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Nacanuma, A, Furuchr, T., Miura, N., Hwang, G.-W. and Kucg, S.  Inwesti-
gation of Intracellular Factors Involved Methylmercury Toxicity. Tohoku J. Exp.
Med., 2002, 196 (2), 65-70 —— Methylmercury is a known pollutant that causes
severe central nervous system disorders. It is capable of passing through the
blood-brain barrier and accumulates in cerebral cells. However, little is known
regarding the mechanism of its toxicity at the molecular level. Using yeast cells,
we searched for the genes involved in the expression of methylmercury toxicity,
and found that genes encoding L-glutamine«D-fructose-6-phosphate amidotransfer-
ase (GFAT) and ubiquitin transferase (Ubc3) confer methylmercury resistance on
the cells. It has also been shown that GFAT is the target molecule of methylmer-
cury in yeast cells. These findings provide important clues about the mechanism
underlying methylmercury toxicity in mammals. methylmercury; resis-
tance; yeast; ubiquitin; glucosamine-6-phosphate
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Review

The mechanism underlying mercury poisoning
remains to be elucidated

Despite the efforts of many researchers,
including ourselves, the mechanisms involved in
methylmercury toxicity and the defense against
this toxicity remain unknown (Akagi and
Naganuma 2000; Miura 2000). Although more
than 40 years have passed since the first out-
break of Minamata disease, we still only know
that the causative agent is methylmercury

which is highly cytotoxic, but how it exerts it
toxicity at the molecular level remains to be
determined. We have attempted to clarify the
mechanism of methylmercury toxicity using
experimental animals, because we consider it
important to investigate the in vivo toxicity in
detail, since studies using only in vitro experi-
mental systems did not clarify the mechanism of
the neurotoxicity of methylmercury. However,
studies using rats and mice would be meaning-
less unless findings significant and relevant to
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humans are obtained. We have obtained sev-
eral toxicologically important findings with
respect to methylmercury using experimental
animals (Naganuma and Imura 1979, 1980, 1984;
Naganuma et al. 1980a; Tanaka et al. 1991,
1992a, b; Urano et al. 1997), but could not deter-
mine the mechanism of methylmercury toxicity
at the molecular level.

Does methylmercury target specific molecules in
cells ?

By what mechanism does methylmercury
exert it toxic effects on cells? Methylmercury
has a high affinity to the SH residues of
cysteine, and inhibits most of the enzymes
whose activities depend on the SH residues in
the enzyme molecules. Therefore, some
researchers consider that methylmercury does
not exert its toxicity by attacking specific tar-
gets in cells but suppresses the growth of cells
by the nonspecific inhibition of the activities of
proteins with SH residues. In fact, increases in
the concentration of intracellular free SH resi-
dues reduce methylmercury toxicity (Miura et
al. 1994a, b). On the other hand, it was reported
that methylmercury toxicity was suppressed by
antioxidants such as vitamin E in animal experi-
ments (Yonaha et al. 1983; Sarafian and Verity
1991), but this cannot be explained by the non-
specific inhibition of intracellular active sub-
stances by methylmercury.

Investigation of target molecules using yeast

If it is assumed that there are target mole-
cules of methylmercury in cells, the problem of
finding them remains. Many researchers have
attempted to identify such target molecules, but
most tested candidates among known intracel-
lular factors. However, unknown factors can-
not be identified by such a method. In this
study, we randomly tested target molecules at
the genetic level. We focused on the fact that
drug resistance is sometimes involved in eleva-
tion of the concentration of the intracellular
target of the drug. Screening for the genes

conferring methylmercury resistance on cells
transformed with individual genes would indi-
cate the genes encoding the target molecules of
methylmercury together with the genes for the
defense against its toxicity. We investigated
yeast genes obtained from a library, since yeast
genes can be easily identified because the nu-
cleotide sequence of the entire genome has been
clarified. Plasmids carrying a chromosome
fragment (usually containing 2-4 genes) were
transfected into yeast cells, and genes contained
in the chromosome fragments were expressed at
high levels in the cells. Among such yeast cells,
those that could grow on a medium containing
methylmercury at a concentration that would
not permit the growth of normal yeast cells
were selected. Since these yeast cells acquired
methylmercury resistance following the intro-
duction of gene fragments, genes conferring
methylmercury resistance must be contained in
the introduced gene fragments. Plasmids were
isolated from the yeast cells that had acquired
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Fig.1. Sensitivity of yeast transfected with the
GFAT gene to toxicity of methylmercury
(MeHg). W303B/pGFAT and W303B/
pYES? (control) were suspended in a medium
in the presence of MeHg and cultured with
shaking at 30°C for 24 hours.

O, pYES2 (Control); @, GFAT.
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methylmercury resistance, and the chromosome
fragments carried in the plasmids were inves-
tigated. We identified GFAI (Fig.1) and
CDC34 as the genes involved in methylmercury
resistance (Miura et al. 1999; Naganuma et al.
2000; Furuchi et al. 2002; Hwang et al. 2002).
GFAI is the gene encoding L-glutamine«p-
fructose-6-phosphate amidotransferase (GFAT),
which is a catalytic enzyme involved in the
production of glucosamine-6-phosphate from
glutamine and fructose. CDC34 is the gene
encoding ubiquitin transferase (Ubc3), which is
involved in the ubiquitination of intracellular
proteins.

GFAT 1is the target molecule of methylmercury
n veast

Glucosamine-6-phosphate generated by the
reaction catalyzed by GFAT is the precursor of
all amino sugars synthesized intracellularly.
Yeast cells cannot survive without amino

sugars, because glycoproteins cannot be
produced in their absence. Therefore, GFAT is
an the essential enzyme for the growth of yeast
cells (Watzele and Tanner 1989). Since GFAT
is an SH enzyme, methylmercury inhibits
GFAT activity. The inhibitory effects of meth-
ylmercury on various SH enzymes were deter-
mined (Naganuma et al. 2000) (Fig.2). The
activity of GFAT was almost completely inhib-
ited by 4 uM methylmercury, while those of
other SH enzymes were hardly affected by
methylmercury at this concentration. The
inhibition constant (Ki) of methylmercury was 4
uM for GFAT, while the Ki values for other SH
enzymes were higher than 10-fold this value.
These results indicate that methylmercury has a
high affinity for GFAT and specifically inhibits
its activity, suggesting that GFAT is the target
molecule of methylmercury.

Yeast cells transfected with the GFAI gene
are highly resistant to methylmercury, and a
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Fig. 2. Effect of MeHg on activities of GFAT and other SH-enzymes in extract of wild-type yeast
(W303B). After a 3-minute incubation in yeast extract with MeHg at 37°C, the activities of
GFAT, alcohol dehydrogenase (ADH), glutathione reductase (GR) and lactate dehydrogenase

(LDH) were determined.
GIcN (mM) m, 0; 10, 6.25; [, 12.5; 74, 25.
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Fig. 3. Effect of an increase in intracellular levels of glucosamine-6-phosphate on toxicity of MeHg.
Wild-type yeast (W303B) cells suspended in the medium were pretreated with glucosamine,
which is converted to glucosamine-6-phosphate by hexokinase in yeast, for 1 hour followed by

a 24-hour incubation with MeHg.
®, GFAT; », ADH; [0, GSHR; <, LDH.

relatively large amount of GFAT is synthesized
by the cells. Therefore, it remains possible that
strong binding of GFAT at a high concentration
to methylmercury reduced the concentration of
free methylmercury and suppressed methylmer-
cury toxicity, inducing methylmercury resis-
tance in the yeast cells. Therefore, we deter-
mined the effects of increasing the intracellular
concentration of glucosamine-6-phosphate in-
duced by the reaction catalyzed by GFAT on
methylrercury toxicity. Since glucosamine-6-
phosphoric acid added to media is not taken up
by cells, glucosamine was added to media.
Glucosamine is not synthesized by cells, but
extracellularly added glucosamine is taken up
by cells and transformed to glucosamine-6-
phosphate by hexokinase. The toxicity of
methylmercury towards the yeast cells was
markedly reduced depending on the concentra-
tion of added glucosamine (Naganuma et al.
2000) (Fig. 3).

In conclusion, (1) yeast cells with high-level
GFAT expression are resistant to methylmer-

cury, (2) methylmercury specifically inhibits
GFAT activity, (3) methylmercury toxicity is
markedly reduced by the addition of
glucosamine, which 1is transformed to
glucosamine-6-phosphate, the product of the
GFAT reaction, to cells, and (4) GFAT is an
essential enzyme in yeast. These results suggest
that GFAT is the main target molecule of
methylmercury in yeast (Naganuma et al. 2000).

Ubiquitination as a defense mechanism against
methylmercury toxicity

As described above, we showed that the
gene encoding Ubc3, in addition to that encod-
ing GFAT, confers methylmercury resistance on
yeast. Ubc3 is an important enzyme in the
ubiquitination of intracellular proteins. The
ubiquitin system, which consists of a ubiquitin
activation enzyme (E1), ubiquitin transferase
(E2) and ubiquitin ligase (E3), is involved in the
degradation of abnormal intracellular proteins.
In this system, ubiquitin is activated by E1 and
then binds to E2, while E3 recognizes target
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proteins such as abnormal proteins. E2 bound
to ubiquitin binds to E3, and transfers ubiquitin
to the target protein. Finally, the target pro-
tein ubiquitinated by these reactions is recog-
nized by proteasomes and rapidly degraded
(Hochstrasser 1996; Hershko and Ciechanover
1998).

E2 proteins belong to the family of ubi-
quitin transferases, and the UBC domain is
preserved as the catalytic domain in all E2
proteins. It is known that cysteine residues
involved in the binding to ubiquitin, which is
essential to the expression of E2 activity, are
present in the UBC domain. To clarify the
mechanism by which Ubc3 confers methylmer-
cury resistance on yeast cells, we produced
yeast cells overexpressing a mutant Ubc3 by
substituting this cysteine residue with alanine,
and found that these yeast cells were not
methylmercury-resistant (Hwang et al. 2002).
Therefore, the ubiquitin transfer activity of
Ubc3 is considered essential to the acquisition of
methylmercury resistance.

Thirteen enzymes of the E2 family of yeast
have been identified, each considered to exhibit
substrate specificity. Therefore, we produced
yeast cells overexpressing Ubc2, Ubc4, Ubch or
Ubc7 of the E2 family, and determined their
methylmercury resistance. Methylmercury
resistance was observed in the yeast cells over-
expressing Ubc4, Ubch and Ubc7 (Furuchi et al.
2002). Our study was the first to show that
high-level expression of E2 family enzymes
confers resistance to toxic chemicals. Among
the yeast cells overexpressing E1 (Ubal) or E3
(CDC5h3, SKP1, HRT1) proteins, only the yeast
cells overexpressing Ubal of the El family
exhibited weak methylmercury resistance
(Hwang et al. 2002). These results suggest that
E2 is the rate-limiting enzyme in the ubiquitina-
tion reaction, and the amount of ubiquitinated
protein within cells was markedly increased by
the overexpression of Ubc3.

It is considered that protein denatured by
active oxygen is ubiquitinated by the ubiquitin

system and degraded. It is hypothesized that
cytotoxicity results when abnormal proteins do
not undergo normal degradation and accumu-
late in cells. Therefore, it is suggested that
some modification of a specific protein within
cells by methylmercury causes cytotoxicity, and
enhancement of the degradation of the protein
by ubiquitination reduces this toxicity. In this
case, the ubiquitin system acts to protect cells
against methylmercury toxicity, and the protein
ubiquitinated following modification by methyl-
mercury would be the target molecule of meth-
ylmercury toxicity.

There are genes in humans that are
homologous to the genes encoding GFAT and
Ubc3, which have been identified as proteins
conferring methylmercury resistance on yeast
cells. Therefore, both proteins are likely to be
involved in methylmercury toxicity in human
cells. To clarify the mechanisms of the tox-
icities of other toxic chemicals, investigation of
resistance factors at the genetic level using
yeast is considered useful.
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