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It is well known that microorganisms accumulale environmental mercury.
Plasmid-mediated mercury and organomercurial resistance in prokaryotes is well
documented. However, very littlc information regarding mercury resistance in
unicellular eukaryotes is known so far. For better undersianding of mercury
resistance and biological defense mechanism in yeast, studies on cellular and
subcellular levels are most essential, Previous report on S‘auharomwcs cerevisiae
isolated from Bakers' ycast preparation showed the presence of Hg®' localized in
cell-wall fraction and significant amount of mercury was present in cytoplasm
(Murray and Kidby 1975). Other workers also observed that Hg®*-resistant mutant
of Succharomyces cerevisiae had taken up g’ as much as or slightly more than
the parcntal su-ams dud and the cell wall of the mutants rctained a large portion of
cell-associated Hg”* comparcd to the parental strain (Ono et al. 1988).

lonic mercury is highly toxic to all living cells. There arc reports that 1Ig”" ions
interact most effectively with thiol groups of proteins, coenzymes, amino acids
such as tryptophan and phenyl alanine (Vallee and Ulmer 1972). In heavy metal
toxicity cellular redox thiol pool plays an important role in protecting the
prokaryotic and eukaryotic cells in metal toxicity (Boyland and Chasseaud 1969;
Gachhui et al. 1991; Lash and Zalups 1996; Miszta 1984; Pesti et al. 2002).
However, there is no detailed report on the status of the glutathione reductase and
the cellular thiol status of the mercury resistant yeast cells. We have been
studying the mercury resistance and biological defense against mercury and
organomercurials by using | Rhodotorula rubra isolated from rotien fruits. It has
been found that highly Hg™"-resistant Rhodotorula rubra took up lesser Hg®* than
do weakly Ig*'-resistant Rhodotorula rubra (Ghosh et al. 2004). Thus it would
be important to explorc the mechanism of tolerance in this highly mercury
resistant yeast strain. In this paper, we show the presence of significant amount of
mercury in the cytosol in case of mercury and organomercurial resistant yeast
su-ams To investigate the mechanism of cellular protection against this toxic
Hg**, we have determined the effect of cytosolic mercury on lhe gluunhnone
Icwls as wcll as the glutathione reductase activity of highly Hg*'-resistant and
weakly Hg”*-resistant yeast strains for the defense of mercury toxicity.
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MATERIALS AND METHODS

All chemicals and reagents used in the present study were of analytical grade
(E. Merck, Germany and British Drug House, UK). All mercury compounds were
purchased from Sigma Chemical Co., St. L.ouis, Missouri, USA.

A highly mercury-resistant yeast strain and a weakly mercury-resistant ycast
strain, which were identificd as Rhodotorula rubra, were used for these studies.
These microorganisms were isolated from rotten guavas.

To estimate mercury in cytosol in highly Hg®* -resistant yeast strain and weakly
Hg’* -resistant ycast strain, the organisms were separately grown overnight in
YPD medium on a rotary shaker (200 rpm) at 30°C. After 12 hr the culture was
diluted 1 : 10 times with sterile YPD broth to a final volume 200 ml. and
3.33 mg of HgCl; 0.42 mg of phenylmercuric acctate (PMA) or 0.42 mg of
thimerosal scparately were added. The organism was allowed to grow for 24 hr on
a rotary shaker (200 rpm) at 30°C. Then the cells were harvested by centrifugation
at 2500 x g for 5 min at 0 - 4°C and washed three times with cold 50 mM
phosphate buffer (pH 7.35). The cclls were then suitably diluted with phosphate
buffer (pH 7.35) to get a cell suspension of ODg = 6.0. The cell suspension was
used for the following experiments:

10.0 mL cell suspension (ODggo = 6.0) was taken to account for the total mercury
bound by the whole cells. Cells were harvested by centrifugation at 2500 x g for
S min at 4°C, washed twice with cold phosphate bufler (pl1 7.35). The cells were
then taken in 100 mL volumetric flask and the mercury content of cells was
measured by cold vapor alomic absorption spectrometric technique (Ghosh ct al.
2004; Hatch and Welland 1968) using Mercury Analyzer |[MA 5800D
manufactured by Electronic Corporation of India Lid. (ECIL), Hydcrabad] that
can measurc 20-200 ng of mercury present in the sample.

10.0 mL cell suspension (ODgw = 6.0) was taken to estimate mercury present in
cell-free extracts of yeast cells. The cells were harvested by centrifugation at
2500 x g for 5 min at 4°C. The pellets were washed twice with cold 50 mM
phosphate buffer (pH 7.35) and weighed. Cells were stored at -20°C for 24 hr.
The cells were then disrupted mechanically with seasand at 4°C and the disrupted
cells were suspended in same cold phosphate buffer and centrifuged at 12.5 x
1000 rpm for 10 min at 0 - 4°C. Seasand along with cell debris was washed three
times with cold phosphate buffer (pH 7.35). Cell debris and supematants after
centrifugation were placed in 100 ml. volumetric flasks scparatcly and mercury
content in cell debris and cell-free extracts were measured by cold vapor atomic
absorption spectrometric technique (Ghosh et al. 2004; [latch and Welland 1968)
using Mercury Analyzer (MA 5800D).

In a typical experiment 20 ml. of overnight grown yeast culture were added to the
500 mL conical flask containing sterile liquid YPD medium to make the final
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volume to 200 ml. 3.33 mg of HgCl; were added to the diflerent flasks so that
cach Nask contained similar concentration (16.8 ug/mL) of HgCl,. The organisms
were grown under shaking conditions (130 rpm) at 30°C for 2 hr, 10 hr and 24 hr
respectively. Control flasks containing organisms only and no HgCly were also
shaken similarly. Similar cxperiments were also donc using subinhibitory doscs
(2.1 pg/mL) of PMA and thimerosal in separate flasks. Aller incubation for 2, 10
and 24 hr yeast cells were harvested by centrifugation at 2500 x g for 5 min at
0 - 4°C. Cell pellets were washed three times with cold 50 mM sodium phosphate
buffer (pH 7.35) containing 0.2 mM EDTA. Cells were disrupted mechanically
with sea-sand at 4°C. Disrupted cells were suspended in the same cold buffer and
centrifuged at 12.5 x 1000 rpm for 10 min at 4°C. Levels of glutathione reductase
(GR) and reduced glutathione (GSH) in cell-free extracts of yeast strains were
measured.

The cell-free extract was used to assay GR activity spectrophotometrically at 340
nm as described (Carlberg and Mannervik 1985). The assay mixture contained
| mM EDTA, 0. mM NADPH, 0.1 M potassium phosphate buffer (pH 7.0),
| mM GSSG (oxidized glutathione) and suitable volumes (10-100 pL) of cell-free
extracts 1o follow the reaction kinctics uniformly for S min in a total volume of
1 mL. One unit of GR activity is defined as thc amount of enzyme protein in mg
that oxidized 1 nmole of NADPH per min.

Cellular reduced glutathione concentration was determined as described (Berendji
ct al. 1999). 150 pl. of cell-free extract was mixed with equal volume of 2 M
HCIO4 containing 2 mM ethylencdiaminetetracetate (EDTA) and kept in ice-bath
for 15 min. The suspension was then centrifuged at 5000 » g for 5 min and
deproteinized supernatant was neutralized with a solution containing 2 M KOH
and 0.3 M MOPS (3 -Morpholinopropane sulphonic acid). After centrifugation at
5000 x g for 5 min, the supernatant was uscd for the biochemical quantification of
GSH by adding equal volumes of DINB (5,5"-Dithio-bis (2 -nitrobenzoic acid)
solution (6 mM DTNB dissolved in 100 mM Na; HPOy per | mM EDTA,
pH 7.5). GSH concentration was quantitatively measured spectrophotometrically
at 414 nm with GSH as standard and was expressed per mg protein.

‘The protcin content of the cell-free extracts were determined following the
method of Bradford (Bradford 1976) using bovine scrum albumin as a standard.

RESULTS AND DISCUSSION

Our isolated yeast strains of Rhodotorula rubra GVas was highly resistant to
HgCl; (MIC value of 400 nmole per 0.05 mL) but was slightly resistant to PMA
and thimerosal (MIC value of 5 nmole per 0.05 mL and 6.25 nmole per 0.05 mL
respectively) compared to the sensitive strain. Sensitive strains showed MIC value
of 12.5 nmole per 0.05 mL against HgCl; They were also sensitive towards
organomercurial compounds. Among the mercury resistant isolates, Rhodotorula
rubra App: also was slightly resistant to Hg’' (MIC value of 50 nmole per
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0.05 mL) and they showed resistance patten towards PMA (MIC value of
3 nmolc per 0.05 mL) as well as thimerosal (6.25 nmole per 0.05 mL
respectively). As Rhodororula rubra GVas showed high resistance patiern towards
this toxic metal ion, we were interested to see the Hg’™ content in the cell-free
extract of the strain. We also determined the same in case of low resistant strain
Rhodotorula rubra App; Our experimental data (Table 1) showed the presence of
significant amount of Hg”™* in the cell-free extracts of yeast strains resistant 1o
high and low levels of 1IgCly, which indicated the penctration of significant
quantity of mercury 1o the cytoplasm. Total mercury bound by low resistant strain
App2 was also high than the high resistant strain GVas Previous report showed
that mercury was associated with both the cell wall and vacuoles in the cytoplasm
(Brunker and Bott 1974). Other workers also reported the penctration of mercury
10 the cytoplasm of yeast strain Saccharomyces cerevisiae grown in the presence
of HgCl; (Murray and Kidby 1975). Celi-free extracts of thimerosal-treated cells
was found 10 contain substantial amount of mercury, which was still slightly
lower than mercury in cytosol of PMA-treated cells. This may be due to higher
lipid solubility of PMA across the cell membrane than thimerosal so that higher
concentration of PMA in the cytosol will be more damaging to cellular
melabolism of yeast cells than thimerosal. In bacterial system very low
concentrations of mercury compounds can readily inhibit microbial growth
(Smith 1967) and this inhibition was morc pronounced with organomercurial
compounds such as PMA, thimerosal, MMC etc because of their high lipid
solubility through cytoplasmic membranes (Summers and Silver 1978).

Table 2. Effect of mercury compounds on the specific activity of glutathione
reductase and GSII level of highly Hg**-resistant yeast strain Rhodotorula rubra
GVas and weakly Hg”'-resistant yeast strain Rhodotorula rubra App;

Strain Experimental scts Glutathione Reduced

reductase glutathione
(nmole/ min/ mg of  (nmole/mg of

o protein) _protein)

Rhodotorula rubra Control 78828 725+3.5
GVas HgCly 1088+ 4.1 130.4 + 6.1
PMA 80.1 +24 742+44

Thimerosal 826+39 76.0+3.7

Rhodotorula rubra Control 882+49 77.2+34
Appz HgCl, 100.6 = 4.7 105.1 £4.1

Values are mean + SD of four separate determinations.

Table 2 shows the level of glutathione reductase (GR) and GSH contents in highly
Hg’*-resistant yeast strain GVas and weakly Hg®'-resistant yeast strain App:
grown in the presence of 16.8 pg/ml. of HgCly, 2.1 pg/mL of PMA or 2.1 pg/mL
of thimecrosal for 24 hr. Levels of glutathione reductase in GVas strain in the
presence and absence of PMA or thimcrosal were almost the same (78.8 + 2.8 to
82.6 £ 3.9 nmole/min/mg of protein) and reduced glutathione contents also were
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Figure 1. Specific activity of glutathione reductase (A) and GSH level (B) of
highly Hg®'-resistant yeast strain Rhodotorula rubra GVas after different hours of
growth at 30°C in YPD liquid medium supplemented without (control) (o) or with
16.8 pg/mL of mercuric chloride (c), 2.1 pg/mL of thimerosal (x) or 2.1 pg/mL
of PMA (A). The results represent mean + SD of four scparate determinations in
each case.

almost the same (72.5 £ 3.5 to 76.0 = 3.7 nmole/mg of protein). But when the
mercury-resistant yeast strain GVas was treated with HgCly, GR activity increased
by almost 38.1% over the control level and reduced glutathione (GSH) level also
increased by 79.9% with respect to control level. On the other band it is evident
that for weakly Hg”-resistam yeast strain App;, GR level in HgCly-treated cells
increased by 14.1% only over control and reduced glutathione contents increased
by about 36.1% with respect to control (Table 2). Change of specific activity of
glutathione reductase and intracellular GSH contents of GVas strain in the
presence of mercury and organomcercurials with different times of incubation have
been represented in Fig. 1A and Fig. 1B. Specific activity of glutathione reductase
of HgCl; -treated cells increascd steeply up 1o 8-10 hr of incubation over control
cells whereas the pattern of increase of specific activilies of glutathione reductase
was similar in casc of thimerosal and PMA -treated cells and untreated cells. After
10 hr of incubation, GR activity of HgCly-treated cells increased to about 39.9%
over the control level (Fig.1A). Reduced glutathione contents of HgCl; -treated
cells of GVas strain also increased steeply up to 8-10 hr of incubation and then
the increase was very slow up to 24 hr whereas for thimerosal and PMA -trcated
cells of GVas strain reduced glutathione level was similar to that of the control
cells during the same period (Fig. 1B). These observations indicated that GR and
GSH play very important role in detoxification of Hg’* during the log phase of
growth of the organism and probably the thimerosal -trcated and PMA -treated
yeast strains could not synthesize the required level of GSH as well as the
glutathione reductase. But in case of weakly Hg’'-resistant yeast strain
glutathione reductase activity and GSH level also increased slightly over control
levels at stationary phase of growth. No significant change in GR activity and
intracellular GSH concentration compared to control levels was observed at 10 hr
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Figure 2. Specific activity of glutathione reductase (A) and GSH level (B) of
weakly Hg*'-resistant yeast strain Rhodotorula rubra App; after different hours of
growth at 30°C in YPD liquid medium supplemented without (control) (o) or with
16.8 pg/mL of mercuric chloride (o) The results represent mean + SD of four
scparate determinations in each case.

of incubation (Fig. 2A and B). This data indicate that probably yeast cells arc
incapable of stimulating GR activity and the level of GSH in the presence of
HgCl; after 10 hr of incubation. Perhaps weakly Hg?* -resistant yeast strains take
very long lag period of growth extending to 8-10 hr as a preparative measure for
the synthesis of glutathione reductase activity slowly. Therealler the cells become
capable of growing normally and detoxifying the Hg’*-ion toxicity by increasing
GSH level and GR activity. GR activily and intracellular GSH concentration of
GVas strain was almost same as that of control level when the cells were exposed
to PMA and thimerosal. This data could be correlated with the lower resistance
pattern of Gvas towards organomercurials. Increase in GR activity and GSH level
in highly mercury resistant strain Gvas are consistent with the observation that in
vivo exposure to a subtoxic dosc of Hg”" is also associated with induction of GSH
synthesis and also other key cellular enzymes like glutathione disulfide reductase
(GSSG) (Lash and Zalups 1996; Summers and Silver 1978).

Thus from the experimental results it can be concluded that yeast cells may get
protection against mercury stress by using cellular thiol pool. As soon as highly
mercury-resistant yeast cells are exposed to HgCly, immediately these cells start
synthesizing higher level of reduced glutathione along with the production of
GSSG reductase enzyme and the cells are protected from 11g*"-toxicity. As GSH
is the most abundant nonprotein thiol compound in all living cell (Boyland and
Chasseaud 1969), so it may be directly involved in the detoxification of Hg** and
maintaining the metal homeostasis.
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