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Role of the Ubiquitin-proteasome System in Methylmercury
Toxicity in Saccharomyces cerevisiae
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Methylmercury (MeHg) is an important environmental pollutant that causes severe disorders of the central
nervous system, but the mechanism underlying its toxicity and the corresponding biological defense mechanisms
remain largely unknown. Saccharomyces cerevisiae (S. cererisiae) yeast cells were used to elucidate the defense
mechanisms against MeHg toxicity and to search for novel genes involved in MeHg resistance. S. cerevisiae is
a eukaryotic organism that possesses many gene products that are functionally similar to those of mammals such
as humans. We have previously reported that Cdc34 and Rad23 confer MeHg resistance to yeast cells. Interest-
ingly, the both proteins are related to ubiquitin-proteasome system (UP system) that is involved in the intracellular
degradation of proteins. In our detailed experiments, we found that the UP system might play an important role in
lending protection against MeHg toxicity. This review summarizes the results of our studies on the role of the UP
system as a defense mechanism against MeHg toxicity in yeast cells.
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INTRODUCTION

Methylmercury (MeHg) is a well-known envi-
ronmental pollutant that causes serious disorders of
the central nervous system and gives rise to vari-
ous other symptoms. Recent epidemiological stud-
ies have indicated that ingestion of MeHg through
fish during pregnancy can result in neurological de-
fects in the offspring. However, the mechanism un-
derlying MeHg toxicity is not fully understood.

We used Saccharomyces cerevisiae (S. cere-
risiae) yeast cells to elucidate the defense mecha-
nisms against MeHg toxicity, and search for novel
genes involved in MeHg resistance because S. cere-
visiae is a eukaryotic organism having many gene
products that are functionally similar to those of
mammals such as humans. We previously reported
that Cdc341) and Rad232) confer MeHg resistance
on yeast cells. Cdc34 is a ubiquitin-conjugating en-
zyme that is involved in the ubiquitin-proteasome
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system (UP system), and Rad23 is another factor re-
lated to the UP system. The UP system initiates pro-
tein degradation by the covalent attachment of ubiq-
uitin to substrate proteins to yield ubiquitin-protein
conjugates. The formation of a thiolester bond be-
tween ubiquitin and the ubiquitin-activating enzyme
leads to ubiquitin activation, and the activated ubiq-
uitin is then transferred to one of the many dis-
tinct ubiquitin-conjugating enzymes by transthiola-
tion. The ubiquitin-conjugating enzymes catalyze
the ubiquitination of substrate proteins either di-
rectly or in conjunction with a distinct ubiquitin
ligase that is composed of multiple proteins. The
ubiquitination of a substrate protein is followed by
degradation of that protein through the proteasome
(Fig. 1).3) This review mainly summarizes the re-
sults of our research that explores the role of the UP
system in the mechanism of MeHg toxicity in yeast
cells.
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Fig. 1. Skp1/Cdc53/F-box Protein (SCF) Complex-mediated
Proteasomal Degradation

REDUCTION IN MeHg TOXICITY BY UP
SYSTEM-MEDIATED ACCELERATION

OF PROTEOLYSIS

To identify the functional domain of Cdc34
that is essential for acquisition of resistance to
MeHg, we constructed several Cdc34 mutants4, 5)

that had no ubiquitin-conjugating activity and ex-
amined their MeHg sensitivity, thereafter. Our re-
sults showed that the MeHg sensitivity of yeast cells
that overexpressed Cdc34 mutants did not signifi-
cantly differ from that of the control yeast cells. In
addition, the overexpression of wild-type Cdc34 led
to an increase in the levels of total ubiquitinated pro-
teins. However, this phenomenon was not recog-
nized in yeast cells that expressed the Cdc34 mu-
tants.6) These results suggest that the function of
Cdc34 as a ubiquitin-conjugating enzyme is essen-
tial for resistance to MeHg.

The Skp1/Cdc53/F-box protein (SCF) complex
is known as ubiquitin ligase that together with
Cdc34 is involved in the ubiquitination of proteins
(Fig. 1).7) Overexpression of individual subunits of
SCF (particularly Cdc53, Hrt1, and Skp1) did not
significantly affect the MeHg sensitivity of yeast
cells or the levels of total ubiquitinated proteins.
In contrast, overexpression of Uba1, a ubiquitin-
activating enzyme, lent the cells limited resistance
to MeHg, without any significant change in the lev-
els of total ubiquitinated proteins. Increased levels
of total ubiquitinated proteins were observed only
in yeast cells that overexpressed Cdc34.

Ubiquitin-conjugating enzyme consists of the
gene family, and 13 different ubiquitin-conjugating
enzymes, including Cdc34, have been identified,8)

and these are involved in lending MeHg resis-
tance to yeast cells. Interestingly, we found that

the yeast cells that overexpressed several ubiquitin-
conjugating enzymes apart from Cdc34 also showed
some degree of resistance to MeHg. Further,
these cells had increased levels of total ubiquiti-
nated proteins, when compared with the control
cells. The difference in the degree of resistance
is thought to depend on the substrate specificity
of each ubiquitin-conjugating enzyme.6) Thus, in
the UP system that requires Cdc34 as a ubiquitin-
conjugating enzyme, the ubiquitin-conjugating en-
zyme seems to be rate limiting. The basal cellular
concentration of Cdc34 might be lower than that of
the other components of the UP system.

The conjugation of ubiquitin to target proteins
serves as a signal that triggers the degradation
of these proteins in the proteasome. Treatment
with MG132, a proteasome inhibitor, almost com-
pletely eliminated the protective effect that Cdc34
overexpression had against MeHg toxicity. The
proteasome-defective cells were hypersensitive to
MeHg when compared with the wild-type cells.6)

These results suggested that proteasome activity
is essential for the Cdc34-mediated resistance to
MeHg. Therefore, it seems likely that certain pro-
teins that have not yet been identified, but exist in
cells, increase MeHg toxicity. However, the toxic-
ity might be reduced by the enhanced degradation of
these proteins when Cdc34 is overexpressed in the
UP system.

The UP system is strongly conserved from yeast
to human cells. Human cells overexpressing Cdc34
exhibited significant resistance to MeHg when com-
pared with the control cells.6) This result indicates
that the UP system involving Cdc34 plays an im-
portant role in conferring protection against MeHg
toxicity on both yeast and human cells. Therefore,
identifying the protein involved in enhancing MeHg
toxicity should help in elucidating the mechanism
of underlying MeHg-induced damage to the central
nervous system in humans.

IDENTIFICATION OF THE F-BOX
PROTEIN INVOLVED IN REDUCING

MeHg TOXICITY

SCF complex is a component of the UP system
and consists of Skp1, the scaffold protein Cdc53,
the RING-finger protein Hrt1, and a member of the
family of F-box proteins. Among the factors that
make up this SCF complex in yeast cells, 17 dif-
ferent F-box proteins are known to bind directly to
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the substrate proteins that are then degraded by the
UP system.9) F-box proteins have their individual
substrate-specificities that play important roles in
the selection of proteins that are degraded by the UP
system. When overexpression of the F-box protein
in yeast cells, ubiquitinated protein and combination
ratio with the SCF complex increase, it is thought
that proteasomal degradation following ubiquitina-
tion of the target protein is promoted. In an at-
tempt to identify the F-box protein involved in the
protection of yeast cells against MeHg toxicity, we
generated 17 yeast strains that overexpressed each
of the 17 different F-box proteins. We observed
that yeast cells that overexpressed Hrt3 or Ylr224w
were strongly resistant to MeHg, when compared
with the control cells.10) Recently, we also found
that Ymr258c, a new F-box protein, is involved in
reduction of MeHg toxicity.11) Furthermore, yeast
cells that overexpressed wild-type Hrt3, Ylr224w,
or Ymr258c were resistant to MeHg, while those
that overexpressed proteins with deleted F-box do-
mains were not. The MeHg resistance to the for-
mer group of yeast cells disappeared in the presence
of the proteasome inhibitor MG132.10, 11) These re-
sults suggest that the formation of the SCF complex
and the proteasome-mediated degradation of ubiq-
uitinated proteins might be necessary for the yeast
cells to exhibit resistance to MeHg on overexpres-
sion of Hrt3, Ylr224w, and Ymr258c.

MeHg toxicity is believed to reduce with the
overexpression of Cdc34 or F-box protein and the
proteasomal degradation of the ubiquitinated pro-
tein, which is recognized by other F-box proteins
(Hrt3 or Ylr224w). We recently succeeded in iden-
tifying the protein that specifically binds to the F-
box protein and is involved in the reinforcement of
MeHg toxicity. In the future, detailed studies on
the role of the protein, which serves as a determina-
tion factor for MeHg toxicity, will help elucidate the
mechanism of MeHg toxicity and the corresponding
biological defense mechanism.

REDUCTION IN MeHg TOXICITY BY
UP SYSTEM-MEDIATED SUPPRESSION

OF PROTEOLYSIS

We found that Rad23, a UP system-related fac-
tor, is involved in the reduction of MeHg toxic-
ity.2) Rad23 has 2 domains: a ubiquitin-associated
(UBA) domain that bind to the ubiquitin chain of
ubiquitinated proteins, and a ubiquitin-like (UbL)

domain that binds to the proteasome.12) It has been
reported that Rad23 has 2 contradictory functions.
First, Rad23 inhibits the elongation of the ubiquitin
chain by binding to the ubiquitin moiety of ubiquiti-
nated proteins. Because the proteasome recognizes
ubiquitinated proteins as substrates when more than
a certain number of ubiquitin molecules have been
attached, it has been postulated that proteins can
elude proteasomal degradation when elongation of
the ubiquitin chains is inhibited.13) Second, Rad23
transports ubiquitinated proteins to the proteasome.
Rad23 binds to the proteasome and enhances the
degradation of ubiquitinated proteins.14, 15) Thus,
Rad23 seems to regulate the degradation of ubiqui-
tinated proteins through its contradictory functions.

To understand the relationship between the
MeHg toxicity and the 2 contradictory functions
of Rad23, we investigated MeHg sensitivity of
yeast cells with overexpressed truncated variants of
Rad23 that had defective UbL or UBA domains.
We found that yeast cells that overexpressed Rad23
with a defective UbL domain were more resistant to
MeHg than were those that overexpressed wild-type
Rad23. In contrast, yeast cells that overexpressed
Rad23 with a defect in UBA domain were resis-
tant only to very low levels of MeHg.2) Our find-
ings suggest that the UbL domain in Rad23 might
be involved in the enhancement of MeHg toxic-
ity, whereas the UBA domain might be involved
in the conferring resistance to MeHg toxicity. The
fact that yeast cells overexpressing wild-type Rad23
were resistant to MeHg indicates that the functions
mediated by the UBA domain might be dominant
over those mediated by the UbL domain with re-
spect to the acquisition of MeHg resistance when
Rad23 is overexpressed. We also found a marked
increase in the levels of total ubiquitinated proteins
in the yeast cells that overexpressed the wild-type
Rad23, and an even greater increase in this expres-
sion in the yeast cells that overexpressed Rad23
with defect in the UbL domain. In contrast, we
detected a marked reduction in the levels of total
ubiquitinated proteins in the yeast cells that overex-
pressed Rad23 with a defect in the UBA domain.2)

These results clearly show that the UbL domain of
Rad23 plays a role in reducing the cellular level of
ubiquitinated proteins, whereas the UBA domain
play a role in increasing the levels of these pro-
teins. Thus, the proteasome-mediated degradation
of ubiquitinated proteins is enhanced by the UbL-
mediated transport of ubiquitinated proteins to the
proteasome, whereas the degradation of ubiquiti-
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nated proteins is suppressed when the elongation of
the ubiquitin chains of ubiquitinated proteins is in-
hibited by the UBA domain of Rad23.

MeHg toxicity is probably reduced by UBA
domain-mediated suppression of the degradation of
ubiquitinated proteins, while it is increased by UbL
domain-mediated enhancement of the degradation
of ubiquitinated proteins. In yeast cells that overex-
pressed Rad23, Rad23 activity that suppresses the
degradation of ubiquitinated proteins might be dom-
inant over the activity that enhances the degradation
of these proteins. This possibly explains how the
Rad23-overexpressing yeast cells acquire resistance
to MeHg. Therefore, we propose that certain pro-
teins in yeast cells are involved in the reduction of
MeHg toxicity and are degraded by the UP system,
and that Rad23 might play a role in enhancing the
protective actions of these proteins against MeHg
toxicity by suppressing their degradation.

RELATIONSHIP BETWEEN CDC34
AND RAD23 IN MeHg TOXICITY

Unlike Cdc34, Rad23 reduces MeHg toxicity by
suppressing the degradation of proteins that might
reduce MeHg toxicity. Nevertheless, we could not
rule out the possibility that both Cdc34 and Rad23
recognize the same proteins, which are indirectly
involved in MeHg toxicity, as substrates, because
Cdc34 is involved in protein ubiquitination, and
Rad23 binds to the ubiquitin chain of ubiquitinated
proteins. However, when we overexpressed Cdc34
in normal and Rad23-defective yeast cells, resis-
tance to MeHg was enhanced to almost the same
extent in both yeast cell lines. Thus, it is possi-
ble that the binding of Rad23 to ubiquitinated pro-
teins might be regulated by a mechanism that in-
volves 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 ubiquiti-
nated proteins that reduce or enhance MeHg toxicity
might be present in cells. The UP system and related
proteins might determine the extent of MeHg toxi-
city by regulating the cellular concentrations of the
various proteins (Fig. 2).

Fig. 2. Role of the UP System in MeHg Toxicity in Yeast Cells

CONCLUSIONS

Recently, many studies showed that the UP sys-
tem is involved in a number of neurological disor-
ders, and accumulating evidence indicates that de-
fects in UP systems disrupt cellular homeostasis and
induce degeneration, especially in the brain. How-
ever, attention should also be paid to the relationship
between the UP system and MeHg toxicity, because
the MeHg mainly causes central nerve disorder. Our
findings suggest the possibility that the UP system
plays an important role as a determination factor of
sensitivity to MeHg. These findings will help in
elucidating the role of the UP system as a mecha-
nism in reducing MeHg toxicity. Although substrate
proteins recognized by Cdc34 or Rad23 have not
been identified, they may include proteins associ-
ated with MeHg toxicity. Identification of these pro-
teins may be important for elucidating the largely
unknown mechanism of MeHg toxicity.

Acknowledgements I thank Professor Akira Na-
ganuma for his help and advice and all the grad-
uate school students for who assisted me on this
research. This work was supported partly by a
Grant-in-Aid for Scientific Research (S) and partly
by Grant-in-Aid for young scientists (B) from the
Ministry of Education, Culture, Sports, Science and
Technology of Japan.

REFERENCES

1) Furuchi, T., Hwang, G. W. and Naganuma, A.
(2002) Overexpression of the ubiquitin-conjugating
enzyme Cdc34 confers resistance to methylmercury



No. 2 133

in Saccharomyces cerevisiae. Mol. Pharmacol., 61,
738–741.

2) Hwang, G. W., Sasaki, D. and Naganuma, A.
(2005) Overexpression of Rad23 confers resistance
to methylmercury in Saccharomyces cerevisiae via
inhibition of the degradation of ubiquitinated pro-
teins. Mol. Pharmacol., 68, 1074–1078.

3) Hochstrasser, M. (1995) Ubiquitin, proteasomes,
and the regulation of intracellular protein degrada-
tion. Curr. Opin. Cell Biol., 7, 215–223.

4) Mathias, N., Steussy, C. N. and Goebl, M. G. (1998)
An essential domain within Cdc34p is required for
binding to a complex containing Cdc4p and Cdc53p
in Saccharomyces cerevisiae. J. Biol. Chem., 273,
4040–4045.

5) Pitluk, Z. W., McDonough, M., Sangan, P. and
Gonda, D. K. (1995) Novel CDC34 (UBC3)
ubiquitin-conjugating enzyme mutants obtained by
charge-to-alanine scanning mutagenesis. Mol. Cell.
Biol., 15, 1210–1219.

6) Hwang, G. W., Furuchi, T. and Naganuma, A.
(2002) A ubiquitin-proteasome system is respon-
sible for the protection of yeast and human cells
against methylmercury. FASEB J., 16, 709–711.

7) Deshaies, R. J. (1999) SCF and Cullin/Ring H2-
based ubiquitin ligases. Ann. Rev. Cell Dev. Biol.,
15, 435–467.

8) VanDemark, A. P. and Hill, C. P. (2002) Structural
basis of ubiquitylation. Curr. Opin. Struct. Biol., 12,
822–830.

9) Craig, K. L. and Tyers, M. (1999) The F-box: a
new motif for ubiquitin dependent proteolysis in cell
cycle regulation and signal transduction. Prog. Bio-
phys. Mol. Biol., 72, 299–328.

10) Hwang, G. W., Ishida, Y. and Naganuma, A. (2006)
Identification of F-box proteins that are involved in
resistance to methylmercury in Saccharomyces cere-
visiae. FEBS Lett., 580, 6813–6818.

11) Hwang, G. W., Wada, N., Kuge, S. and Naganuma,
A. (2009) Overexpression of the novel F-box pro-
tein Ymr258c confers resistance to methylmercury
in Saccharomyces cerevisiae. J. Toxicol. Sci., 34,
413–416.

12) Van Laar, T., van der Eb, A. J. and Terleth, C.
(2002) A role for Rad23 proteins in 26S proteasome-
dependent protein degradation?. Mutat. Res., 499,
53–61.

13) Raasi, S. and Pickart, C. M. (2003) Rad23 ubiquitin-
associated domains (UBA) inhibit 26 S proteasome-
catalyzed proteolysis by sequestering lysine 48-
linked polyubiquitin chains. J. Biol. Chem., 278,
8951–8959.

14) Elsasser, S., Gali, R. R., Schwickart, M., Larsen,
C. N., Leggett, D. S., Muller, B., Feng, M. T.,
Tubing, F., Dittmar, G. A. and Finley, D. (2002) Pro-
teasome subunit Rpn1 binds ubiquitin-like protein
domains. Nat. Cell Biol., 4, 725–730.

15) Chen, L. and Madura, K. (2002) Rad23 promotes
the targeting of proteolytic substrates to the protea-
some. Mol. Cell. Biol., 22, 4902–4913.


