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The ZRC1 gene encodes a multicopy suppressor of
zinc toxicity in Saccharomyces cerevisiae; however,
previously we found that the expression of ZRC1 was
induced when the intracellular zinc level was de-
creased. Zrcl has six putative transmembrane do-
mains and we determined that a Zrc1-GFP fusion pro-
tein was localized to the vacuolar membrane. The
steady state level of intracellular zinc in a zrclA mu-
tant cultured in the zinc-abundant medium was lower
than that in wild type. No distinct difference was ob-
served in the basal activity of glyoxalase I, which is a
cytosolic enzyme requiring zinc for catalytic function
and is used here as a marker for cytosolic zinc-
availability, between wild type and zrclA mutant, al-
though the activity was decreased much greater ex-
tent in the zrclA mutant if the cells were exposed to
the metal-limited medium. Similarly, the basal expres-
sion level of ZRC1-lacZ reporter gene in zrclA mutant
was the same as that in wild type; however, the fold of
induction of ZRC1-lacZ expression in zrclA mutant
under the zinc-limited conditions was higher than
that in the wild type. Based on these results, we
present a tentative model for the function of Zrcl as a
mechanism to maintain the zinc homeostasis in
yeast. © 2001 Academic Press
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Zinc is an essential metal for all types of organisms
and is involved in many biological activities in the cell.
For example, zinc is required for the catalytic process
of several metalloenzymes and stabilization of protein
structure (1, 2). In particular, the studies on impor-
tance of Zn®" in transcription factors have been pro-
gressed dramatically. Several conserved motifs, such
as zinc finger, RING finger and zinc cluster, have been

Abbreviations used: GFP, green fluorescent protein; ZRE, zinc-
responsive element; CDF, cation diffusion facilitator; ZIP, ZRT, IRT-
like protein.
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found in which zinc is required for stabilization of their
structures. On the contrary, an excessive amount of
zinc is toxic to the cell, therefore, intracellular zinc
level must be controlled appropriately. Zinc homeosta-
sis in Saccharomyces cerevisiae has being actively
studied by Eide and his colleagues. For instance, Gitan
et al. reported that Zrtl, a high-affinity zinc trans-
porter protein on the cytoplasmic membrane (3), was
ubiquitinated, taken into the cell by endocytosis and
degraded in the vacuole when the cells were exposed to
excess zinc (4, 5). This posttranslational regulation is
one of the mechanisms which prevent the cell from
overaccumulation of zinc. On the other hand, Kami-
zono et al. cloned the ZRC1 gene as a multicopy sup-
pressor of zinc toxicity from S. cerevisiae (6). The
ZRC1-overexpressing strain could grow on an SD agar
plate containing 40 mM Zn?", whereas wild type
showed slow growth on the 5 mM Zn*"-containing me-
dium (6). They also showed that the zrclA mutant
exhibited slow growth on an SD agar plate containing
1 mM Zn*". However, the mechanisms explaining how
Zrcl confers resistance against excess amount of zinc
have not yet been clarified in detail.

Because the overproduction of Zrcl conferred resis-
tance to excess zinc (6), the role of Zrcl had been
considered only in the environments where high con-
centrations of zinc are present. However, previously we
showed that the growth of the zrcl1A mutant was de-
fective under zinc-limited conditions and it was re-
stored only when the zinc is supplied (7). We also
demonstrated that the expression of ZRC1 was in-
duced in response to a decrease in the intracellular zinc
level (7). In this study, we present a tentative model for
the function of Zrcl in zinc homeostasis in yeast.

MATERIALS AND METHODS

Yeast strains. S. cerevisiae YPH250 (MATa trpl-Al his3-A200
lys2-801 leu2-Al ade2-101 ura3-52) was obtained from the Yeast
Genetic Stock Center, University of California, Berkeley. Construc-
tion of zrcl::HIS3 mutant was described previously (7). The ZRT3
gene was amplified by PCR wusing primers ZRT3-F2 (5'-
GGTAGCAACGAAAGCTAGTCGACGAACGTT-3") and ZRT3-R3H
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(5’-TGACATCAAGCTTCCAATTCCCAGTGATGC-3'), where HindllI
site for ZRT3-R3H is underlined. The amplified DNA fragment was
digested with Hindlll and the fragment was cloned into the HindlIll
site of pUC19 to form pUCZRT3. This plasmid was digested with
NspV, followed by Klenow treatment, and a 784-bp fragment in the
open reading frame of the ZRT3 gene was replaced with the LEU2
gene which was isolated from YEp13 by digesting with Sall and Xhol
followed by treatment with Klenow fragment. The resultant plasmid
(pUzrt3ALEU2) was digested with Hindlll, and the zrt3A:LEU2
cassette was introduced into wild type and zrclA mutant, respec-
tively. Transformation of yeast was done by electroporation and
disruption of the ZRT3 gene was confirmed by PCR.

Media and growth conditions. Yeast cells were cultured at 30°C
in SD minimal medium (2% glucose, 0.67% yeast nitrogen base, pH
5.5) supplemented with appropriate amino acids and bases. Metal-
limited conditions were achieved by the addition of 1 mM EDTA in
the SD minimal medium as described by Zhao and Eide (8).

Construction of Zrc1-GFP. The plasmid pKR1 contains the GFP
(green fluorescent protein) gene fused with the cDNA of nucleoplas-
min (9). The GFP gene with the stop codon was amplified by PCR
using the pKR1 as a template. The primers used are GFP1 (5'-
CCCAAGCTTATGAGTAAAGGAGAAGAACTT-3') and GFP2 (5'-
GTTGCGGAAGCGGCCGCGAATTTATTTGTA-3'), where Hindlll
site for GFP1 and Notl site for GFP2 are underlined, and the stop
codon is shown by italic letters in GFP2. A 0.7-kb GFP fragment
amplified by PCR was digested with Hindlll and Notl, and inserted
into the Hindlll and Notl site of pKR1 to replace the GFP-
nucleoplasmin fragment with the GFP gene, and the resultant plas-
mid was named pKR1-GFPw/STOP. To obtain the ZRC1 lacking its
original stop codon, the PCR primers were designed as follows:
OSRIN (5'-AGAGTCATGATCACCGGTAAAGAATTGAGA-3') and
OSR1C (5'-CCAGGCAATTGGAAGTATTGCAGTTTACAG-3'). The
initiation codon for the ZRC1 in OSR1N is underlined. The 1.3-kb
PCR fragment was treated with T4 polymerase to generate blunt
ends, and then introduced to pKR1-GFPw/STOP, which was previ-
ously digested with Hindlll and treated with Klenow fragment, to
form pKR1-ZRC1-GFP. The recombinant plasmid was introduced to
the zrcl::HIS3 mutant, and the ZRC1-GFP was confirmed to com-
plement the zinc sensitivity.

B-Galactosidase assay. ZRCl1-lacZ fusion gene was constructed
previously (7). Yeast cells cultured under various growth conditions
were collected by centrifugation, washed twice with 0.85% NaCl
solution, and suspended in 10 mM potassium phosphate buffer (pH
7.0). Cells were transferred to an Eppendorf tube containing an
approximately equal volume of glass beads. Tubes were agitated
with vortex mixer at maximum speed for 30 s and then placed on ice
for 30 s. Agitating and cooling was repeated 6 times. Cell homoge-
nates were centrifuged at 14000 rpm for 15 min at 4°C, and resultant
supernatants were used as cell extracts. p-Galactosidase activity
was determined as described by Miller (10). One unit of the activity
was defined as A,y X 1000 per minute normalized to protein used.

Glyoxalase | assay. After the cultivation of the cells in the me-
dium with or without 1 mM EDTA in SD minimal medium, cells were
collected by centrifugation, washed twice with 0.85% NaCl solution,
and cell extracts were prepared as described above. Assay for glyox-
alase | activity was done as described previously (11). One unit of the
activity was defined as the amount of enzyme forming 1 umol of
S-p-lactoylglutathione per minute at 25°C (11). Protein concentra-
tion was determined by the method of Bradford (12).

Fluorescence microscopy. Yeast cells were cultured at 30°C in SD
minimal medium to mid-log phase. Cells were collected, resuspended
in SD medium at 40 ODg,unit/ml and 20 mM FM4-64 (Molecular
Probes Inc., Eugene, OR) was added. After 30-min incubation at
30°C, cells were collected and resuspended in fresh SD medium
without FM4-64 at 20 ODg,,unit/ml. Cells were cultured for another

80

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

DIC Zrc1-GFP FM4-64

*

FIG. 1. Localization of Zrc1-GFP. The zrcl mutant (zrcl::HIS3)
expressing the ZRC1-GFP fusion gene under the control of ADH1
promoter were cultured at 30°C in the SD medium until mid-log
phase and analyzed by fluorescence microscopy. For visualization of
the vacuolar membrane, cells were treated with FM4-64. DIC, dif-
ference interference contrast.

1 h as chase period prior to take a view of vacuolar membrane which
is stained by FM4-64 (13).

Atomic absorption analysis. After cultivation, cells were collected
by centrifugation, washed twice with distilled water, and then twice
with 1 mM EDTA. The cells were resuspended in zinc-free distilled
water (atomic absorption analysis grade) (Nacalai tesque, Kyoto,
Japan) at 5 ODg,,unit/ml, and then applied to the atomic absorption
analysis by using SPCA-6610 (Shimadzu, Kyoto, Japan). Zinc con-
centration was normalized to the ODg,, unit.

RESULTS AND DISCUSSION
Localization of Zrcl

To explore the role of Zrcl in zinc homeostasis in
yeast, intracellular localization was investigated.
Based on the amino acid sequence, Zrcl is predicted to
be an integral membrane protein with six putative
transmembrane domains. Conklin et al. predicted that
Zrcl was localized to the mitochondrial membrane be-
cause of its sequence similarity to the Cotl, a cobalt-
resistance protein, which was reported to be bound to
the mitochondrial membrane (14). On the other hand,
Li and Kaplan demonstrated that epitope-tagged Zrcl
was localized to the vacuole but they did not mention
whether it binds to the vacuolar membrane or not (15).
We then constructed the Zrc1-GFP fusion protein to
determine the intracellular localization of Zrcl more
precisely. Since the ZRC1-GFP fusion gene expressed
under the control of ADH1 promoter could complement
the zinc sensitivity of zrc1A mutant (data not shown),
the fusion protein was confirmed to retain its original
function. As shown in Fig. 1, when the exponentially
growing cells were applied to fluorescence microscopy
analysis, green fluorescence resulting from the Zrcl-
GFP showed a ring-like pattern in the cells. We spec-
ulated that this pattern might reflect vacuolar mem-
brane location. We then stained the vacuolar
membrane with FM4-64 to identify the localization of
this organelle. The staining pattern of Zrc1l-GFP was
coincident with the fluorescence of FM4-64, revealing
that the Zrcl was localized to the vacuolar membrane.

Zrcl Modulates Intracellular Zinc Homeostasis

The expression of ZRC1 was induced when the zinc
level in the cells was lowered, although it was re-
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FIG. 2.

Effect of disruption of ZRC1 on glyoxalase | activity and zinc level under zinc-limited conditions. (A) Cells were cultured at 30°C

in SD medium until ODg,, = 0.5. After cultivation, the cells were collected, washed with 0.85% NaCl solution, and resuspended in SD medium
with 1 mM EDTA. Cells were continued to culture at 30°C, collected periodically and glyoxalase | activity was measured. Symbols used: open
circle, wild type; closed circle, zrc1A mutant. (B) Cells were cultured as described above. After shift to SD medium containing 1 mM EDTA,
cells were cultured for 6 h and total zinc content was measured. Results indicate the average + S.D. of three independent experiments.

pressed by the addition of zinc (7). These observations
imply some roles of Zrc1 under zinc-limited conditions.
On the other hand, the expression of ZRC1 was consti-
tutive and disruption of the gene enhanced the suscep-
tibility to zinc, while the overexpression conferred re-
sistance to zinc toxicity (6). These phenotypes can be
explained by proposing that the Zrcl expressed at nor-
mal levels transfers the zinc from cytosol to vacuole
under the normal zinc-level conditions to form the zinc
pool in vacuole. In addition, overexpressed Zrcl trans-
ports elevated levels of zinc into the vacuole to reduce
the toxicity of zinc in the cytosol. Since no one can
measure zinc concentration in cytosol and vacuole sep-
arately (16), we measured glyoxalase | activity here to
estimate zinc level in the cytosol. In S. cerevisiae, the
glyoxalase I is present in cytosol and zinc directly par-
ticipates in the catalytic function (11, 17, 18). As shown
in Fig. 2A, no distinct difference was observed in the
basal activity of glyoxalase | in the SD minimal me-
dium without EDTA between wild type and zrc1A mu-
tant. However, upon the imposition of the cells to zinc
limitation in SD medium containing 1 mM EDTA, the
glyoxalase | activity in the zrc1A mutant was lost much
faster than that in wild type and 70% of the activity
was lost within 6 h. In contrast, the wild type strain
still maintained more than 50% activity after 6 h (Fig.
2A). We confirmed that expression of the structural
gene for glyoxalase | (GLO1) was not affected by EDTA
treatment (data not shown) by using the GLO1-lacZ
reporter gene (19).

We also measured the steady state levels of zinc in
wild type and an isogenic zrc1A mutant. As shown in
Fig. 2B, the amount of zinc in the zrc1A mutant was
approximately 40% lower than that in wild type. Fur-
thermore, the zinc content in a zrclA mutant strain

81

decreased greater than in wild type if the cells were
transferred to EDTA-containing medium. The fact that
basal activity of glyoxalase | was the same in both wild
type and zrclA mutant (Fig. 2A) led us to suspect that
the availability of zinc in cytosol was essentially equal
between these two strains. Therefore, the difference in
the steady state level of zinc in these strains was
thought to reflect the difference in the zinc pool in the
vacuole. Conklin et al. reported that a zrc1A mutant
accumulated less amount of cobalt in the cells (20).
However, as far as we tested, the growth defect of
zrc1A mutant under metal-limited conditions was spe-
cifically restored by Zn*", while Co*" did not rescue it
(7). Furthermore, induced expression of ZRC1 by
metal-starvation stress was repressed by Zn*" but not
by Co**. The ZRC1 promoter has ZRE (zinc-responsive
element) and expression of ZRC1 was regulated by
Zapl-dependent fashion (7). Zapl is a transcription
factor which is critical for zinc-responsive genes (21—
23). In addition, basal activity of cytosolic zinc-
dependent enzyme, glyoxalase I, was normal in both
wild type and zrclA mutant (Fig. 2A), but steady state
level of intracellular zinc in the zrclA mutant was
lower than that in wild type (Fig. 2B). This indicates
that zinc levels in the vacuole, but not in the cytosol,
are low. From these observations, we concluded that
Zrcl functions to maintain the vacuolar zinc pool.
Recently, MacDiarmid et al. (16) cloned the ZRT3
gene which belongs to ZIP (ZRT, IRT-like protein) fam-
ily (24-26). The proteins involved in this family have
common structural similarity; i.e., they have eight
transmembrane domains and have histidine-rich se-
quences. The expression of ZRT3 was induced by zinc-
starvation stress in a Zapl-dependent fashion. Zrt3
localizes to vacuolar membrane and its function is pre-
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FIG. 3. Effect of disruption of ZRC1 on expression of the ZRC1-
lacZ reporter gene under zinc-limited conditions. Cells were cultured
at 30°C in SD medium containing 1 mM ZnCl, until OD¢,, = 1.0.
After cultivation, the cells were collected, washed with 0.85% NaCl
solution, and resuspended in SD medium with 1 mM EDTA. Cells
were continued to culture at 30°C for 16 h and p-galactosidase
activity derived from ZRC1-lacZ (pZRC1F) (7) was assayed. Results
indicate the average *= S.D. of three independent experiments.

dicted to mobilize zinc from vacuole if intracellular zinc
level is lowered (16). On the other hand, Zrcl structur-
ally belongs to the CDF (cation diffusion facilitator)
family and seems to function in zinc efflux. We have
confirmed that Zrc1 was localized to the vacuolar mem-
brane (Fig. 1) and it functioned to form zinc pool in
vacuole. The notable feature of regulation of ZRT3 and
ZRC1 is that expression of both genes is induced by
Zapl when intracellular zinc levels are decreased (7,
16). This indicates that both gene products function
under zinc-limited conditions. If Zrcl transports cyto-
solic zinc into vacuole and Zrt3 mobilizes it from this
organelle, then expression of the ZRE-driven ZRC1-
lacZ fusion gene would be elevated in the zrc1A mutant
much higher extent compared with wild type under
zinc-limited conditions. Because the zinc level in the
vacuole in the zrc1A mutant background is thought to
be lower than that in wild type (Fig. 2B) and only
limited amount of zinc can be mobilized from zinc pool
by Zrt3, concentration of zinc in cytoplasm in the zrc1A
mutant may be much lower than that in wild type if the
cells are exposed to zinc-limited conditions. As we ex-
pected, the p-galactosidase activity derived from
ZRCl1-lacZz was higher in the zrclA mutant than in
wild type under zinc-limited conditions (Fig. 3), al-
though it was the same under zinc-abundant condi-
tions between wild type and zrclA mutant. Further-
more, if ZRC1 gene was overexpressed (YEpl3 +
ZRC1, 2 p ZRC1) under zinc-abundant conditions and
then such cells were shifted to the zinc-limited me-
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dium, the expression of ZRC1-lacZ was not increased
(Fig. 3). Presumably this may be due to that higher
amount of zinc was pooled in the vacuole in the ZRC1-
overexpressed cell. These results strongly suggest that
the amount of zinc in vacuole in the zrc1A mutant is
low. On the other hand, the expression of ZRC1-lacZ is
expected to be increased much higher extent in the
zrt3A mutant than that in wild type under zinc-starved
conditions, because zinc can not be mobilized from
vacuole if ZRT3 gene is destroyed. To confirm this, we
disrupted the ZRT3 gene carrying the ZRC1-lacZ re-
porter gene. As shown in Fig. 3, induction rate of
ZRC1-lacZ expression in the zrt3A mutant under zinc-
limited conditions was higher than that in wild type.
Similarly, simultaneous disruption of ZRC1 and ZRT3
genes enhanced induction of the ZRE-driven ZRC1-
lacZ reporter gene under the same conditions.

Based on these observations, we propose a possible
role of Zrcl (Fig. 4). Both Zrt3 and Zrcl are zinc trans-
porter proteins on the vacuolar membrane. It has been
well known that a clustered sequence of histidine and
cysteine is involved in the binding site of Zn** (2). Zrcl
has three histidine repeat motifs (141-HSHSH-145;
163-HSHSH-167; and 216-HDHSH-220) between the
4th and 5th transmembrane domains and these motifs
are predicted to be exposed to the cytoplasm (24). Zrcl
senses zinc availability in the cytosol, which might be
performed through the histidine repeat motifs, and
transports zinc from the cytosol to the vacuole if zinc in
cytosol is abundant. This may be the reason why over-
production of Zrcl confers resistance to zinc toxicity.
On the other hand, if the cell is exposed to zinc-limited
conditions, Zapl is activated to induce expression of
ZRT1, ZRT2 and ZRT3 to enhance the uptake of zinc
from environment by Zrtl and Zrt2 (3, 27) as well as

If zinc is abundant...

Cytosol Zn2+

Zn2+

If zinc is limited...

Zn2+

Zn2+

Zn2+

FIG. 4. A tentative model for function of Zrcl. If zinc is abundant
in cytosol (left), Zrcl transports Zn** into vacuole to form zinc pool.
Zinc may be used by vacuolar enzymes. Once intracellular zinc level
is lowered (right), Zap1l is activated to induce the expression of ZRT1
and ZRT2. Both Zrtl and Zrt2 take up Zn®* from environment. In
addition, expression of ZRT3 is activated and Zrt3 mobilizes Zn**
from vacuole. On the other hand, to maintain a certain level of zinc
in vacuole, ZRC1 expression is also enhanced in a Zapl-dependent
manner and Zrcl transports Zn®* into the vacuole from cytosol.
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the mobilization of zinc from vacuole by Zrt3 (16).
However, if zinc level in the vacuole decreases too
much extent, it may be harmful or inhibit normal me-
tabolism in vacuole. Indeed, previously we showed that
growth rate of zrc1A mutant was lowered under zinc-
limited conditions (7). To warrant a certain level of zinc
in vacuole, expression of the ZRC1 gene is also induced
by Zapl under zinc-starved conditions (7, 25).
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