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Although the toxicity of heavy metals to eukaryotic cells has been extensively studied, the
mechanisms of cellular response to heavy metals have not been clearly understood. In a previous study,
it was found that vacuolar H'-ATPase (V-ATPase) is required for Cd tolerance. Since V-ATPase is known
to play an important role in maintaining intracellular pH homeostasis through vacuolar acidification, it may
be possible that some metals, such as Cd, induce intracellular acidification, thereby requiring V-ATPase to
cope. It was found that the vma mutants lacking subunits of V-ATPase, but not the ApmaZ mutant lacking
minor plasma membrane H -ATPase (P-ATPase), were sensitive to not only Cd but also Co, Ni, and Zn.
To investigate the role of V-ATPase and P-ATPase in heavy metal tolerance, the effects of heavy metals
on membrane permeability and pH homeostasis were examined. The results showed that heavy metals
induced an increase in membrane permeability and alteration of both intracellular and extracellular pHs in
the wild-type strain. Although the vma mutants exhibited similar membrane permeability to that of the
wild-type strain, the vacuolar pHs and cytosolic pHs of the vma mutants were more alkaline than those of
the wild-type strain; in both the presence, or absence, of heavy metals. These results suggest that the
cytosolic pH does not account for metal sensitivity in the vma mutants. Since V-ATPase has been shown
to be required for preventing oxidative stress, the additional role of V-ATPase in protecting cells from
oxidative stress induced by heavy metal was examined. It was found that the sensitivity to all metals and
the H,0, of the vma mutants was suppressed under anaerobic conditions and the reactive oxygen species
(ROS) levels of the vma mutants were higher than in the wild-type strain. Although, after exposure to Co,
Ni, and Zn, the vma mutants exhibited increased ROS accumulation, the levels were similar to those of the
wild-type strain. The results suggest that the roles of V-ATPase in metal tolerance may do more than
protect cells from oxidative stress caused by metals.
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EXECUTIVE SUMMARY

In this study, we determined the growth of the S. cerevisiae wild-type strain, the 4vma2 and



Avma3 mutants lacking Vo and V; subunit of the vacuolar H'-ATPase, respectively, and the Apma2
mutant lacking the minor plasma membrane H' -ATPases in the presence of four kinds of heavy metals,
i.e. CdCl,, CoCly, NiCl,, and ZnCl,. We found that the Avma2 and Avma3 mutants, but not the Apma?2
mutant, were sensitive to all heavy metals tested, indicating that the vacuolar H'-ATPase is involved in
tolerance to these heavy metals. In order to address the role of V-ATPase in heavy metal tolerance, the
impacts of heavy metals on membrane permeability, pH homeostasis, and ROS induction were tested.
We found that the membrane permeability of the Avma2 and Avma3 mutants after exposure to Cd, Co,
and Ni, except for Zn, were similar to those of the wild-type strain. These results suggested that the
sensitivity to heavy metals of the vma mutants was not resulted from the effect on membrane
permeability. However, our results revealed that heavy metals induced alteration of both intracellular
and extracellular pHs. The vacuolar pHs of the vma mutants were more alkaline than that of the
wild-type strain under both normal and heavy metal stress conditions. These results indicated that a
loss of V-ATPase activity to translocate protons into vacuole causes an alkaline vacuole. Unexpectedly,
the cytosolic pHs of the vima mutants were more alkaline than those of the wild-type strain, suggesting
the important role of other H'-ATPase such as Pmalp in maintenance of intracellular pH in the yeast
strain lacking V-ATPase activity and the cytosolic pH does not account for the sensitivity to heavy
metals in the vima mutants. Since heavy metal has been reported to induce the chronic oxidative stress
in the yeast cell, the accumulation of endogenous oxidative stress might be the primary cause of heavy
metal toxicities. We found that the sensitivity to heavy metal stress of the vina mutants was suppressed
under anaerobic condition, in which ROS production is unable to be activated. However, ROS
accumulation in the vima mutants under Cd exposure was higher than the wild-type and 4pma? strains.
This suggests that V-ATPase may contribute to ROS defense during heavy metal stress, leading to
reduced adverse physiological effects caused by Cd, but not Co, Ni and Zn, in the wild-type cells.
Conclusively, this study showed the evidences for the effects of heavy metal on membrane
permeability, intracellular pH homeostasis, and ROS generation in yeast cells. Variations and
inconsistencies among each heavy metal treatment and yeast strains may be due to the fact that the

effects of heavy metals on eukaryotic cells are complicated. Therefore, the undefined roles of



V-ATPase in tolerance to heavy metal should be further investigated, especially the roles in ion

homeostasis and ROS generation.



