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ABSTRACT

We report here that overexpression of Rad23, a protein related
to the ubiquitin-proteasome system, renders yeast cells resis-
tant to methylmercury. Rad23 has three domains: two ubig-
uitin-associated (UBA) domains that bind to the multiubiquitin
chain of ubiquitinated proteins and a single ubiquitin-like (UbL)
domain that binds to proteasomes. To examine the mechanism
of acquisition of methyimercury resistance that is induced by
overexpression of Rad23, we expressed variants of Rad23 in
which one or the other of the two types of domain was defective
in yeast cells. In cells that overexpressed full-length intact
Rad23, we detected elevated levels of intracellular ubiquiti-
nated proteins, and the cells were resistant to methylmercury.
In contrast, cells that overexpressed Rad23 with a defective
UBA domain were not resistant to methylmercury and con-

tained control levels of ubiquitinated proteins. Yeast cells that
overexpressed Rad23 with a defective UbL domain exhibited
enhanced resistance to methyimercury and contained even
higher levels of ubiquitinated proteins than cells that overex-
pressed intact full-length Rad23. Rad23 is known to have two
mutually contradictory functions. It suppresses the degradation
of ubiquitinated proteins by proteasomes via a mechanism
mediated by the UBA domains, and it enhances the degrada-
tion of ubiquitinated proteins via a mechanism that is mediated
by the UbL domain. Therefore, our findings suggest that Rad23
might induce resistance to methylmercury in yeast cells by
suppressing the degradation of proteins that reduce the toxicity
of methyimercury via a UBA domain-mediated mechanism.

Methylmercury is an important environmental pollutant,
causing severe damage to the central nervous system as a
result of passage across the blood-brain barrier (Clarkson,
2002; Castoldi et al., 2003; Sanfeliu et al., 2003). Many re-
ports on methylmercury poisoning have been published, but
mechanisms of methylmercury toxicity, as well as bio-de-
fense mechanisms against this toxicity remain to be clarified.

We have been studying the genes that are involved in
resistance to methylmercury in yeast, a eukaryotic unicellu-
lar organism whose gene products have many functional
similarities to those of mammals, including humans (Miura
et al., 1999; Naganuma et al., 2000, 2002; Furuchi et al.,
2002; Hwang et al., 2002). We demonstrated that overexpres-
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sion of Cdc34, a ubiquitin-conjugating enzyme (E2) that is a
component of the ubiquitin-proteasome system, induces a
resistance to methylmercury toxicity in yeast cells (Furuchi
et al., 2002).

The ubiquitin-proteasome system is involved in the intra-
cellular degradation of proteins (Hershko and Ciechanover,
1998; Pickart, 2001, 2004). In this system, multiple ubiquitin
molecules are linked to substrate proteins by sequential re-
actions that are catalyzed by ubiquitin-activating enzyme
(E1), ubiquitin-conjugating enzymes (E2), and ubiquitin li-
gases (E3). The multiubiquitin chain that has been attached
to a protein in this way allows the ubiquitinated protein to be
recognized by the 26S proteasome and degraded. When
Cdc34 is overexpressed in cells, ubiquitination reactions are
activated, and the degradation of certain proteins by the
ubiquitin-proteasome system is enhanced (Hwang et al.,
2002). The acquisition of resistance to methylmercury in
Cde34-overexpressing yeast cells requires the ubiquitin-con-
jugating activity of Cde34 and the proteolytic activity of pro-
teasomes (Hwang et al., 2002). Therefore, it seems likely that

ABBREVIATIONS: UBA domain, ubiquitin-associated domain; UbL domain, ubiquitin-like domain; SD, synthetic dextrose; PAGE, polyacrylamide

gel electrophoresis; F, forward; R, reverse.
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certain as-yet-unidentified proteins that increase methyl-
mercury toxicity might exist in cells and that toxicity might
be reduced by the enhanced degradation of such proteins,
mediated by the ubiquitin-proteasome system, when Cdc34 is
overexpressed (Hwang et al., 2002).

In the present study, we examined the effects of Rad23,
which is known to interact with ubiquitinated proteins, on
the acquisition of resistance to methylmercury by yeast cells.
It has been reported that Rad23 has two mutually contradic-
tory functions. One of the functions of Rad23 is the inhibition
of elongation of the ubiquitin chain via binding to the ubiq-
uitin moiety of ubiquitinated proteins (Ortolan et al., 2000;
Bertolaet et al., 2001; Chen et al., 2001; Raasi and Pickart,
2003). Because proteasomes recognize multiubiquitinated
proteins as substrates when more than a certain number of
ubiquitin molecules have been attached (Pickart, 2001,
2004), it has been postulated that proteins can elude degra-
dation by proteasomes when the elongation of ubiquitin
chains is inhibited. The second function of Rad23 is the
transportation of ubiquitinated proteins to proteasomes
(Chen and Madura, 2002; Rao and Sastry, 2002; Lambertson
et al.,, 2003). Rad23 binds to proteasomes, thereby enhancing
the degradation of ubiquitinated proteins. Thus, Rad23
seems to regulate the degradation of ubiquitinated proteins
via the mutually contradictory enhancement and suppres-
sion of such degradation. In this study, we found that over-
expression of Rad23 renders yeast cells resistant to methyl-
mercury, and, in contrast to overexpression of Cdc34, the
resistance might be induced by suppression of the degrada-
tion of proteins that is mediated by the ubiquitin-proteasome
system.

Materials and Methods

Culture and Transformation of Yeast Cells. The strain of
Saccharomyces cerevisiae used in this study was W303B (MAT« his3
canl-100 ade2 leu2 trpl ura3) (Naganuma et al., 2000). Yeast cells
were cultured at 30°C in synthetic dextrose (SD) medium. Plasmid
DNA was introduced into W303B cells by the high-efficiency lithium
acetate transformation method (Miura et al., 1999).

Construction of Plasmids. The RAD23 and FLAG-RAD23 genes
were amplified by the polymerase chain reaction from yeast genomic
DNA as template with the following oligonucleotides as primers:
RAD23-F, 5'-CACAGAGCACACAAAGACAAC-3', and RAD23-R,
5'-GTGAAGATACTTCAAGCCA-3' for the RAD23 gene; and RAD23-
FLAG- F, 5'-CATACAATAGAAAAATGGACTACAAGGATGACGAT-
GACAAGGTTAGCTTAACCTTTAA-3' and RAD23-R for the FLAG-
RAD23 gene. The amplified fragments of DNA were ligated into the
pKT10 yeast expression vector. Sequences of constructs were verified
with an automated sequencer.

Quantification of the Toxicity of Methylmercury in Yeast
Cells. Yeast cells (10° cells/200 wl) were cultured in SD (-Ura) liquid
medium that contained methylmercuric chloride at various concen-
trations. To quantify cell growth, we measured the absorbance of the
culture at 600 nm every 2 h for 48 h. For the colony-formation assay,
we cultured yeast cells (10° cells/ml) in SD (-Ura) liquid medium that
contained methylmercuric chloride (800 nM) for 3 h at 30°C. After
treatment with methylmercuric chloride, yeast cells were seeded at a
density of 10% cells per plate on agar-solidified SD (-Ura) medium,
and formation of colonies was examined after culture for 2 days at
30°C. Yeast cells transformed with the pKT10 empty vector were
used as controls.

Site-Directed Mutagenesis. Site-directed mutagenesis of the
gene for Rad23 was performed as described elsewhere (Furuchi et al.,
2004) with a kit for site-directed mutagenesis from Stratagene (Ce-
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dar Creek, TX) according to the manufacturer’s instructions. We
constructed a variety of mutant RAD23 or FLAG-RAD23 genes by
creating pairs of Sacl sites in the open reading frame of the RAD23
or FLAG-RAD23 genes and excising the fragments between the
respective pairs of Sacl sites. We amplified fragments by polymerase
chain reaction using plasmid pKT10-RAD23 or pKT10-FLAG-
RAD23 as the template and the following oligonucleotides as prim-
ers: 5'UbL-F, 5'-CAACATACAATAGAAAAATGGAGCTCTTAAC-
CTTTAAAAATTTCAAG-3'; 5'UbL-R, 5'-CTTGAAATTTTTAAAG-
GTTAAGAGCTCCATTTTTCTATTGTATGTTG-3'; 3'UbL-F, 5'-C-
ATGGTTTCTCAAAAAGAGCTCACGAAGACCAAAGTAAC-3'; and
3'UbL-R, 5'-GTTACTTTGGTCTTCGTGAGCTCTTTTTGAGAAAC-
CATG-3' for deletion of the UbL domain; 5'UBAL-F, 5'-CGGGAT-
TCGTGGTGGGAGAGCTCAGGAACGAGACCATCGAG-3'; 5'UBA-
1-R, 5'-CTCGATGGTCTCGTTCCTGAGCTCTCCCACCACGAATC-
CCG-3'; 3'UBAL-F, 5-GAATATCTACTGATGGAGCTCCCAGAA-
AATCTGCGTC-3'; and 3'UBAL-R, 5'-GACGCAGATTTTCTGGGAG-
CTCCATCAGTAGATATTC-3’ for deletion of the UBA1 domain; and
5'UBA2-F, 5'-CTTTCCAAGTTGACTATACCGAGCTCGACGATCA-
AGCTATTTCGC-8'; 5'UBA2-F, 5'-GCGAAATAGCTTGATCGTCG-
AGCTCGGTATAGTCAACTTGGAAAG-3'; 3'UBA2-F, 5'-CAAAT-
ATTCTATTCAGCGAGCTCGCCGACTGAGATTGTAG-3'; and 3'U-
BA2-R, 5'-CTACAATCTCAGTCGGCGAGCTCGCTGAATAGAATA-
TTTG-3' for deletion of the UBA2 domain. After creation of each pair
of Sacl sites, the plasmid was cleaved with Sacl and self-ligated.
All mutations were confirmed by DNA sequencing. The resultant
plasmids were designated pKT10-FLAG-RAD23V4 pKT10-
FLAG-RAD23VBAYA - hKT10-FLAG-RAD23VBA%2 and pKT10-
FLAG—RAD23UBA1A+UBA2A.

Immunoblotting. Cell extracts were prepared, and immunoblot-
ting was performed as described elsewhere (Hwang et al., 2002). To
quantify the total ubiquitinated proteins, we cultured yeast cells that
overexpressed FLAG-Rad23 or FLAG-mutant Rad23 to the mid-
logarithmic phase of growth in SD (-Ura) liquid medium and col-
lected them by centrifugation. We suspended the cells in buffer C (20
mM Tris-HCI , pH 7.5, 5 mM MgCl,, 1 mM EDTA, 50 mM KCl, 5%
glycerol, 3 mM dithiothreitol, and the protease inhibitors phenyl-
methylsulfonyl fluoride and pepstatin A) and lysed them using glass
beads. The cell extracts were fractionated by SDS-polyacrylamide gel
(12.5%) electrophoresis (PAGE), and then bands of protein were
transferred to an Immobilon-P membrane (Millipore Corporation,
Billerica, MA) and subjected to immunostaining with FLAG-specific
monoclonal antibodies (anti-FLAG M2; Sigma Chemical, St. Louis,
MO) or multiubiquitin-specific monoclonal antibodies (clone FK2;
MBL, Nagoya, Japan), which recognize multiubiquitin chains of the
polyubiquitinated proteins but not free ubiquitin or the protein moi-
eties (Fujimuro et al., 1994).

Resuilts

We investigated the effects of overexpression of Rad23,
which is a protein that interacts with the ubiquitin-protea-
some system, on the sensitivity of yeast cells to methylmer-
cury. As shown in Fig. 1, yeast cells that overexpressed
Rad23 were much more resistant to methylmercury than
were control yeast cells, which harbored the empty vector.

Suppression of the elongation of ubiquitin chain by Rad23
is mediated by two ubiquitin-associated (UBA) domains
(UBA 1 and UBA2) (Fig. 2a). Rad23 binds to the ubiquitin
moiety of ubiquitinated proteins via these domains, inhibit-
ing the further elongation of ubiquitin chains (Ortolan et al.,
2000; Chen et al., 2001; Raasi and Pickart, 2003). By con-
trast, the region of the Rad23 molecule that is required for
the transportation of ubiguitinated proteins to proteasomes
is the ubiquitin-like (UbL) domain that is located at the
amino terminus (Elsasser et al., 2002; Saeki et al.,, 2002;
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Walters et al., 2003). The UbL domain is strongly homole-
gous to ubiquitin, and it has been postulated that Rad23 acts
as a role as a shuttle that transports multiubiquitinated
proteins to the proteasome by binding to the proteasome via
this domain (Chen and Madura, 2002; Rao and Sastry, 2002).

To clarify the relationship between the toxicity of methyl-
mercury and the two contradictory functions of Rad23, we
investigated the sensitivity to methylmercury of yeast cells
in which we overexpressed truncated variants of Rad23 that
were defective in either the UbL domain or one or both of the
UBA domains as FLAG-fusion proteins (Fig. 2a). We con-
firmed the expression of each truncated protein in the respec-
tive lines of yeast cells by Western blotting with FLAG-
specific monoclonal antibodies (Fig. 2b). We found that yeast
cells which overexpressed the Rad23 with a defective UbL
domain (UbLA) were more resistant to methylmercury than
were the cells that overexpressed intact full-length Rad23
(Fig. 2¢). In contrast, yeast cells that overexpressed Rad23
with a defective UBA1 domain (UBA1A) were less resistant
to methylmercury than cells that overexpressed intact full-
length Rad23. Furthermore, yeast cells that overexpressed
Rad23 with a defect only in UBA2 (UBA2A) or with a defect
in both UBA1 and UBA2 (UBA1A + UBA2A) were resistant
only to a very low level of methylmercury (Fig. 2¢). We ob-
tained similar results with yeast cells that overexpressed the
respective Rad23 mutants without the FLAG tag (data not
shown). Our findings suggest that the UblL: domain in Rad23
might be involved in the enhancement of methylmercury
toxicity, whereas both the UBA1 and UBA2 domains might
be involved in the acquisition of resistance to methylmercury
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toxicity. Moreover, the UBA2 domain might be more inti-
mately involved than the UBAl domain. The observation
that yeast cells which overexpressed intact full-length Rad23
were resistant to methylmercury (Fig. 1) indicates that the
functions mediated by the UBA1 and UBA2 domains might
dominate those mediated by the UbL domain with respect to
the acquisition of resistance to methylmercury, at least when
Rad23 is overexpressed.

Chen and Madura (2002) reported that overexpression of
Rad23 increased the total amount of cellular multiubiquiti-
nated proteins. Therefore, we examined the total amounts of
ubiquitinated proteins in yeast cells that overexpressed the
various truncated mutant forms of Rad23 as FLAG-fusion
proteins. We found a marked increase in the total amount of
ubiquitinated proteins in the yeast cells that overexpressed
the intact full-length Rad23, as reported previously, and a
still more marked increase in the total amount of ubiquiti-
nated proteins in the yeast cells that overexpressed Rad23
with defect in the UbL domain (Fig. 3). In addition, we
detected a marked reduction in the total amount of ubiquiti-
nated proteins in the yeast cells that overexpressed Rad23
with a defect in either the UBA1 or the UBA2 domain. The
extent of the reduction was higher when the defect was in
UBAZ2 than whern it was in UBA1 (Fig. 3). These results show
clearly that the UbL domain of Rad23 plays a role in reducing
the cellular level of ubiquitinated proteins, whereas the
UBA1 and UBA2 domains play a role in the opposite phe-
nomenon and increase levels of these proteins. Thus, our
findings support the reported contradictory mechanisms of
action of Rad23 in the degradation of ubiquitinated proteins.

Control + MeHg 100 nM
Rad23 + MeHg 100 nM

Control + MeHg 200 nM
Rad23 + MeHg 200 nM

Fig. 1. Sensitivity of yeast cells that overexpressed Rad23
to methylmercury. a, yeast cells (10° cells/200 ul/well) that
harbored pKT10 or pKT10-RAD23 were cultured at 30°C in
SD (-Ura) liguid medium that contained methylmercuric
chloride (MeHg) at the indicated concentrations. Absor-
bance at 600 nm was measured spectrophotometrically
every 2 h for 48 h. Each point and bar represents the mean
value and S.D. of results from three cultures. The absence
of a bar indicates that the S.D. falls within the symbol. b,
yeast cells (10 cells/ml) that harbored pKT10 or pKT10-
RAD23 were cultured in SD (-Ura) liquid medium that
contained 800 nM MeHg for 3 h at 30°C. After treatment
with MeHg, yeast cells were seeded at a density of 10° cells
per plate on agar-solidified SD (-Ura) medium, and forma-
tion of colonies was determined after incubation for 2 days
at 30°C.

— 161 —



The degradation of ubiquitinated proteins by the proteasome
is enhanced by UbL-mediated transport of ubiquitinated pro-
teins to the proteasome (Elsasser et al., 2002; Saeki et al.,
2002; Walters et al., 2003), whereas suppression of the deg-
radation of ubiquitinated proteins results from inhibition of
the elongation of the ubiquitin chains of ubiquitinated pro-
teins, which is mediated by the UBA1 and UBA2 domains of
Rad23 (Ortolan et al., 2000; Chen et al., 2001; Raasi and
Pickart, 2003).

Discussion

With respect to the two functions of Rad23, it is likely that
methylmercury toxicity is reduced by suppression of the deg-
radation of ubiquitinated protein via the UBA domains,
whereas toxicity is increased by enhancement of the degra-
dation of ubiquitinated proteins via the UbL domain. In the
yeast cells that overexpressed Rad23, the activity of Rad23
that suppresses the degradation of ubiquitinated proteins
might dominate the activity that enhances the degradation of
ubiquitinated proteins (Fig. 3), explaining, perhaps, the ac-
quisition of the resistance to methylmercury by Rad23-over-
expressing yeast cells. Therefore, we propose that certain

UbL

FLAG-Rad23 B>
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protein(s) in yeast cells are involved in the reduction of meth-
ylmercury toxicity and are degraded by the ubiquitin-protea-
some system and that Rad23 might play a role in enhancing
the protective actions of these proteins against methylmer-
cury toxicity by suppressing their degradation.

Heretofore, studies of each of the two contradictory func-
tions of Rad23 have been performed independently. There
have been few investigations to determine whether the two
functions involve the same ubiquitinated proteins as sub-
strates. The results in Figs. 2 and 3 indicate that sensitivity
to methylmercury (Fig. 2) decreases with increases in the
amounts of ubiquitinated cellular proteins (Fig. 3). Thus, it is
possible that Rad23 might mediate both the enhancement
and the inhibition of the degradation of a single set of pro-
teins that is involved in protection against methylmercury
toxicity. An elaborate mechanism must exist to regulate the
two functions of Rad23 whereby cellular concentrations of
ubiquitinated proteins are controlled, perhaps via the in-
volvement of Rad23-related proteins, which respond flexibly
to various physiological conditions.

We showed previously that overexpression of Cdc34, a
ubiquitin-conjugating enzyme, induced resistance to methyl-
mercury {Furuchi et al., 2002) and enhanced the ubiquitina-
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Fig. 2. Effects of overexpression of mutant forms of Rad23 on the sensitivity of yeast cells to methylmercury. a, schematic representation of the
structural domains of Rad23 and the mutant proteins generated in this study. Rad23 contains a UbL domain and two UBA domains. b, lysates (20
ng per lane) of yeast cells that harbored pKT10, pKT10-FLAG-RAD23, pKT10-FLAG-RAD23""™*, pKT10-FLAG-RAD23VBA4 pKT10-FLAG-
RAD23UBA25 | or pKT10-FLAG-RAD23"BA18+UBAZA ware fractionated by SDS-PAGE. Immunoblotting analysis was performed with FLAG-specific
monoclonal antibodies. Staining with Coomassie Brilliant Blue (CBB; bottom) provides an indication of the amount of total protein loaded in each lane.
¢, yeast cells (10° cells/200 ul/well) that overexpressed FLAG-Rad23 or mutant derivatives were cultured at 30°C in SD (-Ura) liquid medium that
contained MeHg at the indicated concentrations. Absorbance at 600 nm was measured spectrophotometrically every 2 h for 48 h. Each point and bar
represents the mean value and S.D. of results from three cultures. The absence of a bar indicates that the S.D. falls within the symbol.
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tion of proteins in yeast cells (Hwang et al., 2002). Cdc34
might confer the resistance to methylmercury by accelerating
the degradation of some protein(s) that enhances methylmer-
cury toxicity (Hwang et al.,, 2002). However, the present
study revealed that the activation of ubiquitin-proteasome
system is not necessarily effective in preventing methylmer-
cury toxicity. Unlike Cdc34, Rad23 reduces methylmercury
toxicity by suppressing the degradation of the proteins that
might reduce methylmercury toxicity. Nevertheless, we can-
not rule out the possibility that both Cde34 and Rad23 rec-
ognize, as substrate, the same proteins that are indirectly
involved in methylmercury toxicity, because Cdc34 is in-
volved in protein ubiquitination and Rad23 binds to the
ubiquitin chain of ubiquitinated proteins. However, when we
overexpressed Cdc34 in normal and Rad23-defective yeasts,
resistance to methylmercury was enhanced to almost the
same extent in both lines of yeast cells (data not shown).
Thus, it is possible that the binding of Rad23 to ubiquitinated
proteins might be regulated by a mechanism that involves
the recognition of substrate proteins and that the functions of
Rad23 might not affect the protein-degradation system in
which Cdc34 is involved as a ubiquitin-conjugating enzyme.
Multiple proteins that reduce or enhance methylmercury
toxicity and are ubiquitinated might be present in cells. The
ubiquitin-proteasome system and related proteins might de-

CBB

Fig. 3. Effects of overexpression of Rad23 and of mutant derivatives of
Rad23 on cellular levels of total ubiquitinated proteins. Lysates (20 ug
per lane) of yeast cells that overexpressed FLLAG-Rad23 or mutant deriv-
atives of this FLAG-tagged protein were fractionated by SDS-PAGE.
Immunoblotting analysis was performed with multiubiquitin-specific
monoclonal antibodies. Staining with CBB (bottom) provides an indica-
tion of the amount of total protein loaded in each lane.

termine the extent of methylmercury toxicity by regulating
the cellular concentrations of these various proteins.
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Abstract

We found that overexpression of Bop3, a protein of unknown function, confers resistance to methylmercury in Saccharomyces
cerevisiae. Bmh2, Fkhl, and Rtsl are proteins that have been previously shown to bind Bop3 by the two-hybrid method. Overex-
pression of Bmh2 and the homologous protein Bmhl confers resistance to methylmercury in yeast, but overexpression of either
Fkhl or Rtsl has a minimal effect. However, the increased level of resistance to methylmercury produced by overexpression of
Bop3 was smaller in Fhk1-deleted yeast as compared with that of the wild-type strain. In contrast, the degree of resistance was sig-
nificantly elevated in Rtsl-deleted yeast. Msn2 and Msn4 were previously reported as proteins that bind to Bmh1 and Bmh2. Over-
expression of Msn2 conferred a much greater sensitivity to methylmercury in yeast, while deletion of the corresponding gene lowered
the degree of resistance to methylmercury induced by overexpression of Bop3. These results suggest that multiple proteins are

involved in minimizing the toxicity of methylmercury induced by overexpression of Bop3.

© 2005 Elsevier Inc. All rights reserved.
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Methylmercury, the predominant form of organic
mercury present in the environment, is a toxic com-
pound producing severe disorders in the human central
nervous system [1-3]. Fish are susceptible to the bioac-
cumulation of methylmercury, which may then be in-
gested by humans in their daily diet. In Japan in the
1950s thousands of people developed central nervous
system disorders through eating large amounts of fish
and shellfish polluted with methylmercury [4]. Recent
epidemiological studies have indicated that ingestion
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of methylmercury in fish during pregnancy can result
in neuroethological effects in the offspring [S]. A warning
was issued in several countries recommending a restric-
tion of fish in the diet of pregnant women and infants.
Given the severe nature of this poison, methods for both
the prophylaxis and treatment of methylmercury intox-
ication are required. Unfortunately the mechanism
underlying the toxicity of methylmercury is not fully
understood. Furthermore, the nature of the protective
mechanism that exists in some organisms has not been
elucidated.

To elucidate the mechanism of methylmercury toxic-
ity, we examined intracellular factors involved in yeast.
Yeast is a genetically well-characterized eukaryotic
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organism that shares many genes common with mam-
mals, including humans. Thus, the factors found in yeast
are expected to function similarly in mammalian cells.
We have already identified and reported two proteins,
GFAT [6-8] and Cdc34 {8-10], which confer resistance
to methylmercury in yeast. Genes encoding similar pro-
teins have been found in humans. However, it is antici-
pated that many additional factors are involved in the
development of methylmercury toxicity. In the present
study, we have conducted further screening for proteins
capable of conferring resistance to methylmercury in
yeast and succeeded in identifying a new protein of un-
known function, Bop3. Bop3 is a protein that was iden-
tified as a multicopy suppressor that could compensate
for deletion of Pam1 [11], which was identified as a mul-
ticopy suppressor on the deletion of serine/threonine
phosphatase 2A (PP2A) [12]. Although the function of
Bop3 is unclear, extensive investigations conducted with
the two-hybrid method demonstrated that Bop3 is capa-
ble of binding to Bmh2 [13], Fkhl [14], and Rtsl [14].
Our results suggest that although Pam1l is not directly
involved in resistance to methylmercury induced by
overexpression of Bop3, these binding proteins and their
homologues are involved, at least partially, in the resis-
tance mechanism. The results of the present study indi-
cate the involvement of Bop3 in the regulation of some
mmportant intracellular functions that exert protective
effects against methylmercury toxicity through interac-
tion with multiple proteins.

Materials and methods

Selection of genes that confer resistance to methylmercury. Meth-
ylmercury resistance genes were screened as described previously
[9,101. Briefly, Saccharomyces cerevisiaze W303B (MAT o his3 canl-10
ade2 leu2 trpl ura3) was transformed with a genomic DNA library
that had been constructed by inserting a fragment of yeast chromo-
somal DNA into the LEU2-based multicopy plasmid Yep!3 [10,15-
17} Transformants were grown in synthetic dextrose (SD) liquid
medium without leucine (—Leu) at 30 °C. The Leu" transformants
were cultured (10° cells/200 pl per well) in SD (—Leu) medium for 24 h
at 30 °C in the presence of a subtoxic concentration of methylmercury
(0.4 uM) in 96-well plates. Transformed cells that had proliferated
rapidly and had formed aggregates in the presence of methylmercury
were isolated from individual wells and plated on agar-solidified SD
(—Leu) medium at a cell density of 5 x 107 cells per 10-cm plate. After
incubation for 24 h at 30 °C, colonies were collected and their sensi-
tivity to methylmercury was examined. The sensitivity of yeast cells
from each colony was determined by culturing cells (10° cells/200 pl
per well) in SD (—Leu) medium that contained various concentrations
of methylmercury for 48 h. We chose eight colonies that exhibited
strong resistance to methylmercury and isolated plasmids {from them as
described previously. The plasmids were amplified in Escherichia coli
and then reintroduced into W303B cells to confirm the phenotype. We
selected the plasmid that conferred the strongest resistance to meth-
ylmercury for further study. The nucleotide sequence of the genomic
insert in the selected plasmid was determined with an automated DNA
sequencer (Li-Cor, Lincoln, NE). After mapping, the genomic insert
was excised and subcloned into the pRS425 vector. Subclones were

introduced into W303B yeast cells and the sensitivity to methylmercury
of each resultant cell line was determined.

Quantification of growth inhibition by methylmercury and other
compounds. The toxic effects of various agents on yeast cells were
quantified during growth of cells in SD liquid medium (-Leu or

. —Ura). A suspension of cells (10* cells per well) was grown in a 200 ul

aliquot of fresh liquid medium that contained one of the respective
compounds at the concentration indicated. After incubation for 48 h,
the absorbance at 620 nm (Ag0) was measured spectrophotometrically
as an index of cell growth.

Construction of gene expression vectors. The genes from yeast
genomic DNA were amplified by PCR with the following oligonucle-
otides as primers: :

5'-GACCAAAAACGGCGTTAAGA-3 and
5-CCTTTATCCCATCGACAAAGC-3' for the BOPI gene;
5"-TCTCCGGGTAGAAGTGAAAAG-3' and

5. TGCTAGTACAACACGTTTGG-3' for the BOP2 gene;
5-GTTGCTCTTCTAGTGCAGTTG-3' and
5'"TACATACGTAGGGGGAACATC-3' for the BOP3 gene;
5-CCTACTTTTCAAAATTGAGAG-3' and
5-GAACTACAAATTATTACACCC-3' for the BMHI gene;
5'-CAAATCAACAAAAAGTACCCG-3' and
5'-CTTCATTTCCCCTTGTATTTC-3' for the BMH?2 gene;
5'-GCTCATAGAAGAACTAGATC-3' and
5'-AGCCGTAAGCTTCATAAGTC-3' for the MSN2 gene;
5"-TAACGCCTTTATCAGTTCGGC-3' and

5" TTGTCATACCGTAGCTTGTC-3' for the MSN4 gene.

The resulting PCR products were ligated into the pGEM-T Easy or
pTargeT vector (Promega, Madison, WI). Each insert was digested
with restriction endonucleases as follows: Kpnl and Xhol for the
BOPI, BOP2, and BOP3 genes; Notl for the MSN2 gene; and EcoR1
for the BMHI, BMH2, and MSN4 genes, and fragments were ligated
into the pKT10-GAPDH (URA3) yeast expression vector. Sequences
of constructs were verified with an automated sequencer.

Gene disruption. Genes of the W303B yeast strain were disrupted as
described previously [9,17]. For constructions of the bmhl: HIS3,
bmh2: HIS3, flchl::HIS3, and rtsl::HIS3 vector, the HIS3 gene was
amplified by PCR with the following oligonucleotides as primers:
BMHI-HIS-F (5-ATGTCAACCAGTCGTGAAGATTCTGTGTA
CCTAGCCAAGTTGGCTGAACACTCTTGGCCTCCTCTAG-3")
and BMHI-HIS-R (5-TTACTTTGGTGCTTCACCTTCGGCGGC
AGCAGGTGGCTGCTGTTGCTGATTCGTTCAGAATGACAC
G-3) for disruption of the BMHI! gene; BMH2-HIS-F (5-ATG
TCCCAAACTCGTGAAGATTCTGTTTACCTAGCTAAATTAGC
TGAACACTCTTGGCCTCCTCTAG-3') and BMH2-HIS-R (5'-
TTATTTGGTTGGTTCACCTTGAGTTTGTTCAGCTGGAGCTT
GTTGTTGCTTCGTTCAGAATGACACG-3') for disruption of the
BMH?2 gene; MSN2-HIS-F (5-ATGACGGTCGACCATGATTITC
AATAGCGAAGATATTTTATTCCCCATAGACTCTTGGCCTCC
TCTAG-3") and MSN2-HIS-R (5'-GTGATAAATTAGTGTCATCA
TCATCATCATTCAATAAGAGATCACTAGAATCGTTCAGAA
TGACACG-3’) for disruption of the MSN2 gene; FKHI-HIS-F (5'-
ATGTCTGTTACCAGTAGGGAACAAAAATTTAGTGGTAAGT
ATAGTTCGTACTCTTGGCCTCCTCTAG-3) and FKHI-HIS-R
(5'-ATTCCTCCTCTGGTGTAATTITCATCTTCTTCATCTTCTT
CCATCATAATTCGTTCAGAATGACACG-3') for disruption of
the FKHI gene; RTS1-HIS-F (5-ATGATGCGTGGTTTCAAGCA
AAGATTAATAAAGAAGACCACCGGGTCTTCCTCTTGGCCT
CCTCTAG-3') and RTSI-HIS-R (5-TCGAATCTAGATGAAGAA
TGACGTTGGGGAGTCTTAATTAACTCTAAATCTCGTTCAG
AATGACACG-Y) for disruption of the R7TS/ gene. To disrupt the
PAMI gene of W303B strain yeast, paml::KAN" was amplified from
the PAMI-disrupted yeast (Complete Set of S. cerevisine Gene Dele-
tion Strains; Euroscarf, Frankfurt, Germany), which is a deletion
mutant of BY4742 strain yeast, by PCR with primers 5'-
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GGCGATTTGCTTCCATATTCT-3"  and 5-GGCAACGTTTT
CAATGGTCA-3'. The PCR products were introduced into yeast
strain W303B to construct the corresponding disruptant. Disruption of
the gene was verified by PCR analysis with primers:

5'-GGCATATCTCGCGATAGGTAT-3 and

5" TTGGATTGGAAAGACAAGGG-3' for the PAMI gene;
5'-GAACTACAAATTATTACACCC-3' and
5'-CAAATCAACAAAAAGTACCCG-3 for the BMHI gene or
5'-CTTCATTTCCCCTTGTATTTC-3' for the BMH? gene;
5'-GCTCATAGAAGAACTAGATC-3' and
5'-AGCCGTAAGCTTCATAAGTC-3 for the MSN2 gene;
5'-GCAAAGAAAGGCTTGGAGAGA-3 and
5'-ATACATATGGGTTCGACGACG-3' for the FKHI gene;
5"-CGTGCTATTTTCGAACATCCA-3' and
5-TCCTCACTTCTTCGAGCTTGT-3’ for the RT'S/ gene.

Results and discussion

To identify genes whose overexpression confers resis-
tance to methylmercury in S. cerevisiae, we introduced a
library of yeast chromosomal DNA fragments in the 2-
um multicopy vector Yepl3, into the yeast strain
W303B. Eight transformants were obtained that could
grow on SD (—Leu) medium containing an otherwise
lethal amount of methylmercury (0.4 pM). The trans-
formant P54, which exhibited the strongest resistance,
was selected for further study. Partial sequencing of

clone P54 and a subsequent search of the Saccharomyces

Genome Database (http://genome-www.stanford.edu/
Saccharomyces/) revealed that the insert corresponded
to region 544177-550829 on chromosome 14 of S. cere-
visiae. Two open reading frames, YIP3 and BOP3, were
contained on the P54 fragment. Each open reading
frame was excised from pRS425-P54 using appropriate
restriction enzymes to give two fragments, F1 and F2
(Fig 1A). These two fragments were subcloned into
pRS425 vector. Sensitivity to methylmercury was then
examined after introduction of the respective plasmids
into the parent yeast strain. Yeast harboring pRS425-
F1 (pRS425-BOP3) showed stronger resistance to meth-
ylmercury as compared to yeast harboring pRS423 or
pRS425-F2 (Fig. 1B). These results indicated that
BOP3 is involved in resistance to methylmercury.

First, we examined the sensitivity of Bop3-over-
expressing yeast cells to heavy metal compounds other
than methylmercury. Yeast cells overexpressing Bop3
did not show resistance to mercury compounds, such
as inorganic mercury and p-chloromercuribenzoic acid
(pCMB), nor other heavy metals, such as cadmium
and copper (data not shown). Thus, overexpression of
Bop3 in yeast seemed to impart a relatively specific resis-
tance to methylmercury.

Bop3 (Bypass Of Pam1) is a protein with unknown
function that was identified, together with Bopl and
Bop2, as a multicopy suppressor of Paml [11]. There-
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Fig. 1. Identification of a gene that confers resistance to methylmer-
cury. (A) Restriction map of the genomic DNA insert (P54) that
conferred resistance to methylmercury. The thick black lines represent
the vector YEp13; the thin line represents the genomic DNA inserts.
The restriction sites used to generate different subclones are indicated
by vertical lines above the yeast genomic DNA insert (P54). The
ability of two subclones (F1 and F2) to confer methylmercury
resistance is indicated (+, conferred resistance; —, did not confer
resistance). ORFs are indicated by black arrows that point in the
direction of transcription, with the name of each ORF given below the
respective arrow. (B) Sensitivity to methylmercury of yeast that
harbored plasmids with the indicated inserts. Yeast cells transformed
with pRS425-P54, pRS425-F1, pRS425-F2 or pRS425 were cultured
in SD (—Leu) liquid medium that contained methylmercuric chloride
at the indicated concentration. After 48-h incubation the absorbance
of the culture was measured at 620 nm. Each point represents the
mean value of results from three cultures with SD (bars). The absence
of a bar indicates that the SD falls within the symbol.

fore, we examined the effect of overexpression of either
Bopl or Bop2 on the sensitivity to methylmercury.
Overexpression of Bopl or Bop2 in yeast resulted in a
similar sensitivity to methylmercury as that of the con-
trol (i.e., yeast harboring the vector, pKT10) (Fig.
2A). These results indicate that the function as a multi-
copy suppressor of Pam1 is not needed for the protective
effects of Bop3 against methylmercury.

Paml was identified as a multicopy suppressor on
PP2A deletion [12], but the mechanism of action of this
protein remains unclear. We generated a PAM1-deleted
strain (pamlA) and examined its sensitivity to methyl-
mercury. Almost no difference was noted with regard
to the sensitivity to methylmercury of the paml A strain
in comparison to the control yeast (Fig. 2B). Sensitivity
to methylmercury was also found to be nearly the same
when Bop3 was overexpressed in the wild-type strain
and paml A strain, respectively (Fig. 2B). Thus, Paml
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Fig. 2. Sensitivity of yeast cells that overexpressed each Bop family
protein to methylmercury (A), and effect of disruption of PAMI gene
on sensitivity to methylmercury of yeast that overexpressed Bop3 (B).
(A) Yeast cells that harbored pKT10 (control), pKT10-BOP1, pKT10-
BOP2 or pKT10-BOP3 were grown in SD (—Ura) liquid medium that
contained methylmercuric chloride. (B) Yeast pam/4 cells, harboring
PRS425 (control) or pRS425-BOP3, were grown in SD (—Leu) liquid
medium that contained methylmercuric chloride. For other details, see
legend to Fig. 1B.

appears to be unnecessary for the protective effects of
Bop3 against methylmercury.

Bmh2 (yeast homologue of human 14-3-3 protein)
[18,19], Fkhl (transcription factor of forkhead type)
[20], and Rtsl (subunit of protein phosphatase 2A)
[21-23] have been identified as proteins that bind to
Bop3. We next examined the possible role of these
Bop3-binding proteins in the mechanism of acquisition
of resistance to methylmercury by overexpression of
Bop3. 14-3-3 is a protein conserved in most eukaryotes
and is known to play a versatile role within the cell, such
as regulation of apoptosis through binding to p53 and
regulation of the cell cycle through binding to the
Cdc2-CycB complex [24-26]. It was also reported that
not only Bmhl but also Bmh2, a homologous protein
of Bmhl, was involved in RAS/MAPK cascade signal-
ling in yeast [18,27]. We examined the effects of overex-
pression of Bmhl and Bmh? in yeast on the sensitivity to
methylmercury. Yeast cells that overexpress Bmhl or
Bmh?2 showed a significant resistance to methylmercury
compared with the control harboring only the vector
(Fig. 3A). However, there were differences with regard
to the degree of resistance among the clones over-
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Fig. 3. Sensitivity of yeast cells overexpressing Bmhl or Bmh2 to
methylmercury (A), and effect of disruption of BMHI or BMH2 gene
on sensitivity to methylmercury of yeast that overexpressed Bop3
(B,C). (A) Yeast cells that harbored pKTI10 (control), pKT10-BMH1
or pKT10-BMH2 were grown in SD (—Ura) liquid medium that
contained methylmercuric chloride. (B,C) Yeast bmhl A (B) or bmh2A
(C) cells, harboring pRS425 (control) or pRS425-BOP3, were grown in
SD ({—Leu) liquid medium that contained methylmercuric chloride.
For other details, see legend to Fig. 1B.

expressing Bmhl or Bmh2—indeed, there were even
clones that did not show resistance. It was reported pre-
viously that the growth of yeast overexpressing Bmhl or
Bmh2 was slow [18]. Thus, the level of Bmh mRNA in
each clone was compared using quantitative PCR. It
was found that the level of Bmh mRNA in the clones
showing resistance to methylmercury was three to four
times higher than in the controls. However, the mRNA
level in clones not showing resistance to methylmercury
was seven to eight times higher and the growth of the
clones was found to be drastically reduced (data not
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shown). On the basis of these findings, clones in which
the Bmhl or Bmh2 expression levels were three to four
times higher than that of controls were used as yeast
that overexpressed Bmhl or Bmh2 for further study.

The effect of the deletion of BMHI or BMH2 on the
sensitivity of yeast to methylmercury was also examined.
Virtually no change was observed in the sensitivity of
the yeast to methylmercury when either BMHI or
BMH?2 was disrupted (Fig. 3B). Upon overexpression
of Bop3, the sensitivity of yeast deleted in either
BMHI or BMH?2 to methylmercury was nearly the same
as that of the wild-type strain after overexpression of
Bop3 (Fig. 3B). These results seem to indicate that
Bmh! and Bmh?2 are not directly related to the methyl-
mercury resistance conferred by overexpression of Bop3.
However, because Bmhl and Bmh2 share high homol-
ogy (93%) with each other, and the yeast with disrup-
tions in both Bmhl and Bmh2 cannot grow [19], the
possibility that the functional defects induced by dele-
tion of either one of these proteins may be comple-
mented by the other cannot be ruled out.

In addition to Bop3, several other proteins, such as
Msn2 and Msn4 [28], are also known to bind to Bmhl
and Bmh2. Because Msn2 and Msn4 are the transcrip-
tion factors that respond to oxidative stress, changes
in osmotic pressure, heat shock or malnutrition
[29,30], it is conceivable that these proteins may exert
some influence on the sensitivity of the cell to methyl-
mercury. Therefore, the effect of overexpression of
Msn2 or Msn4 on methylmercury sensitivity of yeast
was examined. While sensitivity to methylmercury of
yeast overexpressing Msnd was similar to that of the
control, yeast that overexpressed Msn2 showed a very
high sensitivity to methylmercury (Fig. 4A). In contrast,
although strains lacking Msn2 (msn24) showed some
resistance to methylmercury, the degree of resistance
was quite low (Fig. 4B). These results indicate that
Msn?2 is not an essential factor for the development of
resistance to methylmercury, although it is capable of
augmenting the toxicity of this compound. To examine
the involvement of Msn2 in the acquisition of resistance
to methylmercury by overexpression of Bop3, Bop3 was
overexpressed in the msn24 strain. The degree of resis-
tance conferred by overexpression of Bop3 in the msn24
strain was relatively low compared with that of the wild-
type yeast (Fig. 4B). This result suggests the partial
involvement of Msn2 in the mechanism of resistance
to methylmercury by overexpression of Bop3. Msn2 is
a transcription factor of the Cys2His2 Zn-finger type
that localizes from the cytosol to the nucleus in response
to various types of stresses. In the nucleus, Msn2 acti-
vates transcription by binding to the stress response ele-
ment (STRE) in the promoter region of the target gene
[31]. High sensitivity to methylmercury brought about
by overexpression of Msn2 may result from an induc-
tion of one or more of these target genes. If this were
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Fig. 4. Sensitivity of yeast cells that overexpressed Msn2 or Msn4 lo
methylmercury (A), and effect of disruption of MSN2 gene on
sensitivity to methylmercury of yeast that overexpressed Bop3 (B).
(A) Yeast cells that harbored pKTI0 (control), pKT10-MSN2 or
pKTI0-MSN4 were grown in SD (—Ura) liquid medium that
contained methylmercuric chloride. (B) Yeast msn24 cells, harboring
pRS425 (control) or pRS425-BOP3, were grown in SD (—Leu) liquid
medium that contained methylmercuric chloride. Arrows in the figure
represent the magnitude of acquired resistance by overexpression of
Bop3 in control yeast or in msn24 yeast. For other details, see legend
to Fig. 1B.

the case, inhibition of either Msn2 or its target protein(s)
by Bop3 might contribute to the acquisition of resis-
tance to methylmercury by overexpression of Bop3.
Recently, Fkhl and Rtsl were identified as binding
proteins of Bop3 by the two-hybrid method [14]. Fork-
head homologue 1 (Fkhl) belongs to a family of tran-
scription factors that have a DNA-binding domain of
a winged-helix type called forkhead. It is known that
transcription factors of the forkhead type participate
in various intracellular responses such as early embryo-
genesis, differentiation, and the cell cycle {20]. Because
the mRNA level of G,/M cyclin is elevated in the
Fkhl-deleted strain, participation of Fkhl in transcrip-

" tion silencing and pseudohyphal growth through cell cy-

cle regulation is suggested [32]. Rtsl is known to
represent one of the B-subunits of serine-threonine
phosphatase 2A (PP2A) [21-23]. PP2A is well conserved
from yeast to human, where it is involved in a variety of
intracellular responses such as DNA replication, tran-
scription, signal transduction, and intermediary metabo-
lism [33].
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When Fkhl or Rtsl was overexpressed in wild-type
yeast, sensitivity to methylmercury was almost the same
as that of the control (data not shown). While the meth-
ylmercury sensitivity of the Rts1-disrupted strain (rts/ 4)
was nearly the same as that of the control strain (Fig. 5),
the Fkhl-disrupted strain (fkchl4) did show resistance to
methylmercury (Fig. 6). When Bop3 was overexpressed
in fkhl A, the increased level of resistance to methylmer-
cury was lower than in the wild-type strain overexpress-
ing Bop3 (Fig. 6). However, overexpression .of Bop3 in
rtsl A markedly increased the level of resistance to meth-
ylmercury in comparison to the wild-type strain (Fig. 5).
Fkhl, combined with other factors, may increase the
toxic effects of methylmercury. However, Fkhl might
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Fig. 5. Effect of disruption of RTSI gene on sensitivity to methyl-
mercury of control yeast or Bop3-overexpressing yeast. Yeast rts/4
cells, harboring pRS425 (control) or pRS425-BOP3, were grown in SD
(—=Leu) liquid medium that contained methylmercuric chloride.
Arrows in the figure represent the magnitude of acquired resistance
by overexpression of Bop3 in control yeast or in rtsi 4 yeast. For other
details, see legend to Fig. 1B.
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Fig. 6. Effect of disrupting the FKHI gene on sensitivity to methyl-
mercury of control yeast or Bop3-overexpressing yeast. Yeast fkhlA
cells, harboring pRS425 (control) or pRS425-BOP3, were grown in SD
(—Leu) liquid medium that contained methylmercuric chloride.
Arrows in the figure represent the magnitude of acquired resistance
by overexpression of Bop3 in control yeast or in fk/1] 4 yeast. For other
details, see legend to Fig. 1B.

not be the rate-limiting factor in this scheme because
overexpression of Fkhl had little effect on the sensitivity
of yeast to methylmercury. Fkhl activity in the system
might already be high in wild-type yeast, thereby nullify-
ing the effect of its overexpression. Inhibition of Fkhl
activity by Bop3 may also be involved in the acquisition
of resistance to methylmercury by overexpression of
Bop3. In contrast, when Bop3 was overexpressed in
risld, resistance to methylmercury was found to be
greater than that observed when Bop3 was overexpres-
sed in wild-type yeast (Fig. 5). This is despite the fact
that deletion or overexpression of Rtsl did not affect
the sensitivity of the yeast to methylmercury. Although
the precise mechanism of action of Rtsl remains un-
known, our results suggest that this protein suppresses
the protective effect of Bop3 against methylmercury. It
is conceivable that protein(s) with functions similar to
those of Rtsl are present in the cell, and that the pro-
tein(s) exert inhibitory actions against the protective ef-
fects of Bop3 to methylmercury using the same
mechanism. As the amount of the protein(s) present in
wild-type yeast exceeded that necessary for inhibition
of Bop3 activity, deletion or overexpression of Rtsl
had no effect on the sensitivity to niethylmercury. If this
were the case, when the cellular amount of Bop3 exceeds
the inhibitory activity of both Rtsl and the protein(s)
with similar functions to Rts1, the excess Bop3 will elicit
a protective effect against methylmercury. Furthermore,
when Rtsl is deleted in Bop3-overexpressing cells, the
resistance level of the cell to methylmercury is enhanced
because the amount of Bop3 that evades the otherwise
inhibitory activity of Rstl is increased.

In the present study, overexpression of Bop3 was
found to confer resistance to methylmercury in yeast.
In addition, it was also found that proteins related to
Bop3 (i.e., Bmhl, Bmh2, Msn2, Fkhl, and Rtsl) partic-
ipated in the augmentation or alleviation of methylmer-
cury toxicity. Although Fkhl and Rtsl are the proteins
found to bind to Bop3 by screening with a two-hybrid
method, there has been no report indicating the func-
tional connection of these proteins to Bop3. The results
of the present study show that Fkhl and Rtsl, as well as
Msn2 (a Bmhs-binding protein), are involved in methyl-
mercury toxicity. Disruption of the genes encoding each
of these proteins influences the degree of acquisition of
resistance to methylmercury in yeast overexpressing
Bop3. This clearly demonstrates the involvement of
these three proteins (Fkhl, Rtsl, and Msn2) in the resis-
tance mechanism to methylmercury brought about by
overexpression of Bop3. It is conceivable that multiple
systems are involved in the protective mechanism
brought about by overexpression of Bop3 because dele-
tion of Fkhl or Msn2 only partially inhibits the protec-
tive effect of Bop3 against methylmercury. We believe
that Bop3 participates in the regulation of an important
intracellular function that exerts a protective effect
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against methylmercury toxicity. It is anticipated that the
protective effect of Bop3 against methylmercury, as re-
ported for the first time in the present study, will con-
tribute greatly to the elucidation of functions of this
interesting protein.
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In a search for undiscovered mechanisms of resistance to adriamycin, we screened
a genomic library derived from Saccharomyces cerevisiae for genes related to
adriamycin resistance. To our surprise, we found that overexpression of 8502
rendered yeast cells resistant to adriamycin. Downregulation of the metal trans-
porters Smfl and Smi2 is the only activity of Bsd2 reported to date, and Bsd2
deficiency increases intraceflular fevels of Smf1 and Smi2. SMF2-disrupted cells
exhibited significantly greater resistance to adriamycin, whereas the resistance of
SMFI-disrupted cells was only slightly improved. The sensitivity of the SMF1- and
SMF2-disrupted yeast cell line overexpressing BSD2 was almost the same as that of
the BSD2-overexpressing parental yeast cell. Thus the overexpression of BSD2 and
the disruption of SMFT and SMF2 might be involved in the same mechanism that
confers resistance to adriamycin. Although both SMF1- and SMF2-disrupted cells
were very sensitive to EGTA, overexpression of BSD2 had little or no effect on
sensitivity to EGTA. However, a partial decrease in the intracellular level of FLAG-
Smi2 was observed by overexpression of BSD2. Thus, the resistance to adriamycin
acquired by overexpression of BSD2 might be partially explained by down-
regulation of Smf2, but in addition to Smi2, other as of yel unidentified targets of

Bsd2 must also be responsible for the resistance.

2005. © 2004 Wiley-Liss, Inc.

Adriamycin is an anticancer drug that is widely used
in the treatment of leukemias, lymphomas, and various
carcinomas (Benjamin et al., 1974; Hortobagyi, 1997).
Adriamycin intercalates into DNA causing inhibition of
nucleic acid synthesis, and the inhibition of topoisome-
rase II (Hortobagyi, 1997; Gewirtz, 1999). The cytotoxi-
city of the drug has also been reported to involve the
production of free radicals (Sinha et al., 1989; Feinstein
et al., 1993).

The emergence of adriamycin-resistant cancer cells
has been an obstacle to successful therapy (Booser and
Hortobagyi, 1994). Cancer cells acquire adriamycin
resistance by promoting the extracellular release of
the drug, mediated by overexpression of ABC transpor-
ters such as p-glycoprotein and multidrug resistance-
associated protein (MRP) (Ueda et al., 1987; Lincke
et al., 1990; Cole and Deeley, 1998). Qualitative and
quantitative changes in the expression of topoisomerase
I (Zwelling et al., 1989; Withoff et al., 1996) and over-
expression of glutathione S-transferase (Singh et al.,
1989) have also been reported. However, these mechan-
isms alone cannot explain the development of adriamy-
cin resistance in many types of cancer cell. A more
detailed understanding of the mechanisms responsible
for the acquisition of resistance is necessary if improve-
ments are to be made in chemotherapy with adriamycin.
Therefore, we have been searching for genes that might

& 2004 WILEY-LISS, INC.

J. Cell. Physiol. 202: 100-104,

be related to adriamycin resistance. Yeast is an ideal
eukaryotic organism for identifying genes conferring
drug resistance because the methodologies for genetic
manipulation are well established (e.g., gene disruption
or introduction of exogenous genes). In the budding
yeast Saccharomyces cerevisiae, biochemical and gene-
tic screenings have identified some genes that confer
resistance to adriamycin (Schenk et al., 2002, 2003,
Furuchi et al., 2004). In this study, we found that the
overexpression of BSD2 (Liu et al., 1992; Liu and
Culotta, 1994) conferred resistance to adriamycin in
the yeast. BSD2 gene encodes a protein, Bsd2, involved
in the downregulation of the metal transporter proteins,
Smfl and Smf2 (Liu et al., 1997; Liu and Culotta, 1999;
Portnoy et al., 2000).
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MATERIALS AND METHODS
Yeast strains and media

Yeast cells (S. cerevisiae) were grown in yeast extract-
peptone-adenine-dextrose (YAPD) medium or in syn-
thetic dextrose (SD) medium without leucine.

Transformation

Yeast cells (W303B; a leucine-auxotrophic strain)
were transformed with a yeast genomic DNA library as
described previously (Naganuma et al., 2000). The yeast
genomic DNA library (Furuchi et al., 2001) was pre-
pared by cloning size-fractionated Sau3Al fragments (5-
to 10-kbp in length) of the yeast genome into the BamHI
cloning site of the LEUZ-based multicopy plasmid
YEp13. Transformants were grown in SD medium
without leucine at 30°C.

Selection of genes that confer
resistance to adriamycin

We cultured the Leu™ transformants in 96-well plates
(1 x 10* cells/200 pl/well) for 24 h at 30°C in SD (-Leu)
medium plus 100 pM adriamycin. This concentration of
adriamycin inhibits the growth of W303B cells. We
isolated transformed cells that had proliferated rapidly
and had formed aggregates in the presence of adriamy-
cin. We obtained 24 aggregates that exhibited resistance
to adriamyecin. We isolated plasmids from the cells as
described previously (Furuchi et al., 2001). The plas-
mids were amplified in Escherichia coli Miura et al.,
1999; Furuchi et al., 2002). Each plasmid was reintro-
duced into W303B cells to confirm the phenotype. We
then selected the plasmid that conferred the strongest
resistance to adriamycin for further study. The nucleo-
tide sequence of the genomic insert in the selected plas-
mid was determined with an automated DNA sequencer
(LI-COR, Lincoln, NE). After mapping, the genomic
insert was excised and subcloned into the pRS425
vector. Subclones were introduced into W303B yeast
cells and the sensitivity to adriamycin of each resultant
cell line was determined.

Construction of FLAG-Smf2 expressing plasmid

For construction of the FLAG-SMF2 vector, the SMF2
gene was cloned by PCR with chromosomal DNA from S.
cerevisiae as the template. The following oligonucleo-

" tides were used as primers: 5-CCGTATAGCGTTTA-
TGTTTGATGGACTACAAGGATGACGATGACAAGA-
CGTCCCAAGAATATGAACC-3' and 5'-TTAGAGGTG-
TACTTCTTTGCCCGTAG-3'.

The amplified DNA was inserted into the pGEM-T
easy vector (Promega, Madison, WI) to produce plasmid
pGEM-FLAG-SMF2. The insert was digested with the
restriction endonuclease EcoRI and fragments were
ligated into the pKT10-GAPDH (URAS3) expression
vector.

Immunoblotting

Yeast cells (1 x 108 cells) were cultured in 10 ml of SD
(-Ura, -Leu) medium for 4 h. Yeast cell lysates were
prepared by glass beads homogenization. Samples (25 ug
of protein) were separated by sodium dodecyl sulfate
(SDS)—polyacrylamide (12.5%) gel electrophoresis and
transferred to an Immobilon-P transfer membrane
(Millipore, Bedford, MA). Immunoblotting was carried
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out using anti-FLAG M2 monoclonal antibody (Sigma,
St. Louis, MO) and peroxidase-conjugated goat
anti-mouse immunoglobuling (Dako A/S, Glostrup,
Denmark) as primary and secondary antibodies, re-
spectively. Immunoreactive proteins were detected by
enhanced chemiluminescence system (Amersham
Pharmacia, Uppsala, Sweden).

Gene disruption

Genes were disrupted as described previously
(Baudin et al., 1993; Gonzalez et al., 1999; Hwang
et al., 2002). For construction of the smf1::HISS3 vector,
the smf2::HIS3 vector, the smf3::HIS3 vector and, the
bsd2::HIS3 vector, the HIS3 gene was amplified by PCR
with the following respective primers: SMFI1-HIS3-F
(6'-CTAACTTTCTCAATTAGGTCAAAATGGTGAAC-
GTTGGTCCTTCTCATGCTCTCTTGGCCTCCTCTAG-
3) and SMF1-HIS3-R (5-CAAACATTTGGGCAGAT-
GGCACAAATCCTCTGAACACTTGTITTAACGGACT-
CGTTCAGAATGACACG-3'); SMF2-HIS3-F (5'-CCGT-
ATAGCGTTTATGTTTGATGACGTCCCAAGAATA-
TGAACCTATTCAACTCTTGGCCTCCTCTAG-3') and
SMF2-HIS3-R (5'-GAATGAGGCATTACCGTGGCGC-
CCAGAATTGCCAGACTTAAGTATAACCCTCGTTCA-
GAATGACACG-3); and SMF3-HIS3-F (5'-CTTTAAA-
TATATCGTTCTTCCAAGCTAATTGATAACAGTAGT-
AGCATCACCTCTTGGCCTCCTCTAG-3) and SMFS-
HIS3-R (5'-GGCAATTAAGAACAAAGAAATGATTAG-
TTCAGCGTACGCATAGTTTAACGTCGTTCAGAAT-
GACACG-3) and BSD2-HIS3-F (5'-GTCTAGGAAAC-
TAAGCGCTATGCCAGAGCAAGAACTACTTATAGG-
GCAAGCTCTTGGCCTCCTCTAG-3') and BSD2-HIS3-
R (5-CGTTGATTGTGAATTTAGACGAACATCATC-
GAATTCATTTGGATCCTCTATCGTTCAGAATGACA-
CG-3). Each product of PCR was introduced into W303B
cells.

For construction of the smf2::URAS vector, the SMF2
gene was cloned by PCR with chromosomal DNA from S.
cerevisiae as the template. The amplified DNA was
inserted into the pGEM-T easy vector (Promega) to
produce plasmid pGEM-SMF2. The region between the
Bglll site and the EcoRYV site in the open reading frame
(ORF) of the SMF2 gene in pGEM-SMF2 was removed
and replaced by the URAS3 gene. Disruption of genes was
verified by PCR.

Quantification of growth inhibition by
adriamycin and other compounds

Yeast cells that harbored pRS425-BSD2 or pRS425
were cultured in 96-well plates (1 x 10* cells/ 200 ul)
in SD (-Leu) medium that contained the indicated
compound at various concentrations. After 48 h, the
absorbance at 620 nm (Agg) was determined spectro-
photometrically to quantify the growth of each line of
cells. For spot assays using agar-solidified medium, a
suspension of yeast cells was spotted onto a plate of agar-
solidified medium containing adriamycin. Plates were
photographed after incubation for 48 h at 30°C.

RESULTS AND DISCUSSION

To identify genes whose overexpression confers resis-
tance to adriamycin on S. cerevisiae, we transformed
strain W303B with the multicopy vector Yepl3 into
which a yeast genomic library had been inserted. We
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cultured the resultant transformants for 72 h in SD
(-Leu) medium that contained 100 pM adriamycin.
Under these culture conditions, the parent strain
transformed with vector (Yepl3) containing no insert
failed to grow. We picked 24 yeast colonies that had
growninthe presence of 100 uM adriamycin and isolated
the plasmid DNA from each. When parent W303B cells
were transformed with the 24 individual plasmids (AR1
through AR24), AR9, AR13, AR16, and AR17 were found
to confer adriamycin resistance to the transformants.
The cell line AR16, which exhibited the strongest re-
sistance was selected for further study, and the inserted
fragment of genomic DNA was sequenced. A search for
this sequence in the Saccharomyces Genome Database
(http:/genome-www.stanford.edu/Saccharomyces/) re-
vealed that a region of approximately 5 kbp, derived
from yeast chromosome I1, had been inserted in plasmid
AR16. This region contained the ORFs of three genes,
namely, BSD2, CTP1, and YBR292c (Fig. 1). To identify
genes involved in adriamycin resistance, we digested
AR16 with appropriate restriction enzymes into three
fragments (AR16a, AR16b, and AR16¢), each encoding
one of the three ORFs. The fragments were subcloned
into the multicopy vector pRS425, and used to transform
W303B cells. Only yeast cells re-transformed with the
plasmid that included AR16a were resistant to adria-
mycin. Since AR16a contained only the ORF of BSDZ2, it
was clear that overexpression of BSD2 had conferred
resistance to adriamycin on yeast cells (Fig. 2).

In addition to adriamycin, the BSD2-overexpressing
yeast cells exhibited resistance to actinomycin D, but not
to other anticancer drugs, such as aclarubicin, cisplatin,
and b-fluorouracil. There was no detectable increase in
resistance to inducers of oxidative stress, such as hydro-
gen peroxide and paraquat (data not shown). Thus,
BSD2-overexpressing yeast cells appear to exhibit
relatively specific resistance to adriamycin and actino-
mycin D. ,

BSD2 was originally identified as the gene that
counteracts the enhanced sensitivity to oxidative stress
reported in yeast cells lacking Cu/Zn superoxide dis-
mutase (Liu et al., 1992; Liu and Culotta, 1994).

- T = - x & -
s [+ Q s [e] Q Q
| Fods ¥ o4 g
B, B
Bsp2  CTP1 YBR292c
o < Resistance
to adriamycin
AR16 | l +
ARtea [ 1] +
AR16b 1 -
AR16¢ 1 -
Fig. 1. Restriction map of the genomic DNA insert in plasmid AR16

and the ORFs that conferred resistance to adriamycin. The thick black
line represents the vector YEp13; the thin line represents the genomic
DNA insert. Vertical lines above the genomic DNA insert indicate the
restriction sites used to generate various subclones. The ability of
three subclones (containing fragments AR16a, AR16b, and AR16¢) to
confer resistance to adriamycin is indicated (4, confer resistance; —,
did not confer resistance). ORFs are denoted by black arrows that
indicate the direction of transcription.
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Fig. 2. Adriamycin sensitivity of yeast cells that overexpress BSD2.
(A) Yeast cells that harbored pRS425 or pRS425-BSD2 were grown in
liquid SD (-Leu) medium that contained adriamycin at the indicated
concentration. After incubation for 48 h at 30°C, absorbance was
measured spectrophotometrically at 620 nm. Each point represents
the mean value of results from three cultures with SD (bars). The
absence of a bar indicates that the SD falls within the symbol. (B)
Yeast cells that harbored pRS425 (control) or pRS425-BSD2 were
grown on a plate of agar-solidified SD (-Leu) medium with or without
adriamycin. Plates were photographed after incubation for 48 h at
30°C.

Mutations in the BSDZ2 gene causes upregulation of
the metal transporter proteins, Smfl and Smf2, allow-
ing the accumulation of abnormally large amounts of
metal ions (Liu et al., 1997; Liu and Culotta, 1999,
Portnoy et al., 2000). Since the mechanism of resistance
to adriamycin might plausibly involve Smfl and Smf2,
we constructed a number of yeast strains carrying a
disrupted gene for Smfl and/or Smf2 and examined
their sensitivity to the drug. We found that SMF2-
disrupted yeast cells (smf24) exhibited a marked resis-
tance to adriamycin, whereas SMFI1-disrupted yeast
cells (smf14) displayed only a slight increase in resis-
tance (Fig. 3). The resistance to adriamycin of yeast cells
in which both genes had been disrupted (smf 14smf24)
was similar to that of SMFZ2-disrupted yeast cells.
Smfl, Smf2, and Smf3 are all members of the SMF
family but the intracellular level of Smf3 is not regu-
lated by Bsd2 (Portnoy et al., 2000). Nonetheless, we
examined the effects of disrupting the Smf3 gene and
found that Smf3-disrupted yeast cells (smf34) exhib-
ited similar sensitivity to adriamycin to that of the
control parental strain (W303B) (Fig. 3). These results

1.2
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§ —{— W303B
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z 061 —@— smf24
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[

© 0.2 —— smftAsmf24
0 i ——

0 20 40 60 80 100 12
Adriamycin (pivi)

Fig. 3. Effects of disruption of genes in the SMF family on the
sensitivity of yeast cells to adriamyecin. Yeast cells, with a disrupted
gene for SMF1, SMF2, or SMF3 as indicated, were grown in SD me-
dium containing adriamycin. For other details, see legend to Figure 2.
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suggest that Smf3 plays no part in the mechanism of
resistance to adriamycin mediated by the upregulation
of Bsd2.

Disruption of BSDZ2 is known to increase intracellular
levels of both Smfl and Smf2 posttranslationally (Liu
and Culotta, 1999; Portnoy et al., 2000) but the effects of
overexpression of BSD2 on the intracellular levels of
these factors have not been investigated. It has been
reported that SMFI1- or SMF2-disrupted yeast cells are
very sensitive to the metal chelator EGTA (Cohen et al.,
2000). If overexpression of BSD2 were to depress the
intracellular levels of Smfl and Smf2, BSD2-overex-
pressing yeast cells would be expected to be very
sensitive to EGT'A. However, as shown in Figure 4, the
overexpression of BSD2 had little effect on sensitivity
to EGTA. Yeast cells that lack Bsd2 are very sensitive
to copper and cadmium (Liu et al., 1997), presumably
because elevated intracellular levels of Smfl and Smf2
promote the uptake of these metals. However, the
sensitivity to copper and cadmium of BSD2-overexpres-
sing yeast cells was the same asthat of control yeast cells
transformed with vector alone (data not shown). Our
results suggest that elevated levels of Bsd2 lead to only a
slight reduction in the intracellular levels of Smfl and
Smf2. To examine this issue in detail, we examined the
effect of overexpression of BSD2 on intracellular levels
of Smf2 using a FLAG-specific antibody and a yeast
strain expressing Smf2 fused to the FLAG tag (FLAG-
Smf2). We found that overexpression of BSD2 did not
completely but partially decreased the intracellular
level of FLAG-Smf2 (Fig. 5).

We also studied the effect of elevated levels of Bsd2 on
adriamycin sensitivity in the SMFI- and SMF2-dis-
rupted yeast cells. We found that adriamycin sensitivity
of BSDZ2-overexpressing SMF1- and SMF2-disrupted
yeast cells was almost the same as that of the BSD2-
overexpressing parental yeast cell (Fig. 6). If the dis-
ruption of SMF1 and SMF2 and the overexpression of
BSD2 are operating by a separate mechanism to cause
resistance, the combination effect should be additive or
synergistic. Therefore, the overexpression of BSD2 and
the disruption of SMF1 and SMF2 might be involved in
the same system to confer resistance to adriamycin. Our
results suggest the possibility that the adriamycin
resistance acquired by overexpression of BSDZ2 might
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Fig. 4. KEffects of overexpression of BSD2 on the sensitivity to EGTA of
yeast cells with disrupted SMF genes. Yeast cells with mutations as
indicated, harboring pRS425 or pRS425-BSD2, were grown in SD (-Lew)
medium containing EGTA. For other details, see legend to Figure 2.
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Fig. 5. Effects of overexpression of BSDZ2 on intracellular levels of
FLAG-Smf2. A yeast strain expressing Smf2 fused to the FLAG tag
(FLAG-Smf2) was transformed with pRS425 or pRS425-BSD2.
Lysates of indicated strains (W303B or bsd24) expressing FLAG-
Smf2 and/or Bsd2 were separated by SDS—PAGE. Immunoblotting
was carried out using anti-FLAG M2 monoclonal antibody.

be partially explained by down-regulation of Smf1 and
Smf2, but in addition to Smfl and Smf2, other as of yet
unidentified targets of Bsd2 must also be responsible for
the resistance. Bsd2 might activate (or inhibit) a certain
factor(s), which is/are involved in reduction (or enhance-
ment) of the toxicity of adriamycin, independently of the
downregulation of Smfl and Smf2. Moreover, over-
expression of BSD2 might almost fully mask the effects
of Smf1 and Smf2 on the toxicity of adriamycin.

In the bsd2 mutant cell, a mutant variant of the H -
ATPase Pmal (pmal-7) is localized inappropriately (Luo
and Chang, 1997). Thus, it has been suggested that Bsd2
might be involved in the stability of membrane proteins
other than Smfl and Smf2 (Luo and Chang, 1997).
Various membrane proteins involved in the influx or
the efflux of chemicals have been identified in yeast
(Kolaczkowski et al., 1996; Mulet et al., 1999; Goossens
et al., 2000; Wolfger et al., 2001; Ishida et al., 2002).
Therefore, we cannot discount the possibility that
overexpression of BSD2 might confer adriamycin resis-
tance on yeast cells by reducing the stability of trans-
porter proteins. However, overexpression of BSD2 had
little or no effect on the intracellular accumulation of
adriamycin (data not shown). Therefore, it seems likely
that the mechanism of adriamycin resistance resulting
from the overexpression of BSD2 does not involve the
regulation of membrane proteins that participate in the
transport of adriamycin.

It has been reported that cells induced to express the
endoplasmic reticulum (ER) stress-response protein
GRP78, are resistant to adriamycin (Shen et al., 1987).
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Fig. 6. Effects of overexpression of BSD2 on the sensitivity to
adriamycin of SMF-disrupted yeast cells. Yeast smfldsmf24 cells,
harboring pRS425 or pRS425-BSD2, were grown in SD (-Leu) medium
containing adriamycin as indicated. For other details, see legend to
Figure 2.
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Thus, the ER might be important in the development of
adriamycin toxicity. Bsd2 is localized in the ER (Liu
et al., 1997) and BSD2-overexpressing yeast cells might
have elevated levels of Bsd2 in the ER.

On the other hand, our BSDZ2-overexpressing cells
were resistant to actinomycin D, an inhibitor of RNA
synthesis. Since adriamycin also inhibits RNA synthesis
(Gewirtz, 1999) and overproduction of Ssl2 helicase
confers resistance to both adriamycin and actinomycin
D (Furuchi et al., 2004), the possible involvement of
Bsd2 in RNA synthesis cannot be excluded.

In the present study, our results demonstrate the
involvement of Bsd2 and Smf2 in the development of
adriamycin toxicity. Although the function of these
proteins remain to be elucidated, our findings indicate
the existence of a novel mechanism that determines the
sengitivity of yeast cells to adriamycin. Elucidation of
the mechanism in yeast cells will be helpful for a full
understanding of the various mechanisms responsible
for the acquisition of resistance to and the cytotoxicity of
adriamyecin in human cells.
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