could
assign a very broad peak to Cr(III) (data not shown)
after incubating samples directly in Cr(III) at high
concentrations (since its spectrum is hardly detect-
able at room temperature below millimolar concen-
trations). These chemical reactions clearly show the
fast incorporation of Cr(VI) ions into the membrane,

and give further evidence that the treatment of cells
with 0.6 mM K,Cr,O; did not significantly impair
the membrane function, at least during the time of
incubation and spectroscopic measurements. A slow,
temperature-dependent decrease in the intensity of
the 5-SASL EPR signal with time was also observed
but was found not to affect the spectral shape during
the 30 min temperature scans. Since the stearic acid
spin label is a free radical, this was very likely a
consequence of the metabolic activity, or is due to
the effects of various biological reductants in the
membranes.

3.3. Effect of Cr(VI) treatment on membrane fluidity

Both spin labels incorporated into the membrane
of the protoplasts reflected different mobilities de-

Cr(V)

e

AH(+1)

Fig. 4. Representative EPR spectra of 5-SASL incorporated
into protoplast membranes of the yeast strain erg-2 recorded at
14°C. Upper trace: EPR spectrum recorded after 120 min treat-
ment with Cr(VI); bottom: EPR spectrum of a control sample
of the same strain. AH(+1) was defined as the distance between
the low-field maximum and the crossover point of the central
line. The field scan was 10.0 mT.
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pending on the strain and the mobilities were affected
to different extents by addition of Cr(VI) (cf. Fig. 4
for strain erg-2). Ergosterol-producing strain 33 erg™
exhibited larger fluidity compared to the mutant erg-
2; the spectral parameter AH(+1) and the distance
between the outermost extrema (hyperfine splitting
2A,) that characterize the mobility of the 5-SASL
and 14-SASL spin labels were smaller for samples
of strain 33 erg®™ (note: larger values mean lower
fluidity), over the whole temperature range studied
in these experiments. At about 16°C and 18.5°C,
characteristic changes in the spectral parameter
AH(+1) were measured in control samples (no
Cr(VI) addition) of the strains (Fig. 5). The straight
lines through the data points were obtained by least
squares fitting. The temperature of the structural
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Fig. 5. Plot of the spectral parameter AH(+1) as a function of

temperature. Protoplast samples prepared from strains 33 erg®

and erg-2 were spin labelled with 5-SASL. Symbols: (O) strain

33 ergt; () strain erg-2. The characteristic change at 18°C in

the plot for erg-2 is about 3°C greater than the change for

33 ergt.
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Fig. 6. Effect of Cr(VI) treatment (0.6 mM, 120 min) on spin
label mobility in yeast protoplast membranes. The spectral pa-
rameter AH(+1) decreases after addition of Cr(VI) ions. The
protoplast membranes were labelled with 5-SASL. Symbols:
(O) strain 33 erg*; (+) strain erg-2.

transition for strain 33 erg®™ was about 3°C lower
than that of erg-2. The break in the temperature
profile was independent of whether the spectral pa-
rameter AH(+1) versus temperature plot was meas-
ured at increasing temperature up to 40°C or at de-
creasing temperatures from 40°C to 0°C; no
hysteresis was observed. The logarithm of the spin
label concentration (spectral double integral) as a
function of time could not be approximated by
straight lines, showing that the reduction process
could not be described by a simple first order chem-
ical reaction. The decrease in spin label signal was
independent of the addition of chromate to the pro-
toplast membranes. This means that different chem-
ical processes are responsible for the reduction of
Cr(V) to lower oxidation states and the reduction
of 5-SASL to the diamagnetic species.

The breaks in the temperature plots, measured at
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about 18.5°C and 16°C in samples of the two strains,
decreased very significantly after treatment with
Cr(VI); the change was about AT=8°C (Fig. 6).
The differences between the characteristic EPR pa-
rameters of the strains were reduced after treatment
with Cr(VI). It has been shown earlier that the up-
take kinetics of Cr(VI) ions in cell fractions of yeast
was linear during an incubation period of 30 s to
12 min [14]. In our case, a shorter incubation
(10 min instead of 120 min) of the membranes with
0.6 mM K,Cr,O7 resulted in a smaller change in
fluidity. The apparent rotational correlation time of
the 5-SASL label in samples of erg-2 decreased from
22.2 ns to 17.2 ns after 10 min treatment with Cr(VI),
whereas addition of Cr(VI) to the erg-2 sample in-
duced a decrease of » from 22.2 ns to 10.6 ns after
120 min treatment at 10°C. The rotational correla-
tion time was calculated according to the Goldman
equation assuming a rigid limit of 24, =6.648 +0.038
(n=4) mT and a rigid limit value of the low-field
linewidth of 0.277 mT (rn=23) [4]. These values were
obtained on control samples of erg-2 measured at
—20°C. At lower temperatures the hyperfine splitting
did not increase, but a significant spectral broadening
was observed. The experiments with 10 min incuba-
tion of the membrane suspensions with Cr(VI) might
reflect purely the Cr(VI) ion-membrane interaction.
Addition of Cr(VI) for 120 min further increased the
mobility of 5-SASL in the membrane, which could be
partly the result of metal-induced peroxidation [5] or
toxic intermediates of Cr(VI) reduction [19].

The 14-SASL spin label, for which the nitroxide
moiety is located in the more hydrophobic environ-
ment of the membrane, also showed significant dif-
ferences between strain 33 erg®™ and erg-2; addition
of Cr(VI) increased rotational mobility. The order
parameter (S) calculated from the spectra also
showed a characteristic change in the plot against
temperature at 15°C (data not shown), but the differ-
ence between the two strains seemed to be smaller in
comparison to the outer region of the membranes,
which might be due to a non-uniform distribution of
the different chromium species along the membrane
normal.

In the case of the 5-SASL spin probe, where the
nitroxide moiety is situated near the surface of the
membranes, the spectra reflect the changes close to
the lipid-water interface. The Cr(III) cations that

cannot penetrate the protoplast membrane have a
preferred localization at the negatively charged re-
gions of the membrane [2,11], and might tend to
create bridges between phospholipid molecules and
the side chains of negatively charged amino acid res-
idues. These interactions reduce the stability of the
head group regions of the protoplast membrane, and
can affect the boundary layer of phospholipids
around the membrane proteins. In such a way, the
receptor and transport activities that are usually as-
sociated with the protein components of the mem-
brane can be modulated by the altered properties of
the lipid matrix [11]. In contrast to Cr(III) ions,
Cr(VI) ions are able to pass across the membrane
[2,3,24]. They readily interact with components of
the membrane, and might perturb the hydrophobic
region of the membrane also, as reported by the
14-SASL probes. The decrease in the Cr(V) EPR
signal makes it difficult to verify that the change in
spectral parameters observed after treatment with
Cr(VI) ions at the hydrophilic region is produced
entirely by Cr(VI) ions. Cr(III) ions are very effective
perturbants of the outer region of the membrane
[2,17], and Cr(VI) ions are reduced to Cr(I1I). How-
ever, due to its spectral properties, a strong EPR
signal from Cr(III) ions is hardly expected. The spec-
tral changes detected by 14-SASL probes support the
view that specific or aspecific interactions of Cr(VI)
ions with membrane components could independ-
ently contribute to the fluidity change of the mem-
brane induced by the treatment.

In summary, we have shown that Cr(VI) uptake
and reduction was fast but further reduction of
Cr(V) was relatively slow. It was demonstrated that
the effect of Cr(VI) on cell viability depends on the
lipid composition of the membrane and the effect on
membrane fluidity was found to be time dependent
having been observable already on the time scale of
Cr(VI) uptake. In addition, the relative effect of
Cr(VI) on membrane fluidity was found to be de-
pendent on the depth in the membrane. The changes
in the local structure produced by Cr(VI), its unsta-
ble intermediates, the presence of Cr(Il1I) ions at the
outer and inner headgroup regions of the protoplast
membrane, as well as the changes in the electric
charge of the cell surface could affect the physiolog-
ical function of the cells. The altered permeability for
different substances, the toxicity of substances and
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the ion binding potential will influence the signalling
processes, the cell-cell interactions, and hence the
viability of cells.
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