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Zinc ion homeostasis in Saccharomyces cerevisiae is controlled primarily through the transcriptional regu-
lation of zinc uptake systems in response to intracellular zinc levels. A high-affinity uptake system is encoded
by the ZRT1 gene, and its expression is induced more than 30-fold in zinc-limited cells. A low-affinity
transporter is encoded by the ZRT?2 gene, and this system is also regulated by zinc. We used a genetic approach
to isolate mutants whose ZRT1 expression is no longer repressed in zinc-replete cells, and a new gene, ZAPI,
was identified. ZAP1 encodes a 93-kDa protein with sequence similarity to transcriptional activators; the
C-terminal 174 amino acids contains five C,H, zinc finger domains, and the N terminus (residues 1 to 706) has
two potential acidic activation domains. The N-terminal region also contains 12% histidine and cysteine
residues. The mutant allele isolated, ZAP1-1"?, is semidominant and caused high-level expression of ZRT1 and
ZRT?2 in both zinc-limited and zinc-replete cells. This phenotype is the result of a mutation that substitutes a
serine for a cysteine residue in the N-terminal region. A zapl deletion mutant grew well on zinc-replete media
but poorly on zinc-limiting media. This mutant had low-level ZRT1 and ZRT?2 expression in zinc-limited as well
as zinc-replete cells. These data indicate that Zap1lp plays a central role in zinc ion homeostasis by regulating
transcription of the zinc uptake system genes in response to zinc. Finally, we present evidence that Zaplp
regulates transcription of its own promoter in response to zinc through a positive autoregulatory mechanism.

Zinc is essential for all organisms. This metal is a catalytic
component of over 300 enzymes, including alcohol dehydroge-
nase, carbonic anhydrase, and carboxypeptidases (33). Zinc
also plays a structural role in many proteins. For example,
several motifs found in transcriptional regulatory proteins are
stabilized by zinc, including the zinc finger, zinc cluster, and
RING finger domains (28). Proteins containing these domains
are very common; as many as 1% of all human gene products
contain the C,H, zinc finger motif first identified in transcrip-
tion factor IIIA (TFIIIA) (18).

Although it is essential for many different cellular functions,
zinc can also be toxic. When the intracellular zinc level rises to
some critical level, the metal can interfere with vital processes,
perhaps by competing with other metal ions for enzyme active
sites, transporter proteins, and other biologically important
ligands. The delicate balance of intracellular zinc is accom-
plished through precise homeostatic regulation mediated by a
number of mechanisms. These include binding of the metal by
cytoplasmic macromolecules such as metallothioneins (14) and
phytochelatins (27), zinc storage in intracellular compartments
(3, 20, 25), and transport of the metal out of the cell (26).

The primary control point for zinc ion homeostasis is the
regulation of zinc uptake across the plasma membrane. Little
is known about the mechanism and regulation of zinc uptake in
mammals and plants. In Saccharomyces cerevisiae, zinc accu-
mulation is mediated by three or more different uptake sys-
tems. One system has a high affinity for zinc [apparent K,,, of 10
nM free Zn(II)] and is active in zinc-limited cells (38). The
ZRTI gene is required for high-affinity uptake; recent studies
suggested that this gene encodes the transporter of this system.
A second pathway for zinc uptake has a lower affinity for
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substrate [apparent K,,, = 100 nM free Zn(II)] and is active in
zinc-replete cells. The ZRT2 gene encodes the transporter of
this system (39). A zrt] zrt2 mutant strain, which lacks both the
high- and low-affinity systems, is viable, indicating the presence
of one or more additional uptake pathways.

Both the high- and low-affinity zinc uptake pathways are
regulated by zinc. The activity of the high-affinity system is
induced more than 30-fold in response to zinc-limiting growth
conditions (38). Our studies indicated that this rise is due to
increased transcription of the ZRT1 gene in response to an
intracellular pool of zinc. The low-affinity system was also
found to be regulated by zinc, although that analysis did not
distinguish between transcriptional and posttranscriptional
mechanisms of regulation (39). These observations suggested
that ZRT1 and, perhaps, ZRT2 are regulated by one or more
transcriptional regulatory proteins whose activities are con-
trolled by intracellular zinc pools. To identify genes that reg-
ulate zinc-responsive gene expression, we used a genetic
scheme for selecting mutants of S. cerevisiae with altered zinc-
responsive ZRT1 transcription. This report describes the anal-
ysis of one gene that plays a critical role in the regulation of
zinc uptake. We have called this gene ZAP! (for zinc-respon-
sive activator protein).

MATERIALS AND METHODS

Yeast strains. The yeast strains used are listed in Table 1. Unless indicated
otherwise, all strains were generated during this study. Strains of opposite mating
types designed for selection of mutants by use of a conditional HIS3 marker were
generated as follows. A 456-bp deletion removing most of the HIS3 open reading
frame (ORF; his3A::TRPI) was generated in strains DY1457 and DEY1502 by
the +y-deletion method (30) by transforming these cells with EcoRI-linearized
plasmid pKO-HIS3 (see below for plasmid descriptions). ZHY4 and ZHYS were
generated from the resulting strains by integrating a ZRT1-HIS3 fusion gene on
plasmid YIpZRT1-HIS3 into the Ncol site of the ura3-52 locus. A ZAPI deletion
mutant (zapIA::TRPI) was generated by the y-deletion method by digesting
plasmid pKO-ZAP1 with EcoRI and transforming the linearized plasmid into a
diploid strain generated by mating DY1457 with DEY1502. ZHY6 is a haploid
segregant of the resulting diploid transformant, and ZHY7 is a haploid segregant
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TABLE 1. Yeast strains used in this study
Strain Relevant genotype Full genotype
DY1457¢ Wild type MATo ade6 canl his3 leu2 trpl ura3
DEY1502 Wild type MATa ade?2 canl his3 leu2 trpl ura3
ZHY1® zrtl MATa ade6 canl his3 leu2 trpl ura3 zrtl::LEU2
ZHY?2¢ zrt2 MATa ade6 canl his3 leu2 trpl ura3 zrt2::HIS3
ZHY3 zrt] zrt2 MATo ade6 canl his3 leu2 trpl ura3 zrtl::LEU2 zrt2::HIS3
ZHY4 his3A ZRTI-HIS3 MATa ade6 canl his3A::TRPI leu? trpl ura3::ZRTI1-HIS3 URA3
ZHY5 his3A ZRT1-HIS3 MATa ade2 canl his3A::TRPI leu2 trpl ura3::ZRTI1-HIS3 URA3
M18 his3A ZRTI1-HIS3 ZAPI-1* MATa ade6 canl his3A::TRPI leu2 trpl ura3::ZRTI1-HIS3 URA3 ZAPI1-1*
ZHY6 zaplA MATa ade6 canl his3 leu2 trpl ura3 zaplA::TRPI
ZHY7 ZAPI-1* MATa ade6 canl his3 leu2 trpl ura3 ZAPI-1'7

@ Strain obtained from D. Stillman, University of Utah.
b Reference 38.
¢ Reference 39.

of a diploid obtained by mating M18 with DEY1502. All plasmid integration and
deletion events were confirmed by Southern hybridization analysis.

Yeast methods and genetic analysis. Escherichia coli and yeast transforma-
tions, plasmid rescue, generation of diploid strains, sporulation, and tetrad dis-
section were performed by standard procedures. A liquid zinc-limiting medium
(LZM) was prepared in the same manner as LIM (7) except that the ZnSO, in
LIM was replaced by 10 uM FeCl; in LZM. Synthetic defined (SD) medium (29),
supplemented with the necessary auxotroph supplements and either 2% glucose
or 2% galactose, was also used. For some experiments, SD medium was made
zinc limiting by adding 1 mM EDTA and the stated concentration of zinc.

Mutant selection and cloning of the Z4P1-1* allele. Approximately 10° ZHY4
cells were plated onto each of 30 agar plates containing SD medium supple-
mented with 2% glucose, 2 mM ZnCl,, and all necessary auxotroph supplements
except histidine. 3-Aminotriazole (30 mM; Sigma Chemical Co.) was also added
to inhibit the low level of His3p expressed by the ZRT1-HIS3 fusion gene during
growth on this medium. After 4 days of incubation at 30°C, 30 independent
colonies (i.e., one colony from each plate) arising from the background of
nongrowing cells were isolated. One of these isolates was the M18 strain. To
clone the ZAPI-1*" allele, a plasmid library was constructed from M18 genomic
DNA. This DNA was partially digested with Sau3A, and 4- to 10-kb fragments
were isolated by sucrose gradient fractionation and ligated into the BamHI site
of YEp351 (16). ZHY4 was transformed with the M18 genomic library and
selected for histidine prototrophy on the same selective medium used for mutant
isolation. Two plasmids (pZH4 and pZHS5) were isolated from 10° total trans-
formants, and the endpoints of their inserts were determined by DNA sequenc-
ing.

Plasmid construction. Plasmid pKO-HIS3 was constructed as follows. Two-
step overlapping PCR (17) was used with template YCp407 (31) to generate a
BamHI-Kpnl fragment containing an EcoRI site flanked on one side by the 203
bp immediately upstream of the HIS3 start codon and on the other side by the
carboxy-terminal 202 bp of the HIS3 ORF and 148 bp of 3’ flanking DNA. This
fragment was then inserted into BamHI- and Kpnl-digested pRS304 (30). To
construct plasmid YIpZRT1-HIS3, a fragment containing bases —706 to —1 (the
first base of the ATG initiation codon is designated as position +1) was gener-
ated by PCR with pMCS5 (39) as the template. This fragment was then digested
with Sacl and BamHI and inserted into pCM105 (a gift of A. Dancis, National
Institutes of Health). The sequence of the ZRT-HIS3 junction was verified by
DNA sequencing as CAAATATCAAAAAAGGAATT(GGATCC)ATGACA,
with the ZRTI sequences followed by the BamHI site (in parentheses) and the
ATG of the HIS3 gene (underlined). To generate the zapIA deletion allele,
two-step overlapping PCR was used with DY 1457 genomic DNA as the template
to generate a 620-bp BamHI-Kpnl fragment containing an EcoRI site flanked on
one side by bases —271 to —1 upstream of the Z4PI start codon and on the other
side by the 343 bp of flanking DNA immediately downstream of the stop codon.
This fragment was then inserted into BamHI- and Kpnl-digested pRS304 to
generate pKO-ZAP1. Plasmid pSK*ZAP1 was constructed by amplifying a
2.6-kb fragment containing the ZAPI ORF with primers bearing either a Sall or
a Sacl site at their 5’ ends. The resulting fragment was digested with Sacl and
Sall and ligated into pBluescript SK(+) (Stratagene). A 1-kb PCR fragment
containing bases —1047 to +3 of the ZRT2 gene was generated with primers
containing either a Sall or a HindIII site at their 5’ ends. The fragment was
digested with Sa/l and HindIIl and inserted into Sall- and HindIII-digested
YEp353 (23) to generate pZRT2-lacZ. Similarly, a PCR fragment containing
bases —1111 to +3 of the ZAPI gene was generated with primers containing
either EcoRI or BamHI sites at their 5’ ends. This fragment was inserted into
EcoRI- and BamHI-digested YEp353 (23) to generate YEpZAP1-lacZ. Frame-
shift mutations were introduced into pZHS5 by digesting the plasmid with either
BssHII or Mlul and filling in the ends with the Klenow fragment of DNA
polymerase I prior to religation. These mutations were confirmed by DNA
sequencing.

Zinc uptake and B-galactosidase assays. Zinc uptake assays were performed
as described previously for iron uptake (6) except that ®>ZnCl, (Amersham) and
LZM prepared without EDTA (LZM—EDTA) were substituted for **FeCl; and
LIM—EDTA, respectively. Cells were incubated for 5 min in LZM—EDTA plus
20 wM %Zn, collected on glass fiber filters (Schleicher & Schuell), and washed
with 10 ml of ice-cold SSW (1 mM EDTA, 20 mM trisodium citrate, 1 mM
KH,PO,, 1 mM CaCl,, 5 mM MgSO,, 1 mM NaCl, pH 4.2); cell-associated
radioactivity was measured by liquid scintillation counting. B-Galactosidase ac-
tivity was assayed in cells harvested at an optical density at 600 nm of 0.5 to 2.0
as described by Guarente (12); activity was expressed as follows: (change in
absorbance at 420 nm X 1,000)/(minutes X milliliters of culture used X optical
density of the culture at 600 nm).

RNA isolation and Northern blot analysis. Total RNA was isolated, dena-
tured, separated by agarose gel electrophoresis (6 ug per lane), and analyzed by
Northern blotting. The probe used was the 1-kb BamHI-Sall fragment of
pSK*ZRT1 (38) or an actin fragment labeled with 3P (Amersham) by the
random priming method (9). The ZRT2 and ZAPI probes were generated with
the Riboprobe system (Promega) with Sall-digested pSK*ZRT2 (39) and
BamHI-digested pSK*ZAP1, respectively, as the template.

RESULTS

Isolation of mutants with altered ZRTI expression. To iden-
tify genes whose products regulate ZRTI transcription, we
used a genetic screening method to isolate mutants with an
elevated level of ZRT1I transcription during growth on a zinc-
replete medium (Fig. 1). The design of this screening method
was similar to a scheme used to isolate yeast mutants with
altered iron-responsive gene expression (5). The ZRTI pro-
moter is active in zinc-limited cells but inactive in zinc-replete
cells. We inserted this promoter upstream of the coding region
of the HIS3 gene, which encodes an enzyme required for his-
tidine biosynthesis. The ZRT1-HIS3 fusion gene was integrated
into the genome of a his3A mutant to generate the strain
ZHY4. Because of the zinc-responsive expression of the ZRT]
promoter, ZHY4 cells grow without added histidine on zinc-
limiting medium but not on zinc-replete medium (Fig. 2A).

Thirty spontaneous His™ strains were isolated from ZHY4
cultures. The phenotype of M18, the His™ strain characterized
in this report, is shown in Fig. 2. Each of the 30 isolates was
crossed with an isogenic strain of the opposite mating type
(ZHYS5), and the His™ phenotype segregated in a 2:2 ratio in
the asci obtained from these diploid strains. Thus, the His™
phenotype in each strain is caused by a single-gene chromo-
somal mutation. To determine if the His* phenotype was due
to trans-acting effects on the ZRT1 promoter rather than, for
example, mutations within the promoter of the ZRTI-HIS3
fusion, zinc uptake activity was also assayed in the mutant
strains. For all 30 strains, zinc uptake activity was increased
from 3- to 10-fold (data not shown and Fig. 2B). To determine
if these mutations were dominant or recessive, each of the
heterozygous mutant diploids was assessed for histidine prot-
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FIG. 1. The method of genetic selection used for isolating mutants with
altered ZRT1I expression. (A) Relevant genotype of strain ZHY4. ZHY4 bears a
deletion removing the ORF of the chromosomal HIS3 gene. The ZRT! promoter
(bases —706 to —1; the first base of the ATG initiation codon is designated as
position +1) was fused to the HIS3 ORF, which retained its own translation
initiation codon (ATG). This ZRT1-HIS3 fusion gene was then inserted at
another site in the genome (URA3). The wild-type ZRT1 gene is also present in
ZHY4. (B) Histidine auxotrophy and zinc uptake phenotypes of the wild-type
ZHY4 and mutant derivatives in zinc-limited (—Zn) and zinc-replete (+Zn)
media. Mutants were isolated based on their His* phenotype on zinc-replete
media (circled).

otrophy on zinc-replete plates. Twenty-nine of the 30 strains
were recessive (data not shown), whereas the M18 strain was
semidominant (Fig. 2A). This semidominance was also appar-
ent in zinc uptake assays. The uptake rate in the M18/+ dip-
loid, although lower than the rate measured in the M18 hap-
loid, was still significantly higher than the wild-type diploid rate
(P < 0.01) (means * standard deviations, 6.1 * 0.1 and 1.1 *
0.1 pmol/min/10° cells, respectively) (Fig. 2B).

Cloning of the ZAPI gene. We cloned the mutated gene of
the M18 isolate by virtue of its semidominant phenotype. A
plasmid library was generated from M18 genomic DNA and
transformed into ZHY4 (his3AZRTI-HIS3), and transfor-
mants were screened for histidine prototrophy. Two plasmids,
pZH4 and pZHS5, were isolated that conferred both the His*
phenotype and increased uptake activity (Fig. 3). Sequence
analysis of the inserts of these two plasmids indicated that they
were overlapping genomic fragments from yeast chromosome
X (11) and that each contained two ORFs of unknown func-
tion, YJLOS5W and YJLO56C. A 4-bp frameshift mutation
introduced into the BssHII site of YJLO56C eliminated both
the His* and uptake phenotypes, whereas a similar mutation
introduced into the Mlul site of YJLO55W had no effect. Based
on the results described in this report, we have designated
YJLO56C as the ZAPI gene (for zinc-responsive activator pro-
tein). Three different experiments confirmed that ZAP1 is the
mutated gene in the M18 isolate. First, a genetic marker
(LEU2) was inserted adjacent to the wild-type ZAP! locus in
ZHYS. This inserted gene did not segregate independently of
the M18 mutation; i.e., when the spores of 10 asci from the
ZHY5 ZAPI::LEU2 X M18 diploid were examined, the His™
phenotype segregated 2:2 in each, and all His™ spores were
also Leu™. Second, a wild-type genomic clone of the ZAPI
gene was isolated from a ZHY4 genomic library by colony
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hybridization. The wild-type and M18 mutant ZAPI alleles
were integrated in a single copy into the genome of a zapl
deletion mutant (see below). In these transformants, the M18
allele showed a fivefold-higher uptake rate than the strain
transformed with the wild-type allele (data not shown). Finally,
we sequenced the entire ZAP1 ORF from M18 and found that
it differed from the wild-type sequence in ZHY4 by a single
base substitution (see below). Because of its effects on ZRT1
expression, we have designated the M18 mutant allele ZAPI-
1"P. Surprisingly, we also noted that ZHY4 transformed with a
multicopy plasmid bearing the wild-type ZAPI allele also
showed the His™ and increased-uptake phenotypes in zinc-
replete cells. Thus, overexpression of wild-type Zap1p may also
cause constitutive ZRTI expression.

Amino acid sequence of Zaplp. The predicted amino acid
sequence of wild-type Zaplp is 880 amino acids in length and
has a molecular mass of 93 kDa. Zaplp has several features
expected in a transcriptional activator protein (Fig. 4). First,
the carboxy-terminal 174 amino acids (residues 707 to 880)
contain five zinc finger domains of the TFIIIA type, i.e., C-
X, 4-C-X,,-H-X;_s-H. This region has several basic amino
acids and a predicted isoelectric point (pI) of 9.9. The pre-
dicted plI of the full-length protein is 6.4. We also noted the
presence of a sixth potential zinc finger in this region with the
noncanonical sequence C-X,-C-X;,-Q-X;-C (amino acids 752
to 772). Amino acids 1 to 706 contain two regions rich in acidic
residues (aspartate and glutamate) that could be transcription
activation domains. One region (amino acids 190 to 331) is 142
amino acids in length and has a predicted pI of 4.4. The second
region (amino acids 603 to 703) is 101 amino acids in length
and has a predicted pl of 4.6. There is also an asparagine-rich
domain (residues 402 to 480; 27%) and a serine- and threo-
nine-rich region (residues 482 to 564; 29%), and such domains
have been noted in other transcription factors (2, 10, 24).
Amino acids 529 to 532 (-KNRR-) are similar to a consensus
nuclear localization signal (1).

Previous results suggested that the ZRT1 gene is controlled
by an intracellular pool of zinc (38). The simplest hypothesis
for this regulation is that Zaplp activity is controlled by zinc
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FIG. 2. Phenotypic properties of the ZAP1-1"7 allele. (A) Effects on histidine
auxotrophy. Haploid strain ZHY4 (+), its M18 derivative (M18), and diploid
strains obtained by mating ZHYS with either ZHY4 (+/+) or M18 (M18/+)
were evaluated for histidine auxotrophy. The semisolid medium consisted of SD
supplemented with 2% glucose, all necessary auxotroph supplements except
histidine, 30 mM 3-aminotriazole, and either 1 mM EDTA, 50 pM ZnCl, (zinc
limiting [—Zn]), or 2 mM ZnCl, (zinc replete [+Zn]). Approximately 200 cells
of each strain were inoculated in a 5-pl volume, and the plates were incubated at
30°C for 3 days prior to photography. (B) Effects on zinc uptake rate. The same
strains as used for the study shown in panel A were grown to exponential phase
in SD medium and assayed for the rate of zinc uptake. The error bars represent
1 standard deviation (n = 4).
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FIG. 3. Cloning and mapping of the ZAPI gene. The two ORFs on chromosome X contained in pZH4 and pZH5 (YJLO55W and YJLO056C) are indicated by the
large arrows. The Miul and BssHII restrictions sites used to generate frameshift mutations in pZH5m1 and pZH5m2, respectively, are shown. The endpoints of the
cloned fragments are indicated; the small arrowheads indicate the locations of the frameshift mutations, and “up” designates the presence of the ZAPI-1*7 allele on
the fragment. Wild-type (ZHY4) transformants were assayed for histidine auxotrophy and zinc uptake rate as described in the legend to Fig. 2. Mean uptake rates are

given * 1 standard deviation (n = 4).

binding directly to the protein and Zaplp contains a large
number of potential zinc ligands. In addition to the zinc finger
domains and the acidic residues described above, amino acids
1 to 706 are highly enriched in cysteine and histidine residues
(~12%). This observation suggests that zinc binding in this
region may alter Zaplp function, and this hypothesis is sup-
ported by our characterization of the ZAPI-1*7 allele. DNA
sequencing of the wild-type ZAPI and ZAPI-1*7 alleles dem-
onstrated that the only difference between these two alleles is
the replacement of a cysteine in the wild-type protein by a
serine in ZAPI-1"? (Fig. 4). The mutated cysteine is at position
203, within one of the potential activation domains.

Effect of ZAP1 alleles on ZRT1 expression. To characterize
more directly the effects of the ZAPI-1*7 allele on ZRT1 tran-
scription, we assessed the zinc responsiveness of ZRT1 expres-
sion by zinc uptake assays, B-galactosidase activity generated
from a ZRT1-lacZ reporter gene, and Northern blotting (Fig.
5). In the wild type, as was observed previously, zinc uptake
activity, B-galactosidase activity, and ZRT1 mRNA levels were
high in zinc-limited cells and low in zinc-replete cells. In con-
trast, ZRT1 expression in an isogenic ZAPI-1" strain was fully
induced in both zinc-limited and zinc-replete cells. Thus, the
ZAPI-1"? mutation interferes with the zinc-dependent repres-
sion of the ZRTI promoter but does not prevent full induction
of the ZRTI gene.

To further examine Zaplp’s role in ZRT1 regulation, we
constructed a zapIA disruption mutation (zaplA::TRPI) in
which the entire ZAPI ORF was deleted from its chromosomal
site. A haploid strain bearing this mutation was viable, indi-
cating that ZAPI is not an essential gene. Zinc uptake activity,
ZRTI-lacZ expression, and ZRTI mRNA levels were very low
in zinc-limited as well as zinc-replete zapIA cells (Fig. 5). Thus,
the ZAPI gene is required for transcription of the ZRTI gene
in response to zinc-limiting growth conditions.

Effect of ZAP1 alleles on zinc-limited growth. We predicted
that if ZAP1 plays an important role in controlling zinc uptake
activity, then the zapIA allele would alter the level of zinc
required for these cells to grow. Growth of isogenic wild-type,
ZAPI-1"?, and zaplA cells was examined in a zinc-limiting
medium, LZM, supplemented with a range of zinc concentra-
tions. No difference between the wild-type and ZAPI-1'7
strains in the growth response to zinc was observed (Fig. 6A).
This observation is consistent with the normal maximal level of
ZRT]I expression observed in the ZAPI-1*7 cells. In contrast,

the zapIA strain required significantly more zinc for growth
than did wild-type cells. Maximum growth of the wild-type and
ZAPI-1"P strains was achieved with 10 wM zinc, whereas the
zapl A strain required 1 mM zinc to attain its maximum growth
yield. LZM is zinc limiting because of the presence of 1 mM
EDTA, a high-affinity zinc chelator. Thus, the zapIA mutant is
only able to grow in LZM with a concentration of added zinc
sufficient to saturate the metal buffering capacity of the EDTA.

Surprisingly, the zinc requirement of the zapIA strain was
higher than that of an isogenic zr#/ mutant. To compare the
zinc requirements of zapIA and zrt] mutants under more con-
trolled metal buffering conditions, we examined zinc require-
ments in LZM—EDTA (Fig. 6B). LZM—EDTA is less zinc
limiting than LZM at any given concentration of total zinc
because citrate, the predominant chelator in LZM—EDTA,
binds the metal with lower affinity than EDTA. While the zrt]
mutant underwent the maximum number of cell divisions in
LZM—-EDTA with as little as 0.5 pM zinc (data not shown),
the zapIA strain required 500 wM zinc to do so. Thus, the
zapl A mutant strain requires at least 1,000 times more zinc for
growth than does the zrtl mutant. A zrt] zrt2 double mutant,
lacking both the high- and low-affinity uptake systems, required
only slightly more zinc (750 wM) than the zaplA mutant to
achieve its maximum growth yield.

In the results of the experiment described in Fig. 6A, we also
noted that while the zr¢/ mutant divided more than three times
in extremely zinc-limiting media (e.g., 1 pM Zn), the zapIA
strain divided only once. This observation suggests that at the
time of inoculation into the zinc-limiting medium, the zapIA
strain had lower pools of available intracellular zinc than did
the zrt] mutant strain.

Effect of ZAPI alleles on ZRT2 expression. The higher-level
zinc requirement of the zapIA strain relative to the zr¢#/ mutant
was unexpected if the sole function of Zaplp is to activate
transcription of ZRTI. Therefore, one or more additional
genes might require Zaplp for their expression, and a likely
candidate was the ZRT2 gene. On Northern blots, ZRT2
mRNA was much less abundant than ZRT1 mRNA; the use of
probes with higher specific activities and longer exposure times
was required to detect ZRT2 mRNA. This is consistent with
the observation that low-affinity uptake activity is less than 5%
of fully induced high-affinity activity (38). Like ZRT1, ZRT2
showed zinc-responsive regulation in ZAPI wild-type cells
(Fig. 7A). ZRT2 mRNA was approximately threefold more
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FIG. 4. The protein product of the ZAPI gene. (A) The predicted amino acid sequence of Zap1lp. Cysteine and histidine residues are shown in boldfaced lettering.
The zinc finger domains are boxed and labeled ZF1, ZF2, etc. The proposed zinc ligands in these domains are indicated by asterisks. The potential acidic transactivation
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underline. The cysteine at position 203 that is altered to a serine in the Z4API-1*” allele is indicated by the arrowhead. (B) Schematic representation of the ZAP1I protein
summarizing the features described in the legend to panel A and in the text. aa, amino acids.

abundant in zinc-limited cells than in zinc-replete cells. In the
ZAPI-1"P strain, ZRT2 mRNA levels were no longer zinc re-
sponsive, being equally high in zinc-limited and zinc-replete
cells. In the zaplA strain, ZRT2 mRNA levels were low under
both conditions. To determine if the effects of ZAPI alleles on
ZRT2 mRNA levels were due to transcriptional regulation
rather than changes in mRNA stability, we examined the ex-
pression of a reporter gene in which the ZRT2 promoter was
fused to the E. coli lacZ gene (Fig. 7B). B-Galactosidase ac-
tivity generated by the ZRT2-lacZ reporter gene closely paral-
leled the results obtained by Northern blotting and indicated
that zinc-responsive changes in ZRT2 mRNA levels are also
due to transcriptional regulation mediated by Zaplp.

Does the zapl A strain have defects in generating zinc uptake
activity in addition to its inability to express ZRT1 and ZRT2?
For example, other proteins might be involved in zinc uptake,
and their genes could also require Zaplp for expression. To
address this question, we examined uptake activity in cells
expressing ZRT1 or ZRT2 from the GALI promoter, which
does not require activation by Zaplp. A zinc-replete ZAPI

wild-type strain expressing the ZRTI gene from the GALI
promoter had a zinc uptake rate of 6.0 = 0.1 pmol/min/10°
cells when assayed at 40 WM ®°Zn. A zapIA strain expressing
the ZRTI gene from the GALI promoter displayed an uptake
rate of 7.4 = 0.1 pmol/min/10° cells. The zapIA vector-only
transformant had an uptake activity of only 0.04 pmol/min/10°
cells. The zapIA strain expressing ZRT2 from the GALI pro-
moter accumulated zinc at a rate of 6.8 * 0.2 pmol/min/10°
cells. These results indicate that the zinc uptake defect in the
zaplA strain is due to its inability to express the ZRTI and
ZRT?2 genes.

Autoregulation of ZAP1 expression. ZAPI mRNA levels
were examined to determine if ZAPI expression itself is zinc
responsive. Northern blot analysis with the ZAPI ORF as the
probe detected a single 2.8-kb mRNA species (Fig. 7A). As
expected, no ZAPI mRNA was detected in the zapIA strain. In
wild-type cells, the abundance of the ZAPI transcript appeared
slightly higher in zinc-limited cells than in zinc-replete cells. In
ZAPI-1"P cells, ZAPI mRNA levels were equally high in both
zinc-limited and zinc-replete cells. These results suggested that
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FIG. 5. Effect of ZAPI alleles on expression of the ZRTI gene. The strains
used were the wild type (WT; DY1457), ZAPI-1"7 (up; ZHY7), and zaplA (4;
ZHY6), each of which had been transformed with a ZRTI-lacZ fusion gene on
plasmid pGI1 (38). The cells were grown to exponential phase in SD medium
supplemented with 2% glucose and all necessary auxotroph supplements either
with (zinc limiting [—Zn]) or without (zinc replete [+Zn]) 1 mM EDTA and 50
wM ZnCl,. These cells were then assayed for high-affinity uptake activity at 1 uM
%7n (A), B-galactosidase activity (B), and ZRTI mRNA levels by Northern
blotting (C). Actin (ACT7) mRNA levels were also determined to confirm equal
loading of RNA in the lanes. The error bars in panels A and B represent 1
standard deviation (n = 4).

the ZAPI gene may itself be regulated by zinc. To assess this
regulation more quantitatively, 3-galactosidase activity gener-
ated by a ZAPI-lacZ reporter gene was measured in wild-type
cells (Fig. 7C). These results demonstrated that the Z4API gene
is also transcriptionally regulated in response to zinc; ZAPI-
lacZ expression was approximately threefold higher in zinc-
limited cells than in zinc-replete cells. Moreover, in cells grown
under more stringent zinc-limiting conditions (i.e., SD with
glucose and 1 mM EDTA), ZAPI-lacZ B-galactosidase activity
was almost 50-fold higher than in zinc-replete cells (270 = 23
versus 5.7 = 0.2 Miller units, respectively). Zinc-responsive
regulation of ZAP]I, like that of ZRT1 and ZRT2, appears to be
mediated by Zaplp. ZAPI-lacZ expression in ZAPI-1'7 cells
was no longer zinc responsive, being elevated under both sets
of culture conditions (Fig. 7C). Furthermore, expression was
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markedly reduced in both zinc-limited and zinc-replete zaplA
cells. These data suggest that ZAPI controls the activity of its
own promoter in response to zinc.

DISCUSSION

The ZAPI gene encodes an important component of the
regulatory system that controls zinc uptake in S. cerevisiae.
Zinc status had been previously noted to alter expression of the
high- and low-affinity uptake systems, and we found that Zap1p
regulates the transcription of the ZRT1 and ZRT2 genes in
response to zinc availability. This protein may regulate other
genes as well. Yuan and Klausner (37) recently identified 16
genes in addition to ZRTI and ZRT2 whose mRNA levels
increase in zinc-limited cells. This group included genes in-
volved in phosphate and carbon source utilization (PHOI3 and
ADH4), the control of amino acid biosynthesis (MET30), and
intracellular cation transport (PMR2 and ZRCI). While the
zinc responsiveness of these genes may be caused by indirect
effects of zinc status, it is exciting to speculate that Zap1p plays
a global role in the regulation of zinc homeostasis and the
metabolic response to zinc limitation. Zinc-responsive tran-
scription of ZRC1 is particularly intriguing because this gene
encodes a protein thought to transport zinc from the cytoplasm
into an unknown organelle (20).

We observed that the ZAPI promoter is also zinc regulated,
and the effects of ZAPI alleles on ZAPI-lacZ expression indi-
cate that this regulation is mediated by Zaplp itself. These
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FIG. 6. Effect of ZAPI alleles on zinc-limited growth. Wild-type (DY1457),
ZAPI-1*? (ZHY7), zapl A (ZHY6), zrt] (ZHY1), and zit] zrt2 (ZHY3) strains
were grown to stationary phase in SD medium plus glucose, washed in LZM, and
reinoculated into either LZM (A) or LZM—EDTA (B) supplemented with the
indicated concentrations of ZnCl,. These cultures were then grown for 16 h at
30°C prior to cell number determination. The number of cell divisions is plotted
against the total zinc concentration of the medium. Each value is the mean of
four separate cultures, and the standard deviation of each was less than 10% of
the corresponding mean.
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FIG. 7. Effect of ZAPI alleles on expression of the ZRT2 and ZAPI genes.
The strains and growth conditions were as described in the legend to Fig. 5. (A)
ZRT2 and ZAPI mRNA levels were determined by Northern blotting. Equal
loading of RNA in each lane was confirmed beforehand by acridine orange
staining of the agarose gel (data not shown). The image of the ZAPI blot was
obtained with a Bio-Rad model GS-363 molecular imaging system. These strains
were transformed with pZRT2-lacZ, a plasmid bearing a reporter gene in which
the ZRT2 promoter was fused to the lacZ gene (B), or with YEpZAP1-lacZ
bearing a ZAPI-lacZ reporter fusion (C). These cells were also grown as de-
scribed in the legend to Fig. 5 except that uridine was not included in the medium
to allow selection of the plasmid. Cells were harvested in exponential phase and
assayed for B-galactosidase activity. Mean values are given, and the error bars
represent 1 standard deviation.

data suggest the existence of a positive autoregulatory mech-
anism in the control of zinc homeostasis. By this scenario,
when zinc-replete cells become zinc limited, synthesis of Zap1p
is induced, and Zaplp, in turn, increases the expression of
other target genes. This type of regulatory circuitry would
allow a rapid, amplified response to changes in Zaplp activity
under zinc-limiting conditions.

The ZAPI-1"7 mutation interferes with the zinc-dependent
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shutoff of the ZRT1, ZRT2, and ZAP1 promoters. This defect
is consistent with either a loss-of-function mutation in a tran-
scriptional repressor or a gain-of-function mutation in a tran-
scriptional activator protein. The available data strongly sug-
gest that ZAPI encodes an activator. First, ZAPI expression is
increased in zinc-limited cells. Second, the ZAPI-1*" allele is
dominant, a property consistent with this allele producing a
protein that activates transcription in zinc-replete cells even in
the presence of wild-type Zap1p. Overexpressing the wild-type
allele from a high-copy-number plasmid also increased expres-
sion of the ZRTI promoter in zinc-replete cells. Finally, the
zaplA deletion mutation caused low-level expression of ZRT1,
ZRT2, and ZAPI in either zinc-limited or zinc-replete cells;
i.e., Zaplp is required for zinc-responsive expression of these
genes.

Features of Zaplp also support its proposed role as a tran-
scriptional activator. For example, the carboxy terminus of the
protein has five C,H, zinc finger domains. First identified in
TFIIIA (15), this motif has since been found in literally hun-
dreds of DNA-binding proteins. Zaplp also has two regions
that are likely to be transcriptional activation domains. Yeast
activation domains are typified by an abundance of acidic res-
idues (13). We cannot yet rule out the possibility that Zaplp is
part of a signal transduction system that communicates cellular
zinc status to other proteins that regulate transcription. How-
ever, preliminary results strongly favor a direct role of Zaplp
in this regulation; in vitro-synthesized Zaplp can bind to sites
in the ZRT1 promoter in a sequence-specific manner (7a).

Intracellular zinc somehow inhibits transcriptional activation
by Zaplp, and we propose that Zaplp plays a dual role in this
regulation, acting both as the primary zinc “sensor” and as a
transcriptional activator. Zinc sensing might involve direct
binding of the metal ion to Zaplp, which would then inhibit
the protein’s ability to activate transcription. To understand
this process, we must distinguish between structural and reg-
ulatory zinc binding. Structural zinc binding probably occurs in
some or all of the zinc finger domains of Zaplp. This binding
is likely to be of high affinity to allow zinc finger formation and
DNA binding even when intracellular zinc levels are low. Reg-
ulatory zinc binding, i.e., the metal-protein interaction that
controls transcriptional activation by Zap1p, could involve low-
er-affinity sites whose occupancy would vary with changing
intracellular zinc levels. For example, regulatory zinc binding
in the amino-terminal region of the protein could lead to the
formation of an inactive conformation (i.e., intramolecular re-
pression) or interaction with an inhibitor protein (i.e., inter-
molecular repression) that represses Zaplp function. Alterna-
tively, as some investigators have proposed for other zinc finger
proteins (4, 32), zinc binding in the finger domains could reg-
ulate metal-responsive gene expression. Regulatory zinc bind-
ing by Zap1p may occur in a subset of the zinc finger domains.
In zinc-limited cells, high-affinity fingers would bind zinc and
be responsible for binding of Zaplp to sites in its target pro-
moters. In zinc-replete cells, low-affinity fingers would form
and cause binding of Zaplp to other sites in the genome, thus
titrating the activator protein away from the ZRT1, ZRT2, and
ZAPI promoters.

Further studies will be required to assess these various mod-
els, but the data gathered thus far are very suggestive. First,
amino acids 1 to 706 include several cysteine and histidine
residues; many of them may play a role in regulatory zinc
binding. The mutation in the ZAPI-1"P allele alters one of
these potential ligands, a cysteine at position 203 that is located
within one of the two potential activation domains. This mu-
tation interferes with Zaplp’s ability to be repressed by zinc
and could interfere directly with regulatory zinc binding. Sec-
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ond, several recessive mutations were isolated in our genetic
screen. These may be loss-of-function mutations in the gene
that encodes the inhibitor protein proposed in the intermolec-
ular-repression model described above.

Although Zaplp is the first transcription factor known to
increase expression in response to zinc limitation, other zinc-
responsive factors have been identified. The SmtB protein,
which represses metallothionein expression in the cyanobacte-
rium Synechococcus sp. strain PCC7942, is a helix-turn-helix
protein whose DNA binding ability is inhibited by zinc binding
to the protein (8, 22). Zinc-induced expression of metallothio-
nein genes in mammals involves the binding of one or more
metal-responsive transcription factors (e.g., MTF-1 or ZRF) to
sites (metal-regulated enhancer elements) in the metallothio-
nein gene promoters (21, 34). MTF-1 has been cloned, and its
product bears features similar to those of Zaplp, including
C,H, zinc finger domains and transcriptional activation do-
mains (2). However, while MTF-1 increases transcription in
response to elevated zinc levels, Zap1p activity is repressed by
the metal. How MTF-1 and Zaplp dictate opposite transcrip-
tional responses to zinc is an interesting paradox that may soon
be resolved.

The Zaplp zinc regulator exhibits many similarities to the
iron-responsive Aftlp (35) and copper-responsive Maclp (19)
proteins of yeast. Each of these proteins is a transcriptional
activator that increases expression of uptake systems when the
concentration of its respective metal ion is limiting in the
environment. All three proteins contain potential DNA bind-
ing domains, and DNA binding has been demonstrated for
Aftlp (36). Furthermore, dominant alleles of each have been
isolated that cause constitutive expression of their target genes.
These “up” mutations alter amino acids that are potential
metal ligands and suggest that these residues are involved in
regulatory metal binding interactions that control the tran-
scriptional activity of the protein. The functional similarity of
Aftlp, Maclp, and Zaplp suggests a central theme for tran-
scriptional regulators that control metal uptake in S. cerevisiae
and, perhaps, other eukaryotes.

ACKNOWLEDGMENTS

We thank Margaret Broderius for technical assistance, Ann Thering
and Dennis Winge for helpful discussions, and an anonymous reviewer
for recommending the lacZ analysis of ZAPI regulation.

This study was supported by National Science Foundation grant
MCB-9405200 and National Institutes of Health grant GM-48139.

REFERENCES

1. Boulikas, T. 1994. Putative nuclear localization signals (NLS) in protein
transcription factors. J. Cell. Biochem. 55:32-58.

2. Brugnera, E., O. Georgiev, F. Radtke, R. Heuchel, E. Baker, G. R. Suther-
land, and W. Schaffner. 1994. Cloning, chromosomal mapping, and charac-
terization of the human metal-regulatory transcription factor MTF-1. Nu-
cleic Acids Res. 22:3167-3173.

3. Conklin, D. S., J. A. McMaster, M. R. Culbertson, and C. Kung. 1992. COT1,
a gene involved in cobalt accumulation in Saccharomyces cerevisiae. Mol.
Cell. Biol. 12:3678-3688.

4. Dalton, T. P., D. Bittel, and G. K. Andrews. 1997. Reversible activation of
mouse metal response element-binding transcription factor 1 DNA binding
involves zinc interaction with the zinc finger domain. Mol. Cell. Biol. 17:
2781-2789.

5. Dancis, A., D. S. Yuan, D. Haile, C. Askwith, D. Eide, C. Moehle, J. Kaplan,
and R. D. Klausner. 1994. Molecular characterization of a copper transport
protein in S. cerevisiae: an unexpected role for copper in iron transport. Cell
76:393-402.

6. Eide, D., S. Davis-Kaplan, I. Jordan, D. Sipe, and J. Kaplan. 1992. Regu-
lation of iron uptake in Saccharomyces cerevisiae: the ferrireductase and
Fe(II) transporter are regulated independently. J. Biol. Chem. 267:20774—
20781.

7. Eide, D., and L. Guarente. 1992. Increased dosage of a transcriptional acti-

THE Zapl METALLOREGULATORY PROTEIN OF S. CEREVISIAE 5051

vator gene enhances iron-limited growth of Saccharomyces cerevisiae. J. Gen.
Microbiol. 138:347-354.

7a.Eide, D., H. Zhao, and S. Duesterhoeft. Unpublished data.

8. Erbe, J. L., K. B. Taylor, and L. M. Hall. 1995. Metalloregulation of the
cyanobacterial smt locus: identification of SmtB binding sites and direct
interaction with metals. Nucleic Acids Res. 23:2472-2478.

9. Feinberg, A. P., and B. Vogelstein. 1984. A technique for radiolabeling DNA
restriction endonuclease fragments to high specific activity. Anal. Biochem.
137:266-267.

10. Forsburg, S. L., and L. Guarente. 1989. Identification and characterization
of HAP4: a third component of the CCAAT-bound HAP2/HAP3 heteromer.
Genes Dev. 3:1166-1178.

11. Galibert, F., D. Alexandraki, A. Baur, E. Boles, N. Chalwatzis, J. C. Chuat,
F. Coster, C. Cziepluch, M. De Haan, H. Domdey, P. Durand, K. D. Entian,
M. Gatius, A. Goffeau, L. A. Grivell, A. Hennemann, C. J. Herbert, K.
Heumann, F. Hilger, C. P. Hollenberg, M. E. Huang, C. Jacq, J. C. Jauniaux,
C. Katsoulou, L. Karpfinger-Hartl, et al. 1996. Complete nucleotide se-
quence of Saccharomyces cerevisiae chromosome X. EMBO J. 15:2031-2049.

12. Guarente, L. 1983. Yeast promoters and lacZ fusions designed to study
expression of cloned genes in yeast. Methods Enzymol. 101:181-191.

13. Hahn, S. 1993. Structure (?) and function of acidic transcription activators.
Cell 72:481-483.

14. Hamer, D. H. 1986. Metallothionein. Annu. Rev. Biochem. 55:913-951.

15. Hanas, J. S., D. J. Hazuda, D. F. Bogenhagen, F. Wu, and C. Wu. 1983.
Xenopus transcription factor A requires zinc for binding to the 5S RNA gene.
J. Biol. Chem. 258:14120-14125.

16. Hill, J. E., A. M. Myers, T. J. Koerner, and A. Tzagoloff. 1986. Yeast/E. coli
shuttle vectors with multiple unique restriction sites. Yeast 2:163-167.

17. Ho, S. N., H. D. Hunt, R. M. Horton, J. K. Pullen, and L. R. Pease. 1989.
Site-directed mutagenesis by overlap extension using the polymerase chain
reaction. Gene 77:51-59.

18. Hoovers, J. M., M. Mannens, R. John, J. Bliek, V. van Heyningen, D. J.
Porteous, N. J. Leschot, A. Westerveld, and P. F. Little. 1992. High-resolu-
tion localization of 69 potential human zinc finger protein genes: a number
are clustered. Genomics 12:254-263.

19. Jungmann, J., H. Reins, J. Lee, A. Romeo, R. Hassett, D. Kosman, and S.
Jentsch. 1993. MAC1, a nuclear regulatory protein related to Cu-dependent
transcription factors, is involved in Cu/Fe utilization and stress resistance in
yeast. EMBO J. 12:5051-5056.

20. Kamizono, A., M. Nishizawa, Y. Teranishi, K. Murata, and A. Kimura. 1989.
Identification of a gene conferring resistance to zinc and cadmium ions in the
yeast Saccharomyces cerevisiae. Mol. Gen. Genet. 219:161-167.

21. Koizumi, S., H. Yamada, K. Suzuki, and K. Otsuka. 1992. Zinc-specific
activation of a HeLa cell nuclear protein which interacts with a metal re-
sponsive element of the human metallothionein-ITA gene. Eur. J. Biochem.
210:555-560.

22. Morby, A. P., J. S. Turner, J. W. Huckle, and N. J. Robinson. 1993. SmtB is
a metal-dependent repressor of the cyanobacterial metallothionein gene
smtA: identification of a Zn inhibited DNA-protein complex. Nucleic Acids
Res. 21:921-925.

23. Myers, A. M., A. Tzagoloff, D. M. Kinney, and C. J. Lusty. 1986. Yeast shuttle
and integrative vectors with multiple cloning sites suitable for construction of
lacZ fusions. Gene 45:299-310.

24. O’Hara, P. J., H. Horowitz, G. Eichinger, and E. T. Young. 1988. The yeast
ADRG6 gene encodes homopolymeric amino acid sequences and a potential
metal-binding domain. Nucleic Acids Res. 16:10153-10169.

25. Palmiter, R. D., T. B. Cole, and S. D. Findley. 1996. ZnT-2, a mammalian
protein that confers resistance to zinc by facilitating vesicular sequestration.
EMBO J. 15:1784-1791.

26. Palmiter, R. D., and S. D. Findley. 1995. Cloning and functional character-
ization of a mammalian zinc transporter that confers resistance to zinc.
EMBO J. 14:639-649.

27. Rauser, W. E. 1995. Phytochelatins and related peptides. Plant Physiol.
109:1141-1149.

28. Schwabe, J. W., and A. Klug. 1994. Zinc mining for protein domains. Nature
Struct. Biol. 1:345-349.

29. Sherman, F., G. R. Fink, and J. B. Hicks. 1986. Methods in yeast genetics,
p. 33-42. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y.

30. Sikorski, R. S., and P. Hieter. 1989. A system of shuttle vectors and host
strains designed for efficient manipulation of DNA in Saccharomyces cerevi-
siae. Genetics 122:19-27.

31. Stearns, T., H. Ma, and D. Botstein. 1990. Manipulating the yeast genome
using plasmid vectors. Methods Enzymol. 185:280-297.

32. Suhy, D., and T. V. O’Halloran. 1995. Metal responsive gene regulation and
the zinc metalloregulatory model, p. 557-578. In H. Sigel (ed.), Metal ions in
biological systems, vol. 32. Marcel Dekker, New York, N.Y.

33. Vallee, B. L., and D. S. Auld. 1990. Zinc coordination, function, and structure
of zinc enzymes and other proteins. Biochemistry 29:5647-5659.

34. Westin, G., and W. Schaffner. 1988. A zinc-responsive factor interacts with a
metal-regulated enhancer element (MRE) of the mouse metallothionein-1
gene. EMBO J. 7:3763-3770.

35. Yamaguchi-Iwai, Y., A. Dancis, and R. D. Klausner. 1995. AFT1: a mediator



5052

ZHAO AND EIDE

of iron regulated transcriptional control in Saccharomyces cerevisiae. EMBO
J. 14:1231-1239.

36. Yamaguchi-Iwai, Y., R. Stearman, A. Dancis, and R. D. Klausner. 1996.

Iron-regulated DNA binding by the AFT1 protein controls the iron regulon
in yeast. EMBO J. 15:3377-3384.

37. Yuan, D., and R. D. Klausner. 1996. Identification of 41 zinc-regulated

genes in yeast, abstr. 310A, p. 310. In Abstracts of the 1996 Yeast Ge-

38.

39.

MoL. CELL. BIOL.

netics and Molecular Biology Meeting. Genetics Society of America,
Bethesda, Md.

Zhao, H., and D. Eide. 1996. The yeast ZRTI gene encodes the zinc trans-
porter of a high affinity uptake system induced by zinc limitation. Proc. Natl.
Acad. Sci. USA 93:2454-2458.

Zhao, H., and D. Eide. 1996. The ZRT?2 gene encodes the low affinity zinc
transporter in Saccharomyces cerevisiae. J. Biol. Chem. 271:23203-23210.



