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SUMMARY
The genetic mechanisms underlying cisplatin (DDP) resistance
in yeast were investigated by examining the cytotoxicity of DDP
to Schizosaccharomyces pombe mutants that were either hy-
persensitive or resistant to Cd. Despite reports that have linked
glutathione (GSH) to DDP resistance in human cancer cells, we
found that a mutant of S. pombe that was hypersensitive to Cd
by virtue of a 15-fold reduction in GSH level and lack of phy-
tochelatin production was as tolerant as the wild-type strain to
DDP. A mutant that harbored a mutation in hmt1, the gene
encoding an ATP-binding cassette-type transporter for vacuo-
lar sequestration of a phytochelatin/Cd complex, exhibited only
mild hypersensitivity to DDP even though it was 100-fold more
sensitive to Cd. Overexpression of hmt1 in wild-type or mutant

cells conferred tolerance to Cd but failed to do the same for
DDP. However, a strain that produced 6-fold more sulfide than
wild-type cells was found to be 6-fold more resistant to DDP
and twice as resistant to Cd; an association between DDP
resistance and sulfide production was observed in three other
strains that were examined, and overproduction of sulfide was
accompanied by reduced platination of DNA. These results
indicate that GSH and the GSH-derived phytochelatin peptides
do not play critical roles in determining sensitivity to DDP in S.
pombe but rather identify increased production of sulfide as a
possible new mechanism of DDP resistance that may also be
relevant to human cells.

The chemotherapeutic agent DDP is widely used for the
treatment of ovarian, head and neck, and small cell lung
cancer as well as a variety of squamous cell cancers; however,
the development of resistance during treatment remains a
major obstacle to its effective use. The mechanisms that
underlie the development of acquired resistance to DDP in
human tumors are not well understood. There have been
reports that DDP and Cd share detoxification mechanisms in
mammalian cells. Despite the chemical differences between
Cd and DDP, both are capable of reacting with nucleophilic
sites on small molecules such as thiol compounds and large
molecules such as metallothioneins and DNA. Overproduc-
tion of metallothioneins protects mammalian cells from Cd
toxicity and, under some circumstances, has been reported to
protect against DDP toxicity as well (1). GSH also seems to
play a role in the defense against Cd and DDP. Depletion of
GSH with buthionine sulfoximine increases the sensitivity of
human cells to both metals (2, 3), and in some cell lines
selected for resistance to DDP, there is an associated in-

creased in GSH content (4). To gain insight into whether the
two cytotoxins might share some common defense mecha-
nisms, we examined the link between Cd tolerance and DDP
resistance in a fission yeast model system.
In yeasts, several resistance mechanism are known that

are activated on exposure to toxic metals, and molecular
genetic analysis has been used to identify some specific genes
involved in heavy metal detoxification pathways (5). In S.
cerevisiae, the CUP1 gene, which codes for a copper-metallo-
thionein, mediates resistance to Cd (6). In contrast, the fis-
sion yeast S. pombe lacks metallothioneins (7) but responds
to heavy metal stress with increased synthesis of metal-
binding peptides enzymatically synthesized from GSH (7).
These peptides, known as PCs, are frequently found in the
plant kingdom and have the general structure of (g-Glu-
Cys)nGly, where n is usually 2–4. PCs with as many as 11
g-Glu-Cys units have been reported (8–10). Candida gla-
brata uses both the metallothionein- and the PC-mediated
detoxification pathways and activates copper-metallothio-
nein production in response to Cu and PC production in
response to Cd (5).
In the case of Cd, PCs form a loose complex with the metal,

which is then sequestered into the vacuoles, where a more
stable complex is formed consisting of PCs, Cd, and acid-
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labile sulfide (11, 12). Mutations that decrease the produc-
tion of PCs, including those that affect GSH levels (13), the
vacuolar sequestration of the PC/Cd complex (12), or the
production of Cd-induced sulfide (14), result in a Cd-hyper-
sensitive phenotype. In addition, certain mutants of C. gla-
brata and S. pombe can achieve Cd resistance through the
anomalous production of high sulfide levels (15).
The aim of the current study was to determine whether

alterations that affect the detoxification of Cd in S. pombe
would also affect sensitivity to DDP. Our results indicate
that the level of GSH, which is critical for Cd tolerance, does
not significantly affect DDP sensitivity. The vacuolar seques-
tration mechanism mediated by PCs likewise does not play a
significant role in DDP tolerance. However, the high level of
production of sulfide found in one mutant is capable of re-
ducing the sensitivity of the cells to both DDP and Cd. Thus,
there is at least one common resistance mechanism shared
by both DDP and Cd. Because a defect in the assimilatory
sulfate reduction pathway does not affect DDP cytotoxicity, it
is possible that the mutation conferring resistance to both Cd
and DDP resides in a different sulfide-generating pathway.

Materials and Methods
Reagents. DDP was obtained from Bristol-Myers Squibb (Prince-

ton, NJ). CdCl was purchased from Sigma Chemical (St. Louis, MO).
Genetic materials and manipulation. The adenine prototropic

S. pombe strain Sp223 (h2 leu1.32 ura4.294 ade6.216) was the wild-
type progenitor from which all strains other than DS5 were derived:
LK100 is isogenic to Sp223 but is hmt12 and has been described
previously (12). Also, the adenine prototropic JS21 (h2 leu1.32
ura4.294) is the progenitor of LK37, a GSH-deficient mutant; of Y10,
a strain that hyperproduces sulfide; and of DS31, a sulfite reductase
mutant constructed through gene disruption of the sulfite reductase
gene.1 DS1 and DS5, which contain engineered disruptions of the
ade2 locus in the Sp223 and B1048 (h1 ura4.294 ade7.50) back-
grounds, respectively, produce abnormally low levels of sulfide on Cd
induction and fail to accumulate the high-molecular-weight PC/CdS
complex (14). Cultures were grown at 30° in YES medium (consisting
of 5 g of Difco yeast extract, 30 g of glucose/liter, 0.075 g of adenine/
liter, and 0.075 g of uracil/liter). For construction of strains carrying
either the yeast expression vector pART1 or the hmt1 expression
construct pDH35, cells were transformed through electroporation
(13), and transformants were selected in minimal medium supple-
mented with amino acids other than leucine.
Measurement of PC/Cd complexes. PC/Cd complexes were

measured as described elsewhere (15). Briefly, LK37 and wild-type
cells were cultured in standard medium and induced with 0.2 mM Cd
for 30 hr. A cell-free extract containing 2 mg of protein was fraction-
ated on a Sephadex G50 column, and the Cd concentration of the
fractions was measured with the use of atomic absorbance spectros-
copy. The first and last peaks shown in Fig. 1A represent the ex-
cluded and included volumes, respectively. The middle two peaks
contain high- and low-molecular-weight PC/Cd complexes, respec-
tively.
Metal sensitivity assay. To evaluate the toxicity of DDP or Cd,

the viability of cells after drug exposure was determined by clono-
genic assay. Specifically, 3-ml cultures containing a total of 2.5 3 105

cells were exposed for 48 hr to graded concentrations of either DDP
or Cd and subsequently plated at various dilutions onto 60-mm agar
plates lacking DDP or Cd and incubated for 4 days at 30°. The IC50
was defined as the drug concentration that reduced the number of
colony-forming units to 50% of the value obtained from a control

culture not exposed to drug. Each experiment was repeated two or
three times with triplicate cultures for each drug concentration.
GSH level. The intracellular GSH levels in exponentially growing

cells were determined through conjugation of GSH with monobromo-
bimane followed by high performance liquid chromatography quan-
tification as previously described (16). Each experiment was per-
formed three times with triplicate samples.
DDP accumulation and DNA platination. The uptake of DDP

was measured after a 4-hr exposure of 3-ml cultures containing a
total of 1 3 106 cells to 1.6 mM DDP at 30°. After incubation with
DDP, the cells were washed four times with cold phosphate-buffered
saline at 4°, and an aliquot was removed for cell counting using a
hemocytometer. The Pt content of the remaining cells was quantified
through atomic absorption spectrometry. Pt in DNA was measured
using the same technique after extraction of DNA as previously
described (17).
Sulfide production. Sulfide production was determined as pre-

viously described (14). Briefly, a 50-ml culture was grown in a side-
arm flask capped with a rubber stopper through which a glass
pipette was inserted. The external pipette was attached to a sterile
air filter through which humidified air was supplied to the culture by
being bubbled through H2O. The side arm of the flask was connected
to a tube containing ZnOAc to trap the volatile sulfide. After 24 hr,
10 ml of HCl was added to the culture to release intracellular sulfide.
Total (extracellular and intracellular) sulfide was measured in a
colorimetric assay using N,N-dimethyl-p-phenylene diamine HCl as
a substrate, and normalized values were expressed relative to the
level for the wild-type strain.
Northern analysis. Total RNA was prepared as described previ-

ously (18), and 20 mg was fractionated through electrophoresis on a
formaldehyde-containing 1% agarose gel and transferred to a nylon
membrane. DNA probes were labeled with a random primer kit
(Amersham, Little Chalfont, UK). Hybridization was carried out as
previously described using the hmt1 probe retrieved from pDH35
through treatment with EcoRI (12). A leu1 probe (kindly provided by
Dr. Paul Russel, Scripps Institute, La Jolla, CA) was used as a
control for DNA loading.
In vitro interaction between DDP and sulfide. We incubated

1 mM DDP with different concentrations of Na2S at room tempera-
ture, and the two compounds were allowed to react overnight. After
centrifugation, the supernatants were assayed for content of Pt by
atomic absorption spectrometry.

Results
Role of GSH. GSH plays a major role in the detoxification

of xenobiotics in eukaryotic cells. However, other than the
associations that GSH depletion sensitizes human cells to
DDP and that high GSH content is found in some resistant
cell lines (1, 3, 19), the role of GSH in DDP detoxification
remains unclear. GSH is known to play an indirect role in Cd
tolerance in S. pombe. Because PCs are produced enzymati-
cally from GSH, a reduction in cellular GSH content results
in subnormal production of PCs (20, 21). One such mutant is
LK37, which was isolated as a Cd-hypersensitive strain from
the parental JS21 strain. Fig. 1A shows that LK37 contains
no detectable high- or low-molecular-weight PC-bound Cd
complexes. Based on measurements made using the mono-
bromobimane conjugation assay, LK37 cells were found to
have a 15-fold reduction in GSH level (GSH content was
0.866 0.17 and 0.059 6 0.012 mmol/106 cells for the JS21 and
LK37 cells, respectively). Fig. 1B shows a comparison of the
sensitivity of the GSH-deficient LK37 and GSH-replete JS21
cells to DDP; both strains exhibited the same concentration-
survival curve. This contrasts with the substantial difference
in tolerance to Cd, with LK37 being clearly more sensitive to1 D. M. Speiser, K. F. McCue, and D. W. Ow, unpublished observations.
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this metal. These results indicate that the wild-type level of
neither GSH nor PCs significantly influences the sensitivity
of S. pombe to DDP.
Role of PC-mediated sequestration. After exposure of

cells to Cd, the induced production of PCs is followed by the
vacuolar sequestration of PC-bound Cd into the vacuole. This
process is mediated by an ATP-binding cassette-type trans-
port pump that resides in the vacuolar membrane (12, 22).
The gene encoding this transporter is known as hmt1, and
the mutant harboring a nonsense codon mutation in this
gene is LK100. As reported previously, LK100 is hypersen-
sitive to Cd (12). Fig. 2 shows the survival curve for LK100
and its isogenic parent, Sp223, exposed to Cd and DDP.
Based on IC50 values of 0.00092 and 0.1 mM (standard devi-
ation , 5%) for hmt12 LK100 and hmt11 Sp223, respec-
tively, LK100 is 108-fold more sensitive to Cd. In contrast,
LK100 exhibited only 3-fold greater sensitivity to DDP
(LK100: IC50 5 0.015 mM; Sp223: IC50 5 0.054 mM; standard
deviation , 5%). The slight sensitivity exhibited by the
hmt12 strain to DDP could indicate a role for this gene in
protection against DDP; however, it is also entirely possible
that the defect in hmt1 has disrupted some other aspect of
metal homeostasis and reduced the overall fitness of this
strain, particularly when subjected to stress.
Overproduction of the hmt1-encoded transport pump is

known to enhance Cd tolerance, presumably as a result of
increased vacuolar sequestration of Cd (12). We sought to
determine whether overproduction of hmt1 would also pro-
duce resistance to DDP. Sp223 and LK100 cells were trans-
formed with the hmt1 cDNA expression construct pDH35 or,
as a control, the empty vector pART1. Fig. 3 shows that the
pDH35 transformants indeed produced a marked increase in
the accumulation of hmt1 mRNA. However, although Cd
tolerance was enhanced, hmt1 overexpression failed to sig-
nificantly alter the sensitivity to DDP of either strain (Fig. 4).
Thus, despite the important role for hmt1 in Cd tolerance,
neither loss of nor increase in hmt1 expression had a signif-
icant impact on DDP tolerance.
Sulfide-associated DDP resistance. Certain mutants

that form yellow colonies on Cd plates also show greater
tolerance to Cd. Like the mutants reported for C. glabrata,
these mutants produce anomalously high amounts of sulfide
(15). One such mutant is Y10, which had a sulfide production
rate that was 5.99 6 0.85-fold greater than that of the pa-
rental strain JS21 (values are given as mean 6 standard

deviation). The abnormally high sulfide production rate was
not accompanied by a correspondingly high level of GSH. The
GSH levels found in Y10 and its isogenic parent JS21 were
1.01 6 0.21 and 0.86 6 0.17 mmol/106 cells, respectively,
reflecting no significant difference in GSH content between
the strains. Fig. 5 shows that when Y10 was exposed to Cd or
DDP for 48 hr, it demonstrated a 2-fold increase in the IC50
value for Cd and a 6-fold increase in the IC50 value for DDP
compared with its parental strain. Examination of a second

Fig. 1. A, PC profile of LK37 and parental wild-type cells. The middle two peaks represent the high and low molecular weight PC/Cd complexes,
respectively. F, Parental wild-type cells. E, LK37. B, Plating efficiency (number of colony-forming units) of S. pombe strains JS21 (GSH proficient)
and LK37 (GSH deficient) after a 48-hr exposure to graded concentrations of CdCl2 and DDP. l, JS21 (GSH proficient). °, LK37 (GSH-deficient).
Data points, mean values from two or three independent experiments performed with triplicate cultures. Vertical lines, standard deviation.

Fig. 2. Plating efficiency of S. pombe strains Sp223 (hmt11) and
LK100 (hmt12) after a 48-hr of exposure to graded concentrations of
CdCl2 and DDP. F, LK100. f, Sp223. Left, values are from a represen-
tative experiment. Right, data points, mean values from three experi-
ments performed with triplicate cultures. Vertical lines, standard devi-
ation (where absent, standard deviation was less than the size of the
symbol).

Fig. 3. Northern blot analysis of total RNA from LK100 and Sp223 cells
carrying pDH35 (hmt11 cDNA) or pART1 (empty vector). Twenty mi-
crograms of total RNA was loaded in each lane. The hmt1 cDNA was
used as a hybridization probe, whereas the leu1 gene probe was used
as a control to document RNA lane loading. Basal levels of hmt1
message were detectable when the blot was exposed for longer peri-
ods of time.
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strain that had a 3.1 6 0.3-fold increase in sulfide production
demonstrated it to be 2.7-fold resistant to DDP.
These findings suggest that sulfide either has a direct role

in the protection of S. pombe from DDP and Cd cytotoxicity or
is a marker for the primary alteration that controls sensitiv-
ity. In the case of Y10, the yellow coloration of the colonies on
Cd-containing medium suggested that CdS was formed. We
observed similar interactions occurring between DDP and
sulfide ions (see below). Interestingly, low concentrations of
both Cd and DDP stimulated the survival of sulfide-overpro-
ducing Y10 cells. A reasonable interpretation is that at con-
centrations of the metals that are themselves not toxic, the
sequestration of the sulfide as metal/sulfide complexes can
ameliorate the growth-suppressing effect of the anomalously
high sulfide level.
To determine whether DDP could in fact form a complex

with sulfide, 1 mM DDP was incubated with concentrations of
Na2S ranging from 0.25 to 4 mM. The formation of a brown

precipitate was observed, which was directly proportional to
the amount of exogenously provided sulfide. The chemistry of
the two reactants suggests that the precipitate consisted of
PtS. This interpretation is consistent with atomic absorption
measurements presented in Fig. 6 that show a decrease in
the concentration of soluble Pt remaining in the supernatant
as a function of the concentration of Na2S.
Despite the lack of detailed knowledge on what seems to be

multiple sulfide-generating pathways in fission yeast, much
is known about the assimilatory pathway by which sulfate is
reduced to sulfite and then sulfide (23). A mutant of this
pathway, DS31, fails to convert sulfite to sulfide because of a
genetically engineered disruption of the sulfite reductase
gene.1 DS31 cells fail to form the sulfide needed for assimi-
lation into cysteine and are therefore cysteine auxotrophs.
Despite cysteine supplementation, however, cysteine auxo-
trophs are known to be sensitive to Cd and fail to form
sufficient amounts of PCs. Presumably, the rate of import of
cysteine is inadequate to meet the high cysteine demand for
PC biosynthesis. As with other cysteine auxotrophs, Fig. 7
shows that DS31 proved to be hypersensitive to Cd, even
when this amino acid was available in the growth medium.
However, DS31 was as tolerant as the wild-type strain to
DDP. This suggests that the sulfide generated by the assimi-
latory sulfate reduction pathway is not required for the wild-
type level of DDP tolerance. In contrast, two other mutants
that have defects in sulfide production were hypersensitive to
DDP. These two mutants, DS1 and DS5, are Cd hypersensi-
tive and fail to accumulate the high-molecular-weight PC/
CdS complex due to mutations that block inducible sulfide
production during Cd stress (14, 24) The Cd-inducible pro-
duction of sulfide is not attributable to the assimilatory sul-
fate-reduction pathway but rather to another pathway that
involves enzymes of the de novo purine biosynthesis path-
way. When exposed to DDP, DS1 and DS5 were found to be
4.0- and 3.6-fold more sensitive to DDP, respectively, than
the wild-type control. Thus, there seems to be an interesting
link between Cd-inducible sulfide production and DDP toler-
ance.
Cellular accumulation of DDP. To determine whether

the observed differences in DDP cytotoxicity among the

Fig. 6. In vitro interaction between DDP and Na2S. DDP (1 mM) was
incubated with different concentrations of Na2S. The DDP remaining in
solution after removal of precipitation is expressed as a function of
Na2S concentration. Data points, average values from two independent
experiments. Vertical lines, standard deviation.

Fig. 4. Clonogenic survival as a function of concentration after a 48-hr
exposure to CdCl2 and DDP of hmt12 LK100 and hmt11 Sp223 har-
boring pART1 (empty vector) or pDH35 (hmt11 cDNA) (Sp223pDH35#1
and LK100pDH35#2). F, LK100 harboring pART1. f, LK100 harboring
pDH35. å, Sp223 harboring pART1. ç, Sp223 harboring pDH35. Data
points, mean values from two or three independent experiments per-
formed with triplicate cultures. Vertical lines, standard deviation.

Fig. 5. Clonogenic survival of the S. pombe wild-type strain JS21 and
the sulfide-overproducing strain Y10 after a 48-hr exposure to CdCl2
and DDP. F, JS21. f, Y10. Data points, mean values from three to six
independent experiments performed with triplicate cultures. Vertical
lines, standard deviation.
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tested strains could be attributed to differential DDP uptake,
accumulation studies were performed. The S. pombe strains
were exposed to 1.6 mM DDP for 4 hr, a period sufficient for
any changes in uptake resulting from exposure to the metal
ion to have occurred. Marked differences were not found
among the different strains. DDP accumulation in these
strains, expressed as micrograms of Pt/106 cells (mean 6
standard deviation) was as follows: JS21, 0.08 6 0.01; LK37,
0.13 6 0.03; Sp223, 0.12 6 0.02; LK100, 0.17 6 0.03; and
Y10, 0.05 6 0.01. This lack of significant difference was not
surprising for LK37 and JS21, which exhibited no difference
in DDP sensitivity. The fact that there was no substantial
reduction in Pt accumulation in the quite resistant sulfide-
overproducing Y10 strain indicates that the underlying
mechanism of DDP resistance cannot be attributed to
changes in overall DDP accumulation in this strain either.
The extent of DNA platination produced by a 4-hr exposure

to 1.6 mM DDP was compared for the parental JS21 and
sulfide-overproducing Y10 strain to determine whether even
in the absence of an effect on total cellular accumulation, the
sulfide antagonized the ability of the drug entering the cell to
platinate DNA. DNA platination was 0.0219 6 0.0011 nmol
of Pt/mg of DNA for the JS21 cells and 0.0138 6 0.0022 nmol
of Pt/mg of DNA for the Y10 cells (p 5 0.007), indicating that
the sulfide overproduction was associated with a 34% reduc-
tion in the ability of DDP to reach the nucleus and react with
DNA.

Discussion
The aim of this study was to determine whether known

mechanisms that yeast cells use to protect themselves
against toxic metal ions also play a role in the protection
against DDP. Cd is of particular interest in this regard be-
cause, like the cytotoxic hydrated form of DDP, it is capable
of complexing with other molecules that have nucleophilic
sites, particularly thiols. Recent observations suggest that
there is cross-resistance in human cells between DDP and a
variety of toxic metal ions, including arsenite and antimonite
(25). Based on the assumptions that the resistance mecha-
nisms might be conserved at the cellular level among diverse
organisms and that other reactive metal ions may share
detoxification pathways with DDP, we chose to examine the
effect of six different mutations known to alter the tolerance
of S. pombe to Cd ions.
The role of GSH in the DDP-resistant phenotype remains

enigmatic; however, the results obtained in the current study
do not support an important role for GSH as a major deter-
minant of DDP sensitivity in S. pombe cells. No appreciable
difference in DDP sensitivity was found in a strain that had
a 15-fold reduction in GSH level and produced no detectable
PCs. The fact that Y10 was 6-fold more resistant to DDP but
had a GSH content that was similar to its DDP-sensitive
wild-type parent lends further support to the idea that there
is no correlation between GSH content and DDP resistance in
S. pombe. This finding was somewhat surprising in view of
the fact that reduction in GSH through inhibition of its
synthesis with buthionine sulfoximine reliably sensitizes hu-
man cells to DDP (2, 3, 26–28). It is noteworthy that al-
though overproduction of GSH has been documented in some
DDP-selected human cell lines, this is not a universal obser-
vation. Even in cells in which increased GSH levels have
been found, it has not been established that GSH per se is the
proximate cause of the DDP resistance. The increase in GSH
level could be the result of a deficit in another pathway whose
dysfunction results in dysregulation of both GSH level and
DDP resistance.
GSH is needed for Cd tolerance in plants and in S. pombe

because metal-binding PC peptides are produced through the
polymerization of GSH (29, 30). Resistance to Cd in cultured
tomato cells has been linked to an increase in PC content
(31), whereas hypersensitivity to Cd in Arabidopsis thaliana
correlates with reduced accumulation of PCs (32).1 The hmt1
gene product in S. pombe mediates vacuolar sequestration of
Cd, and abundance of this transport protein shows positive
correlation with the degree of Cd resistance (12). Therefore,
the PC/hmt1 pathway is critical for detoxification of Cd.
However, although loss of hmt1 function in S. pombe resulted
in a 108-fold increase in Cd sensitivity, it produced a minimal
effect on DDP sensitivity. Therefore, this excludes the PC/
hmt1 pathway as a major detoxification mechanism for DDP,
although it remains possible that it plays a minor role, per-
haps serving to sequester DDP/sulfide complexes.
The most interesting observation to emerge from this study

is that sulfide overproduction in Y10 was associated with
enhanced resistance to both Cd and DDP. Although the mag-
nitude of resistance to Cd was not as great, it was quite
substantial for DDP. This shows that the two compounds can
be detoxified through a common mechanism involving either
sulfide directly or some elements of its biosynthetic pathway.

Fig. 7. Plating efficiency of JS21 (wild-type) and DS31 (sulfite reduc-
tase mutant) after a 48 hr exposure to CdCl2. å, JS21. ç, DS31. Data
points, mean values from two independent experiments. Vertical lines,
standard deviation.
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It is noteworthy that low concentrations of either Cd or DDP
effectively increased the survival of Y10, which is consistent
with the hypothesis that sulfide overproduction may be
harmful to these cells and that metal complexation serves to
reduce the concentration of free sulfide.
In plants and in microorganisms, including S. pombe, but

not in animals, sulfide can be produced by the well-defined
assimilatory sulfate reduction pathway, in which inorganic
sulfate is added to ATP to produce adenosine phosphosulfate,
which is then further converted until sulfide is formed. We
determined whether this pathway could affect DDP tolerance
by testing a mutant with an engineered defect in the sulfite
reductase gene. The results show that a sulfite reductase
mutant does not exhibit greater DDP sensitivity. Therefore,
this excludes the assimilatory reduction pathway as an im-
portant determinant of the wild-type level of DDP tolerance.
That is, wild-type cells must possess mechanisms for main-
taining normal levels of tolerance that do not depend on
sulfide generated through assimilatory sulfate reduction,
and thus loss of function of this pathway does not result in
hypersensitivity. In the sulfide-overproducing variants, how-
ever, the increase in sulfide above normal levels could be the
basis for a novel “gain of function” mechanism of DDP resis-
tance. Because there are multiple pathways that generate
sulfide, it remains possible that a genetic alteration outside
the assimilatory pathway is responsible for sulfide overpro-
duction in these mutants. We cannot exclude the possibility
that sulfide overproduction is simply a symptom of an under-
lying metabolic change that directly mediates DDP resis-
tance. However, an investigation of the genetic defect in Y10
should uncover the pathway responsible for its sulfide over-
production, and this pathway would then be the subject of
fruitful study. We are currently isolating the gene that
causes sulfide overproduction in Y10.
Concerning the issue of which sulfide-generating pathway

is responsible for the enhanced DDP resistance observed in
Y10, it is of interest to note that high sulfide production
during Cd stress is not attributable to the assimilatory sul-
fate reduction pathway. During Cd stress, intracellular sul-
fide levels increase by 5–7-fold concomitant with formation of
the vacuolar high-molecular-weight PC/CdS complexes. This
Cd-induced sulfide production is also observed in the sulfite
reductase mutant DS31 as long as cysteine is available in the
growth medium.1 Therefore, Cd-induced sulfide production
can proceed from a step downstream of the assimilatory
sulfate reduction pathway. This is consistent with the previ-
ously proposed hypothesis that Cd-induced sulfide is gener-
ated through a novel pathway. This novel pathway is not well
defined but has been postulated to begin with the conversion
of cysteine to cysteine sulfinate, which is then incorporated
into purine precursors (14, 24).
It is not currently known which sulfide pathway is genet-

ically altered in Y10 to produce the anomalous high level of
sulfide. Because humans do not assimilate inorganic sulfate,
the generation of sulfide would necessarily be due to path-
ways that degrade sulfur compounds, such as cysteine or
GSH. The findings reported here serve to redirect attention
from GSH to other sulfur-containing constituents. Through
the deciphering of the pathways in S. pombe, homologous
pathways in human cells could be revealed as being impor-
tant in the determination of tumor sensitivity to this impor-
tant chemotherapeutic agent.

Acknowledgments

We would like to thank Bristol-Myers Squibb for the kind gift of
the DDP used in these studies.

References

1. Kondo, Y., S.-M. Kuo, S. C. Watkins, and J. S. Lazo. Metallothionein
localization and cisplatin resistance in human hormone-independent pros-
tatic tumor cell lines. Cancer Res. 55:474–477 (1995).

2. Andrews, P. A., M. P. Murphy, and S. B. Howell. Differential potentiation
of alkylating and platinating agent cytotoxicity in human ovarian carci-
noma cells by glutathione depletion. Cancer Res. 45:6250–6253 (1985).

3. Andrews, P. A., N. P. Murphy, and S. B. Howell. Differential sensitization
of human ovarian carcinoma and mouse L1210 cells to cisplatin and
melphalan by glutathione depletion. Mol. Pharmacol. 30:643–650 (1986).

4. Godwin, A. K., A. Meister, P. J. O’Dwyer, C. S. Huang, T. C. Hamilton, and
M. E. Anderson. High resistance to cisplatin in human ovarian cancer cell
lines is associated with marked increase of glutathione synthesis. Proc.
Natl. Acad. Sci. USA 89:3070–3074 (1992).

5. Mehra, R. K., and D. R. Winge. Metal ion resistance in fungi: molecular
mechanisms and their regulated expression. J. Cell Biol. 45:30–40 (1991).

6. Jeyaprakash, A., J. W. Welch, and S. Fogel. Multicopy CUP1 plasmids
enhance cadmium and copper resistance levels in yeast. Mol. Gen. Genet.
225:363–368 (1991).

7. Yu, W., V. Santhanagopalan, A. K. Sewell, L. T. Jensen, and D. R. Winge.
Dominance of metallothionein in metal ion buffering in yeast capable of
synthesis of (yEC)nG isopeptides. J. Biol. Chem. 269:21010–21015 (1994).

8. Grill, E., E.-L. Winnacker, and M. H. Zenk. Phytochelatins, a class of
heavy-metal-binding peptides from plants, are functionally analogous to
metallothioneins. Proc. Natl. Acad. Sci. USA 84:439–443 (1987).

9. Robinson, N. J., A. M. Tommey, C. Kuske, and P. J. Jackson. Plant
metallothioneins. Biochemistry 295:1–10 (1993).

10. Rauser, W. Phytochelatins and related peptides. Plant Physiol. 109:1141–
1149 (1995).

11. Dameron, C. T., R. N. Reese, R. K. Mehra, A. R. Kortan, P. J. Carrol, M. L.
Steigerwald, L. E. Brus, and D. R. Winge. Biosynthesis of cadmium sulfide
quantum semiconductor crystallites. Nature (Lond.) 338:596–597 (1989).

12. Ortiz, D. F., L. Kreppel, D. M. Speiser, G. Scheel, G. McDonald, and D. W.
Ow. Heavy metal tolerance in the fission yeast requires an ATP-binding
cassette-type vacuolar membrane transporter. EMBO J. 11:3491–3499
(1992).

13. Prentice, H. L. High-efficiency transformation of Schizosaccharomyces
pombe by electroporation. Nucleic Acids Res. 20:621–624 (1992).

14. Speiser, D. M., D. F. Ortiz, L. Kreppel, G. Scheel, G. McDonald, and D. W.
Ow. Purine biosynthetic genes are required for cadmium tolerance in
Schizosaccharomyces pombe. Mol. Cell. Biol. 12:5301–5310 (1992).

15. Mehra, R. K., P. Mulchandani, and T. C. Hunter. Role of CdS quantum
crystallites in cadmium resistance in Candida glabrata. Biochem. Bio-
phys. Res. Commun. 200:1193–1200 (1994).

16. Miquel, J. CRC Handbook of Free Radicals and Antioxidants in Biomed-
icine. CRC Press, Boca Raton (1993).

17. Perego, P., G. Jimenez, and S. B. Howell. Isolation and characterization of
a cisplatin-resistant strain of Schizosaccharomyces pombe. Mol. Pharma-
col. 50:1080–1086 (1996).

18. Collart, M. A., and S. Oliviero. Anonymous Current Protocols in Molecular
Biology. (1994).

19. Hickey, E., S. E. Branden, S. Sadis, B. Smale, and L. E. Weber. Molecular
cloning of sequences encoding the human heat-shock proteins and their
expression during hyperthermia. Gene 43:147–156 (1986).

20. Mutoh, N., and Y. Hayashi. Isolation of mutants of mutants of Schizosac-
charomyces pombe unable to synthesize cadystin, small cadmium-binding
peptides. Biochem. Biophys. Res. Commun. 151:32–39 (1986).

21. Coblenz, A., and K. Wolf. The role of glutathione biosynthesis in heavy
metal resistance in the fission yeast Schizosaccharomyces pombe. FEMS
Microbiol. Rev. 14:303–308 (1994)

22. Ortiz, D. F., T. Ruscitti, K. F. McCue, and D. W. Ow. Transport of metal-
binding peptides by HMT1, a fission yeast ABC-type vacuolar membrane
protein. J. Biol. Chem. 270:4721–4728 (1995).

23. Brzywczy, J., and A. Paszewski. Sulfur amino acid metabolism in Schizo-
saccharomyces pombe: occurrence of two O-acetylhomoserine sulfhydry-
lases and the lack of the reverse transsulfuration pathway. FEMS Micro-
biol. Lett. 121:171–174 (1994).

24. Juang, R. H., K. F. McCue, and D. W. Ow. Two purine biosynthetic
enzymes that are required for cadmium tolerance in Schizosaccharomyces
pombe utilize cysteine sulfinate in vitro. Arch. Biochem. Biophys. 304:392–
401 (1993).

25. Naredi, P., D. D. Heath, R. E. Enns, and S. B. Howell. Cross-resistance
between cisplatin, antimony potassium tartrate, and arsenite in human
tumor cells. J. Clin. Invest. 95:1193–1198 (1995).

26. Ozols, R. F., P. J. O’Dwyer, T. C. Hamilton, and R. C. Young. The role of
glutathione in drug resistance. Cancer Treat. Rev. 17:45–50 (1990).

27. O’Dwyer, P. J., T. C. Hamilton, R. C. Young, F. P. LaCreta, N. Carp, K.
Padavic, R. L. Comis, and R. F. Ozols. Depletion of glutathione in normal

Cisplatin Resistance in S. pombe 17



and malignant human cells in vivo by buthionine sulfoximine: clinical and
biochemical results. J. Natl. Cancer Inst. 84:264–267 (1992).

28. O’Dwyer, P. J., T. C. Hamilton, K. S. Yao, K. D. Tew, and R. F. Ozols.
Modulation of glutathione and related enzymes in reversal of resistance to
anticancer drugs. Hematol. Oncol. Clin. North Am. 9:383–396 (1995).

29. Grill, E., S. Loeffler, E.-L. Winnacker, and M. H. Zenk. Phytochelatins, the
heavy-metal-binding peptides of plants, are synthesized from glutathione
by a specific g-glutamylcysteine dipeptidyl transpeptidase (phytochelatin
synthase). Proc. Natl. Acad. Sci. USA 86:6838–6842 (1989).

30. Hayashi, Y., C. W. Nakagawa, N. Mutoh, M. Isobe, and T. Goto. Two
pathways in the biosynthesis of cadystins (gEC)nG in the cell-free system
of the fission yeast. Biochem. Cell Biol. 69:115–121 (1991).

31. Steffens, J. C., D. F. Hunt, and B. G. Williams. Accumulation of non-
protein metal binding polypeptides (g-glutamyl-cysteinyl)n-glycine in se-
lected cadmium-resistant tomato cells. J. Biol. Chem. 261:13879–13882
(1986).

32. Howden, R., P. B. Goldsbrough, C. R. Anderson, and C. S. Cobbett. Cad-
mium sensitive, cad1 mutants of Arabidopsis thaliana are phytochelatin
deficient. Plant Physiol. 107:1059–1066 (1995).

Send reprint requests to: Paola Perego, Ph.D., Experimental Oncology B,
Istituto Nazionale Tumori, via Venezian 1, 20133 Milano, Italy. E-mail:
perego@icil64.cilea.it

18 Perego et al.


