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The Zap1 transcriptional activator also acts
as a repressor by binding downstream of the TATA
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The zinc-responsive transcriptional activator Zapl regu-
lates the expression of both high- and low-affinity zinc
uptake permeases encoded by the ZRTI and ZRT2 genes.
Zapl mediates this response by binding to zinc-responsive
elements (ZREs) located within the promoter regions of
each gene. ZRT2 has a remarkably different expression
profile in response to zinc compared to ZRT1. While ZRT1
is maximally induced during zinc limitation, ZRT2 is
repressed in low zinc but remains induced upon zinc
supplementation. In this study, we determined the me-
chanism underlying this paradoxical Zapl-dependent regu-
lation of ZRT2. We demonstrate that a nonconsensus ZRE
(ZRT2 ZRE3), which overlaps with one of the ZRT2 tran-
scriptional start sites, is essential for repression of ZRT2 in
low zinc and that Zapl binds to ZRT2 ZRE3 with a low
affinity. The low-affinity ZRE is also essential for the ZRT2
expression profile. These results indicate that the unusual
pattern of ZRT2 regulation among Zapl target genes
involves the antagonistic effect of Zap1l binding to a low-
affinity ZRE repressor site and high-affinity ZREs required
for activation.
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Introduction

Large groups of genes are often coregulated by the same
transcription factor (Schena et al, 1995; DeRisi et al, 1997).
While this allows networks of genes to be simultaneously
turned on or off in response to a single environmental
change, the regulation observed at different target promoters
often differs. For example, although Pho4 is the primary
regulator of both PHOS and PHOS, the dynamic range of
PHOS8 expression is ~ 10-fold less (Munsterkotter et al, 2000).
Differential expression of coregulated genes can result from a
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variety of mechanisms. The number, positioning and affinity
of the binding sites located within a promoter can all affect
the strength of induction or repression (Struhl, 1989). Many
recent studies have also demonstrated the importance of
chromatin remodeling at promoters and how the extent of
remodeling can influence expression level (Kadam and
Emerson, 2002; Narlikar et al, 2002). A large number of
genes are additionally subject to a combinatorial control by
multiple regulatory factors (Lee et al, 2002). Consequently,
the regulation observed at two coregulated promoters can
differ because additional factor(s) regulate one promoter and
not the other. Finally, the post-translational control of a factor
by multiple signaling pathways can result in the factor being
able to activate only a subset of its target genes in response to
a single signaling pathway (Barolo and Posakony, 2002;
Zeitlinger et al, 2003). Thus, while a transcription factor
can regulate a large cohort of genes, many mechanisms
exist that allow the fine-tuning of individual gene expression,
such that each target gene is expressed at its own opti-
mal level. In this report, we describe a novel mechanism
for differentially regulating genes in yeast involved in zinc
homeostasis.

Zinc is essential for the growth of all cells; however, too
much zinc is also toxic. It is therefore essential that cells
respond rapidly to changes in zinc levels. In Saccharomyces
cerevisiae, this is primarily achieved by the transcriptional
regulation of a number of genes encoding zinc transporters.
During zinc limitation, the transcriptional activator Zapl
induces the expression of three uptake systems encoded by
the ZRT1, ZRT2 and FET4 genes (Zhao and Eide, 1996a, b;
Waters and Eide, 2002) and vacuolar zinc influx and efflux
transporters encoded by the ZRC1 and ZRT3 genes, respec-
tively (MacDiarmid et al, 2000, 2002).

Zapl mediates the transcriptional response by binding in a
site-specific manner to 11 bp zinc-responsive elements (ZREs)
located in the promoter regions of all Zap1 target genes. Zapl
contains seven C,H, zinc-finger domains, five of which are
essential for ZRE recognition and binding (Zhao et al, 1998;
Bird et al, 2000a; Evans-Galea et al, 2003). The remaining two
C,H, zinc fingers are located within an activation domain,
designated AD2. Zapl activity is regulated at multiple levels
by zinc. At a transcriptional level, Zap1 induces the expres-
sion of its own gene. At a post-translational level, both Zap1
DNA-binding activity and activation domain function are
potentially regulated by zinc (Bird et al, 2000b). Recent
studies have demonstrated that AD2 is autonomously regu-
lated by zinc and that the two zinc-finger domains located
within AD2 are essential for this regulation (Bird et al, 2003).
Another activation domain, designated ADI, is also zinc
regulated; however, this requires the presence of the Zapl
DNA-binding domain (Bird et al, 2000b).

Although Zapl is the primary regulator of ZRTI1, ZRT2,
ZRT3 and ZRCI, the expression profile of each gene in
response to zinc differs. The most striking difference is
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observed for ZRT2. We have found that ZRT2 expression is
repressed during severe zinc limitation when other Zapl
targets are maximally expressed. Moreover, while other
Zapl target genes are off in zinc-replete cells, ZRT2 expres-
sion remains elevated in a Zapl-dependent manner (Zhao
and Eide, 1996b). Thus, a paradox exists in that ZRT2
expression is repressed under conditions when other Zapl
target genes are induced and, conversely, is induced under
conditions when other Zapl target genes are not expressed.
In this report, we investigate the mechanism by which Zapl
regulates the expression of ZRT2. We demonstrate that Zapl
can activate ZRT2 expression by binding to two high-affinity
ZREs and also repress ZRT2 expression by binding to a third
low-affinity ZRE located 3’ of the TATA box.

Results

ZRT2 is repressed under zinc-deficient conditions

The ZRT1 and ZRT2 genes are both activated by the Zapl
transcription factor through Zapl-responsive ZRE promoter
elements (Zhao et al, 1998). Although Zapl regulates both
genes, a comparison of ZRT1 and ZRT2 mRNA levels using S1
nuclease protection analysis revealed that the zinc-responsive
expression profiles of each gene greatly differ (Figure 1). As
expected from previous results (Zhao and Eide, 1996a), ZRT1
expression is maximally induced during severe zinc limita-
tion (lane 2) and is shut off on addition of zinc to the media
(lanes 3-8). The levels of calmodulin encoding CMDI mRNA
are shown as a loading control. Expression of CMD! is not
affected by zinc availability (Lyons et al, 2000). Unlike the
regulation observed at the ZRT1 promoter, ZRT2 expression is
repressed during zinc deficiency (lanes 2 and 3) and increases
as the levels of zinc increase (lanes 4-6). Thus, the Zapl-
dependent expression profiles of ZRT1 and ZRT2 differ in two
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Figure 1 Regulation of ZRT1 and ZRT2 transcription in response to
zinc. Total RNA was extracted from exponential-phase cultures of
the zapl mutant strain ZHY6 grown in LZM media supplemented
with 3000 uM Zn>* (lane 1) and from the wild-type strain, DY1457,
grown in LZM media supplemented with 3, 10, 30, 100, 300, 1000
and 3000 uM Zn** (lanes 2-8, respectively). The levels of ZRT1 and
ZRT2 mRNA were compared to the loading control CMDI mRNA
using S1 nuclease protection assays.
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ways. First, ZRT2 expression is repressed during severe zinc
deficiency and, second, ZRT2 remains induced under zinc-
replete conditions.

Mapping a repressing ZRE within the ZRT2 promoter
One explanation for the results described above is that a
repressor binds to the ZRT2 promoter under zinc-limiting
conditions and inhibits Zap1 activity. If this model is correct,
then deletion of the repressor-binding site from the ZRT2
promoter should result in the induction of ZRT2 under zinc-
limiting conditions, that is, the regulation should resemble
that observed for other Zapl target genes. To identify such a
site, truncations and deletions were made in a ZRT2-lacZ
reporter construct, which contained both of the characterized
ZREs (ZRE1 and ZRE2). Repression of ZRT2 expression under
severely zinc-limiting conditions was still observed upon
deletion of the nucleotides upstream of ZRE1 (A —312 to
—1047) or ZRE2 (A —263 to —1047) (data not shown). (All
numbers are relative to the first base of the initiation ATG
codon, which is designated as + 1.) Further internal dele-
tions that removed the nucleotide sequence between ZRE2
and the predicted TATA box (A —202 to —251 or A —145 to
—201) also had no effect on ZRT2-lacZ reporter activity (data
not shown). Consequently, additional internal deletions were
made to examine whether a putative repressor-binding site
was located between the predicted TATA box sequence motif
and the translational start site (Figure 2A). Deletion of the
nucleotides between —91 and —112 resulted in a significant
derepression corresponding to an ~7.5-fold increase in re-
porter activity during severe zinc limitation (line b).
Transversion mutations to the nucleotides —102 to —111
also led to an ~7.5-fold increase under zinc-limiting condi-
tions (line d). A smaller increase (~4.5-fold) was noted when
the adjacent nucleotides (—101 to —91) were mutated (line c).
Thus, a repressor site is located within nucleotides —91
to —111.

To confirm that this site was required for repression at the
ZRT2 locus, the —102 to —111 transversion substitutions were
introduced into a construct that contained the ZRT2 open
reading frame, promoter and terminator sequences (pmZRE3)
(Figure 2B). When pmZRE3 was introduced into a zrt2
mutant strain, ZRT2 expression was maximally induced dur-
ing severe zinc deficiency (lane 2) and decreased as the levels
of zinc increased (lanes 3-8). Thus, mutation of these nu-
cleotides leads to loss of repression and causes the ZRT2
promoter to show ZRTI-like regulation.

Zap1 binds to ZRE3 with a low affinity

The sequence of the —91 to —111 region was searched for
known consensus elements. A ZRE-like sequence was found
at positions —102 to —112. An alignment of this sequence,
designated ZRT2 ZRE3, with the consensus ZRE and other
characterized ZREs from the ZRT1 and ZRTZ2 promoters is
shown in Figure 3A. Although the sequence differs from any
known ZRE (Lyons et al, 2000), introduction of ZRT2 ZRE3
into a minimal CYCI-lacZ fusion construct was sufficient to
confer zinc-responsive activation under zinc-limiting condi-
tions (Figure 3B). However, the maximum level of expression
was significantly lower than that which other characterized
ZREs (ZRT1 ZRE1, ZRT2 ZRE1 or ZRT2 ZRE2) conferred on
the minimal CYCI promoter.
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Figure 2 Mapping the repressor binding site. (A) The indicated
reporter constructs were transformed into wild-type DY1457. All
cultures were grown to exponential phase in LZM media supple-
mented with the indicated amount of Zn® . B-Galactosidase activity
was measured in triplicate by standard procedures. The numbers
shown indicate the internal deletion end points. All numbers are
relative to the first base of the initiation codon of lacZ, which is
designated as + 1. ZRE elements (open box), the TATA box (filled
oval) and the lacZ gene (hatched box) are shown. (B) The single-
copy plasmid pmZRE3 was introduced into the zapl zrt2 mutant
strain ZHY11l and the zrt2 mutant strain ZHY2. Total RNA was
extracted from exponential-phase cultures of ZHY11 pmZRE3 that
had been grown in LZM media supplemented with 3000 uM Zn**
(lane 1) and from ZHY2 pmZRE3 grown in LZM media supplemen-
ted with 3, 10, 30, 100, 300, 1000 and 3000uM Zn** (lanes 2-8,
respectively). The levels of ZRT2 mRNA were compared to the
loading control CMDI mRNA using S1 nuclease protection assays.

Previous studies demonstrated that the ACC-GGT ends of
the ZRE are the most important bases for site-specific Zap1
binding in vitro (Evans-Galea et al, 2003). They also revealed
that mutations to the central five nucleotides of the ZRE result
in an ~10-fold reduction in Zapl binding affinity (Evans-
Galea et al, 2003). The deviance of the central 5bp of ZRT2
ZRE3 from other known ZREs suggested that Zap1 could bind
to ZRT2 ZRE3 with a low affinity in vivo. Consistent with this
hypothesis, overexpression of ZAPI in cells containing the
minimal ZRE3-CYCl-lacZ fusion gene described in Figure 3B
yielded similar B-galactosidase activity as cells containing the
ZRT1 ZRE1-CYCl-lacZ fusion gene (data not shown). To test
whether ZRT2 ZRE3 is a low-affinity ZRE, we used EMSA
to determine the binding affinity of Zapl for ZRT2 ZRE3
in vitro. Reactions were set up containing a ZRT2 ZRE3 oligo-
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Figure 3 Identification of ZRE3 in the ZRT2 promoter. An align-
ment of ZRT2 ZRE3 with the consensus ZRE and other known ZRE
elements from the ZRT1 and ZRT2 promoters (A). The numbers
indicate the first and last nucleotides of each element. (B) The
activity of the minimal promoter reporter constructs pDg2, pDg-
ZRE1, pDg-ZRE2 and pZRT2 ZRE3 was examined in the wild-type
strain DY1457. The constructs contain the ZRT1 ZRE1, ZRT2 ZRE1,
ZRT2 ZRE2 and ZRT2 ZRE3 inserted into a minimal CYCI promoter,
respectively. All cultures were grown to exponential phase in LZM
media supplemented with the indicated amount of Zn**. pB-
Galactosidase activity was measured in triplicate by standard
procedures.

nucleotide probe and increasing concentrations of purified
Zapleaz-gso, a truncated form of Zapl that contains the
functional DNA-binding domain (Bird et al, 2000b). Similar
reactions were set up using a ZRT1 ZRE1 oligonucleotide
probe. The percentage of complex formation (as determined
by the loss of free probe) was plotted against protein con-
centration (Figure 4A, the EMSA data are shown in
Supplementary Figure 1). The apparent dissociation con-
stants (Ky) (as measured at 50% protein—-DNA complex) for
the Zap1-ZRT1 ZRE1 and Zap1-ZRTZ2 ZRE3 complexes were
3.1 and 45.3nM, respectively. Thus, Zapl binds to ZRT2
ZRE3 with an approximate 10-fold lower affinity in vitro.
Our results indicate that Zap1 binds to the ZRT2 ZRE3 with
a reduced affinity. Therefore, in vivo, lower levels of Zapl
should bind to ZRE3 relative to a high-affinity ZRE if Zapl
levels were not saturating. To test this model, ZRE3 in the
context of the ZRT2 promoter was replaced with ZREs of
different affinities and ZRT2 regulation was examined in a
zrt2 mutant strain over a range of zinc levels (Figure 4B-E).
Introduction of the high-affinity ZRE (ZRT1 ZRE1) resulted in
an overall decrease in ZRT2 expression (Figure 4C).
Moreover, ZRT2 expression was fully repressed at LZM100
(Figure 4C, lane 4), a media condition where the wild-type
ZRT2 promoter was induced (Figure 4B). Replacement of
ZRE3 with a known low-affinity ZRE (Evans-Galea et al,
2003) resulted in maximal ZRT2 expression at low zinc levels
(Figure 4D, lane 2), while substitutions that replaced the
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Figure 4 Zapl binds to ZRT2 ZRE3 with a low affinity in vitro and
in vivo. Electrophoretic mobility shift assays were performed with
increasing amounts of purified Zapless-gso protein ranging from
1pM to 1uM, a constant radiolabeled ZRE concentration and the
ZRE oligonucleotide probes ZRT1 ZRE1 or ZRT2 ZRE3. (A) Binding
isotherm plots were generated by quantifying phosphorimages of
the ZRT1 ZRE1 and ZRT2 ZRE3 EMSA. A representative experiment
for each oligonucleotide probe is shown. (B) The plasmid
pYCpZRTZ2 or derivatives containing the indicated ZREs (C-E)
were introduced into the zrt2 mutant strain ZHY2. Total RNA was
extracted from exponential-phase cultures of ZHY2 grown in LZM
media supplemented with 3, 10, 30, 100, 300, 1000 and 3000 uM
Zn** (lanes 1-7, respectively). The levels of ZRT2 mRNA were
compared to the loading control CMDI mRNA using S1 nuclease
protection assays.

critical A-T ends of the ZRE led to complete loss of repression
under zinc-limiting conditions (Figure 4E, lanes 1-3). Thus,
these data are consistent with Zapl binding with a lower
affinity to ZRT2 ZRE3 relative to ZRT1 ZRE1 in vivo. These
data also suggest that the affinity of ZRT2 ZRE3 for Zapl is
critical in determining the profile for ZRT2 repression.

Repression via ZRE3 can modulate transcription factors
other than Zap1

The regulation at ZRT2 is unique in that Zapl acts as both a
transcriptional activator and repressor on the same promoter.
It was therefore possible that zinc-responsive repression at
ZRE3 was specific to Zapl bound to upstream ZREs. To test
this hypothesis, a binding site (Rap1YS) for the Rapl acti-
vator was introduced into a minimal ZRT2 promoter that
lacked both high-affinity ZREs (pRap1"*%). As expected, Rap1l
induced ZRT2 expression in the absence of Zap1l (Figure 5A,
panel b). Due to the poor ability of the zapl zrt2 mutant
strain to grow under zinc-limiting steady-state conditions, a
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Figure 5 Repression via ZRE3 is active on transcription factors
other than Zapl. The plasmid pYCpZRT2 or derivatives containing
the indicated deletion/substitution mutations were introduced into
the zrt2 mutant strain ZHY2 or the zap! zrt2 mutant strain ZHY11.
Total RNA was extracted from exponential-phase cultures of ZHY11
grown in LZM media supplemented with 3000puM Zn?** and from
ZHY2 grown in LZM media supplemented with 3 or 3000 uM Zn? "
(=Zn and + Zn, respectively) (A) or from cells that had been
pregrown to exponential phase in SC media before transfer to
LZM media supplemented with 3uM Zn?* for a further 0, 3 or
Sh (B). The levels of ZRT2 mRNA were compared to the loading
control CMDI mRNA using S1 nuclease protection assays. The ZRT2
ZREs (open boxes), ZRT2 TATA box (closed oval), Rapl UAS (boxed
‘X’) and ZRT2 open reading frame (hatched box) are shown. A
closed box indicates the disruption of ZRE3 by transversion muta-
tions. Numbers indicate ZRT2 sequence end points.

media shift experiment was used to investigate whether Zap1
could repress activation by Rapl (Figure 5B). Both the zrt2
and zapl zrt2 mutant strains containing pRapl"*® were
grown to logarithmic phase in zinc-replete media before
cells were transferred to zinc-deficient media and grown for
a further 3 or 5h. S1 nuclease analysis in these strains
revealed that ZRT2 expression could be fully repressed in
the presence, but not in the absence, of Zapl. This result
confirms that Zap1 is essential for repression. In the presence
of Zapl, Rapl-mediated ZRT2 expression is repressed under
zinc-limitation and is maximally induced under zinc-replete
conditions (Figure 5A (panel b) and B). This repression is
also dependent upon Zap1 binding to ZRE3, as this repression
is not observed when ZRE3 is mutated (Figure 5A, panel c).
Repression of basal ZRTZ2 expression under zinc-limiting
conditions is also observed in a minimal ZRT2 promoter
fusion that lacks ZRE1 and ZRE2 (Figure 5A, panel d). This
result suggests that even the basal level of Zap1l-independent
ZRT2 expression is subject to zinc-responsive repression.
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Thus, Zapl bound to ZRE3 can repress the activity of other
transcriptional activators.

The ZRT2 transcriptional start site is located within
ZRE3

ZRE3 is positioned 101 nucleotides upstream of the transla-
tional start site and 26 bp downstream of a putative TATA box
sequence motif (TATATA). Consistent with this motif being
the binding site of the TATA-binding protein, replacement of
the TATATA motif with the sequence TTTTTT in the plasmid
pmZRE3 led to the total loss of ZRT2 expression (data not
shown). As ZRE3 is located downstream of the TATA box,
Zapl could act as a repressor by inhibiting transcriptional
initiation. One potential mechanism by which this could be
achieved is by Zapl occluding access to the transcriptional
start site. Therefore, the start site of transcription for ZRT2
was determined using S1 nuclease protection analysis. Two
S1 nuclease products were identified using a 75bp primer
(P1) that was complementary to the ZRT2 promoter between
nucleotide positions —105 and —31, one of which partially
overlapped with ZRE3 (Figure 6A, P1 ZRT2). The major
product was just smaller than 75bp in size, thus mapping
the 5" end of the longest ZRT2 transcript to ZRT2 ZRE3. A less
abundant shorter product was also detected. Both S1 nucle-
ase products were also detected when ZRT2 expression was
placed under the control of the activator Rapl (Figure 6A,
pRap1Y4%). However, the second transcriptional start site was
used in preference to the transcriptional start site that over-
laps with ZRE3. Primer extension analysis was used to
confirm the position of the transcriptional start sites. A
minor product that resulted from termination 83 nucleotides
upstream of the translation initiation ATG codon was ob-
served (data not shown). While this site mapped the position
of the second transcriptional start site, we detected no primer
extension product that would map the precise 5’ end of the
longest ZRT2 mRNA.

To determine whether repression is caused by steric occlu-
sion of factors required for transcriptional initiation or
whether repression requires recruitment of additional core-
pressors, we examined the ability of the Zapl DNA-binding
domain to act alone as a transcriptional repressor.
Overexpression of Zapl leads to constitutive DNA-binding
activity in vivo irrespective of zinc levels (A Bird, D Eide and
D Winge, unpublished data). Thus, if Zapl represses ZRT2
expression by simply binding to ZRE3 and sterically hinder-
ing binding of the transcriptional machinery, then overex-
pression of the Zapl DNA-binding domain should be
sufficient to repress transcription of pRap1Y?® under zinc-
replete conditions. Due to the significantly smaller size of the
Zapl DNA-binding domain relative to the full-length Zapl,
the activity of pRap1Y"S was examined in cells expressing
either the full-length Zapl fused to the Gal4 DNA-binding
domain (GBD-Zapl;_ggo) or the Zapl DNA-binding domain
fused to the Gal4 DNA-binding domain (GBD-Zapless-sso)-
This latter construct contains only domains involved in DNA
interactions and likely do not interact with general corepres-
sors. When overexpressed from the ADHI promoter, GBD-
Zapl,_ggo (Zapl) was able to repress fully pRap1U?S tran-
scription under + Zn conditions (Figure 6C). Under similar
conditions, the GBD-Zaplgs,_ggo fusion (DBD) only mini-
mally repressed pRap1UAS expression. The difference in re-
pression was not a result of protein levels, as the smaller
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Figure 6 S1 nuclease protection analyses of the 5 end of ZRT2
mRNA. Total RNA from wild-type DY1457 (ZRT2) cells or from zrt2
mutant cells containing pRap1"** that had been grown to exponen-
tial phase in LZM media supplemented with 300 or 3uM Zn?™,
respectively, was subject to S1 nuclease analysis using probe P1
(A). The 75bp P1 probe is complementary to nucleotides —31 to
—105 in the ZRT2 promoter and partially overlaps with ZRE3. The
position of the 5’ end of ZRT2 mRNA was estimated by comparing
the sizes of the S1 nuclease products (P1) to products of known size
(MW). The sequence of the 5" end of P1 is shown. The nucleotides
that are complementary to ZRE3 (underlined) and the positions of
the 5" end of the S1 nuclease products of size 51, 60, 69 or 75 bp are
indicated. Arrows indicate the protected S1 nuclease products that
map the 5 ends of the mRNA. (B) The plasmids pMA424 (V),
pGBD-Zapl;_ggo (Zapl) or pGBD-Zaplgss_sso (DBD) were intro-
duced into the strain ZHY2 containing either pRaplU*S (see
Figure 5A, panel b) or pRap1"**mZRE3 (see Figure 5A, panel c).
Cells were grown in LZM media supplemented with 3 or 1000 pM
Zn** (—Zn and + Zn, respectively) and SI nuclease protection
assays were performed as described before.

GBD-Zaplesz-ggo fusion accumulates to higher levels than
GBD-Zap1,_ggo (data not shown). Moreover, repression was a
direct result of the Zapl fusion proteins binding to ZRE3, as
repression was not observed in the absence of ZRE3
(Rap1Y*SmZRE3).

Assessing the role of transcriptional corepressors

in Zap1-mediated repression

To establish whether Zapl recruits any known repressor
proteins to the ZRT2 promoter, ZRT2 expression was exam-
ined in strains that lacked global regulators that frequently
mediate repression. Regulation of ZRT2 expression was atte-
nuated in the absence of the Ssn6 repressor or Hos1 histone
deacetylase (Figure 7A). A dramatic loss of repression oc-
curred in strains lacking the Hos2 or Hos3 histone deacety-
lases. No loss of repression or regulation was observed in the
absence of the Rpd3 or Hdal histone deacetylases (data not
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Figure 7 Hos2 or Hos3 loss leads to constitutive ZRT2 activation.
Total RNA was extracted from exponential-phase cultures of wild-
type strain DY1457, ssn6 mutant strain MAP6, hosI mutant strain
DY6073, hos2 mutant strain DY4549 and hos3 mutant strain DY8363
grown in LZM media supplemented with 3 or 300 pM Zn** (—Zn
and + Zn, respectively) (A) or the indicated strains grown in LZM
media supplemented with 3000 uM Zn?>* (B, C). The hos2 and hos3
mutant strains contained the plasmids pMA424 (V) and pGBD-
Zap1' 7% (Zap1) in panel C. The levels of ZRT2 and ZRT1 mRNA
were compared to the loading control CMDI mRNA using S1
nuclease protection assays.

shown). To investigate whether these changes in ZRT2 ex-
pression were caused by global changes in intracellular zinc
levels, ZRT1 expression was also examined in each of the
mutant strains (Figure 7A). Although ZRT1 expression was
not increased in either ssn6, hosl or hos3 mutants, an
increase in ZRT1 expression was observed under both zinc-
limiting and -replete conditions in strains lacking Hos2. Thus,
chromatin organization mediated by Hos2 may affect the
expression of other zinc homeostatic genes.

As intracellular zinc levels are not perturbed in a hos3
mutant, as shown by ZRTI expression, we investigated
whether Hos3 was recruited to the ZRT2 promoter in a
Zapl-dependent manner. At high zinc levels, Zapl activity
in a wild-type cell is inhibited and ZRTZ2 expression is
diminished (Figures 1 (lane 8) and 7B (lane 2)). Under
identical conditions, ZRT2 expression is still induced in a
hos3 mutant strain, suggesting that Hos3 loss leads to the
constitutive activation of the ZRT2 promoter. A similar result
is observed in a hos3 zapl double mutant confirming
that Hos3 acts independently of Zapl. The same analyses
with hos2 and hos2 zapl mutants revealed that the loss of
Hos2 also leads to Zapl-independent activation of the ZRT2
promoter.

If Zapl mediates repression by occlusion of ZRE3, then
overexpression of ZAPI could over-ride the effects of either
the hos2 or hos3 mutations. Consistent with this model,
overexpression of ZAPI in either the hos2 or hos3 mutant
strains causes the repression of the ZRT2 promoter
(Figure 7C).
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Figure 8 The low affinity of ZRE3 is required for proper ZRT2
regulation and Zrt2 function. (A) The constructs pYCpZRT2,
pYCpZRT2-H (a derivative containing ZRE3 replaced with ZRT1
ZRE1) and vector pRS316 were introduced into the zrtI zrt2 mutant
strain ZHY3. In all, 5pl of a cell suspension (ODggo of 1.0) and 10-
fold serial dilutions (left to right) were plated onto SD agar plates
supplemented with 1 mM EDTA and 400 uM Zn** (—), 1 mM EDTA
and 800uM Zn** (+) or 10uM Zn?** (+ +). Plates were incu-
bated for 3 days at 30°C. (B, C) Growth of the zrt] mutant strain
transformed with either pZRTI, pRS316 (vector), pYCpZRT2
(pZRT2) or pmZRE3 in LZM media supplemented with 3 puM
Zn** (=Zn) or 3000pM Zn*>* (+Zn). Triplicate cultures were
inoculated at an initial Agyo of 0.01 and the Aggy Was measured
over time. Results of a representative experiment are shown.

The low affinity of ZRT2 ZRE3 is required for proper
ZRT2 regulation and function

Because the ZRT2 gene encodes a low-affinity zinc transpor-
ter, its major function is to transport zinc under zinc-replete
conditions (Zhao and Eide, 1996b). Thus, the significance of
a low-affinity rather than high-affinity repressing ZRE may be
to ensure that the levels of Zrt2 are high enough to allow for
zinc uptake under these conditions. To test this hypothesis,
growth was compared in cells expressing ZRT2 under the
control of its own promoter (pYCpZRT2) or the derivative in
which ZRE3 was replaced with the high-affinity ZRT1 ZRE1
(pYCpZRT2-H). In the absence of ZRT2, cells compensate by
upregulating the expression of their high-affinity zinc uptake
system (Zhao and Eide, 1996b). Consequently, cell growth
was examined in the zrtl zrt2 mutant strain ZHY3 that
contained pYCpZRTZ2 or pYCpZRT2-H (Figure 8A). Under
mildly zinc-limiting conditions (—), pYCpZRT2 could fully
complement the growth defect of ZHY3 while pYCpZRT2-H
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could only partially complement the growth phenotype. No
growth was observed in cells expressing the vector alone. The
difference in complementation was less at slightly higher zinc
levels (+ ) and all cells grew equally well at higher zinc levels
(+ +). Thus, the presence of a low-affinity repressing ZRE
could ensure that Zrt2 is expressed at a sufficient level for
growth under mildly zinc-limiting conditions.

If zinc-limited cells grow better when ZRT2 is expressed at
a higher level, why repress it at all? Given that ZRT2 is a low-
affinity zinc transporter, one explanation for the repression of
ZRT2 under severe zinc-limiting conditions is parsimony; that
is if Zrt2 is unable to transport zinc under these conditions,
there would be no benefit of producing Zrt2 protein. To
address whether Zrt2 could transport zinc under severe
zinc-limiting conditions, pmZRE3 was introduced into a
zrt]l mutant strain. Cells were then inoculated into zinc-
limiting (—Zn) or zinc-replete media (+ Zn) (Figure 8B and
C). In the absence of the high-affinity zinc transporter Zrtl
(Azrt1), cells cannot grow under zinc-limiting conditions
(vector). This growth defect can be rescued by expression
of ZRTI1 from a low copy plasmid (pZRTI) but not by
expression of ZRT2 from its own promoter (pYCpZRT2) or
the mutated ZRT2 promoter that lacks a functional ZRE3
(pmZRE3). This result indicates that Zrt2 cannot transport
zinc during severe zinc deficiency. No growth defect was
observed in any strain in zinc-replete medium.

Discussion

Studies of many Zapl target genes like ZRTI indicated that
these genes are induced under zinc-limiting conditions and
not expressed in zinc-replete cells (Lyons et al, 2000;
MacDiarmid et al, 2000; Waters and Eide, 2002). Regulation
of ZRT2, however, was paradoxical. While ZRT2 expression is
also largely Zapl dependent, this gene is expressed at its
highest levels in zinc-replete cells (Zhao and Eide, 1996b) and
repressed under conditions of zinc deficiency. Our initial
hypothesis was that a repressor protein might bind in the
ZRT2 promoter in low zinc and attenuate Zapl-dependent
activation. Our results strongly support this model and,
surprisingly, we found that Zapl itself is the repressor.
Thus, Zapl plays a unique role in both activating and
repressing ZRT2 expression. Zapl activates transcription
through two high-affinity ZREs, ZRE1 and ZRE2, found up-
stream of the TATA box and represses transcription through
the low-affinity ZRE3 located 3’ of the TATA box. The balance
between activation and repression dictates the level of ZRT2
expression over a range of zinc concentrations.

An important regulatory feature of the ZRT2 zinc-respon-
sive repression is that Zapl binds to ZRT2 ZRE3 with low
affinity relative to other ZREs. Our results indicate that the
low affinity of this site for Zap1 is a critical determinant in
dictating the response of the ZRT2 promoter to zinc. First,
replacement of ZRE3 with the high-affinity ZRTI ZREl
caused repression of ZRT2 expression at all zinc concentra-
tions. Reciprocally, replacement of ZRE3 with an extremely
low-affinity ZRE caused maximal activation at much lower
zinc levels. Finally, replacement of ZRE3 with the high-
affinity ZRE also results in a decreased ability to grow on
zinc-limiting media. These data suggest a model for how
ZRT?2 is regulated over a range of zinc levels. In zinc-replete
cells, activation is mediated via Zapl binding to ZRE1 and
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ZRE2. As cells become increasingly zinc limited, binding
might then occur at ZRE3 to repress activation. This model
predicts that Zapl DNA binding is regulated by zinc. Our
preliminary data confirm that DNA occupancy by Zapl is
highly regulated by zinc, which is partly a result of Zapl
protein levels increasing significantly in zinc-deficient cells as
a result of the known autoregulation (Zhao et al, 1998).

How might binding of Zapl at ZRE3 repress transcription
of ZRT2? Because ZRE3 is located 3’ of the TATA box and
overlaps with one of the ZRT2 transcriptional start sites, Zap1
may function as a repressor by hindering transcription initia-
tion under zinc-limiting conditions. To test this hypothesis,
we took advantage of the observation that overexpression of
ZAPI leads to the constitutive binding of Zap1 to ZREs. Under
conditions where activation of ZRT2 expression was made
constitutive (by replacing the two activating ZRT2 ZREs with
a Rapl UAS or by deleting the Hos2 or Hos3 histone deace-
tylases), ZAPI overexpression led to repression. While these
data are consistent with the above model, we still cannot
eliminate a model in which repression of ZRT2 expression
requires recruitment of a corepressor. It is noteworthy that
deletion of the 10 bp immediately 3’ of ZRE3 caused an ~4-
fold loss of repression (Figure 3A). If this adjacent region is a
binding site for a corepressor, then inhibition of transcrip-
tional initiation of ZRT2 may be dependent on Zapl and a
corepressor. We also note that if repression involves occlu-
sion of transcriptional initiation, then the Zapl repression
complex must attenuate initiation at both transcriptional start
sites, as overexpression of ZAPI effectively repressed expres-
sion of pRAP1YA, which primarily uses a more downstream
start site. Our future studies will test whether a corepressor is
necessary for the observed repression.

To the best of our knowledge, no examples are known in
which a transcriptional activator mediates repression in eu-
caryotes by binding to sites downstream of the TATA box. In
yeast general repressor proteins can bind downstream of the
TATA box and repress transcription (Griggs and Johnston,
1991; De Rijcke et al, 1992), while in mammalian cells
enhancer elements downstream of TATA remain functional
as activators (Banerji et al, 1981; Wasylyk et al, 1983). In
procaryotes, many regulatory proteins function as repressors
by binding to operator sites located 3’ of the binding site for
RNA polymerase (Rojo, 2001). As repression appears to be
partially mediated by Zapl and perhaps another factor oc-
cluding the transcriptional start site, then Zapl exemplifies
how a eucaryotic activator can utilize a primarily procaryotic
mechanism to repress gene transcription.

Comparing the ZRT2 promoter sequence with those of
several closely and distantly related Saccharomyces species
(Cliften et al, 2003; Kellis et al, 2003) indicates that the
presence and position of all three ZRT2 ZREs are completely
conserved among these species. This observation suggests
that repression of ZRT2 expression in low zinc via ZRE3 is a
conserved feature of ZRT2 regulation. A priori, this is a
surprising conclusion. Given that efficient zinc uptake is
essential for growth in low zinc, why repress ZRT2 expres-
sion during severe zinc deficiency? One simple explanation is
that Zrt2 has too low an affinity for its substrate to transport
effectively zinc under severe limitation conditions and there-
fore its expression at these times is of no value to the cell.
This mechanism would be analogous to the transcriptional
regulation of low- and high-affinity glucose transporters in
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response to cellular glucose concentration in yeast. For
example, expression of HXT1, which encodes a low-affinity
glucose transporter, is repressed when glucose is limiting and
is induced when glucose is abundant (Ozcan and Johnston,
1999).

Consistent with this hypothesis, expression of ZRT2 under
severely zinc-limiting conditions resulted in only poor com-
plementation of the zinc-deficiency growth defect of a AzrtI
strain. This reduction in growth rate is not simply because the
ZRT2 promoter lacking a functional ZRE3 is weaker than the
ZRT1 promoter, as placement of ZRT2 under the control of
the ZRT1 promoter did not rescue the growth defect of the
Azrt] strain (data not shown). However, it remains possible
that this effect could be a result of the Zrt2 protein being less
stable than the Zrt1 protein. We have also considered several
alternative explanations for the repression of ZRT2 expres-
sion in low zinc. First, repression of ZRT2 may be needed if
Zrt2 activity is somehow deleterious to cell growth, for
example, by interfering with zinc uptake via Zrtl. However,
introduction of pRS316, pYCpZRT2 or pmZRE3 into a zrt2
mutant strain resulted in no growth rate difference between
any of the strains under zinc-limiting or -replete conditions
(data not shown). Another explanation is suggested by a
recent study demonstrating that the vacuolar zinc influx
transporter ZRCI plays an essential role under zinc-limiting
conditions. In the absence of Zapl-dependent ZRCI expres-
sion, zinc-starved cells cannot survive the rapid influx of zinc
(zinc shock) that occurs when these cells are resupplied with
zinc (MacDiarmid et al, 2003). Therefore, an alternative
explanation for the repression of ZRT2 under zinc limitation
is that high-level expression of a low-affinity, high-capacity
zinc transporter could be detrimental to cell growth during
zinc-shock conditions. However, high-level expression of
ZRT2 under zinc-limiting conditions during zinc shock had
no effect on cell growth (data not shown). Finally, zinc
uptake by Zrt2 is inhibited by the addition of Fe (II) or Cu
(Zhao and Eide, 1996b). Therefore, an alternative scenario to
explain ZRT2 repression could be that uptake of iron or
copper by Zrt2 under zinc-limiting conditions might be
toxic to growth. No growth defect of the zrt2 mutant strain
containing pmZRE3 was found following pregrowth under
severe zinc limitation and then transfer to media containing
high copper, iron or cadmium (data not shown). Although no
growth defects were found in these experiments, it is possible
that any adverse effects of expressing Zrt2 under severe zinc
limitation are either too subtle that they cannot be detected

Table I Yeast strains used

by growth assays or they occur under conditions yet to be
identified.

A number of recent studies have demonstrated how a
transcriptional activator can become a transcriptional repres-
sor. For example, during osmotic stress, the Hogl kinase
phosphorylates Skol allowing the Sko1-Cyc8-Tup1 repressor
complex to recruit chromatin-modifying complexes that lead
to transcriptional activation (Proft and Struhl, 2002). The
Ume6 regulator functions as either an activator or a repressor
by an interaction with Imel or the Sin3/Rpd3 repressor
complex, respectively (Washburn and Esposito, 2001). At
the ZRT2 promoter, the transcriptional activator Zapl func-
tions as a transcriptional repressor by virtue of the positions
of ZREs located within the ZRT2 promoter. Importantly, the
affinity of Zap1 for the ‘repressing/activating’ ZREs ensures
that ZRT2 is optimally expressed over a range of zinc con-
centrations. This study demonstrates the first example of
Zapl acting as a repressor. To the best of our knowledge,
this also represents a novel regulatory mechanism in which a
single transcription factor serves as both an activator and a
repressor to modulate expression of a single gene in response
to changing environmental conditions.

Materials and methods

Strains and media

The yeast strains used are described in Table I. All strains are
isogenic in the W303 background. Standard genetic methods were
used for strain construction (Rothstein, 1991; Wach et al, 1994).
Correct modifications were confirmed by PCR or Southern analysis.
Strains ABY52 and ABY54 were generated by crosses of ABY9 and
DY4549, and ZHY6 and DY8363, respectively. Yeast strains were
grown in YP or SD media supplemented with the appropriate
auxotrophic requirements and 2% glucose. Low-zinc medium
(LZM) was prepared according to Zhao and Eide (1996b). LZM
medium contains 1 mM EDTA to control zinc availability and is
buffered at pH 4.2 with 20mM sodium citrate. The estimated
concentrations of free zinc in LZM medium supplemented with 1 or
100 uM Zn?* are ~0.64 and 64 pM, respectively (Zhao and Eide,
1996b).

Plasmid construction

All plasmids were confirmed by restriction digestion and sequen-
cing. The construction of pZRT2-lacZ, pDg2, pDg2-ZREl, pDg2-
ZRE2, and pZRT2-lacZAA was described by Zhao et al (1998).
PZRT1I (alias pMC5) is a genomic clone containing the ZRTI locus
(Zhao and Eide, 1996a). All internal deletions were created by
cloning two overlapping PCR products of the ZRT2 promoter,
inclusive of the ZRTZ2 translational initiation codon, into BamHI/
EcoRI-digested pYEp353 (Myers et al, 1986) by homologous

Strain Relevant genotype Genotype Source

DY1457 Wild type MATa ade6 canl his3 leu2 trpl ura3 Zhao and Eide (1997)
ZHY1 Azrtl MATo ade6 canl his3 leu2 trpl ura3 zrtl::LEU2 Zhao and Eide (1996a)
ZHY2 Azrt2 MATa ade6 canl his3 leu2 trpl ura3 zrt2::HIS3 Zhao and Eide (1996b)
ZHY3 Azrtl Azrt2 MATao ade6 canl his3 leu2 trpl ura3 zrtl::LEU2 zrt2::HIS3 Zhao and Eide (1996b)
ZHY6 Azapl MATa ade6 canl his3 leu2 trpl ura3 zapl::TRP1 Zhao and Eide (1997)
ABY9 Azapl MATo ade6 canl his3 leu2 trpl ura3 zapl::KANF This work

ZHY11 Azapl Azrt2 MAT« ade6 canl his3 leu2 trpl ura3 zrt2::HIS3 zapl::KANR This work

MAPG6 Assn6 MATa canl his3 leu2 trpl ura3 ssno6:: KANR Proft and Serrano (1999)
DY6073 Ahos1 MATa ade2 canl his3 leu2 trpl ura3 hos1::HIS3 This work

DY4549 Ahos2 MATa ade2 canl his3 leu2 trpl ura3 hos2::TRP1 This work

DY8363 Ahos3 MATa ade2 canl his3 leu2 trpl ura3 hos3::KANR This work

ABY52 Ahos2 Azapl MATa ade6 canl his3 leu2 trpl ura3 hos2::TRP1 zapl:: KANR This work

ABY54 Ahos3 Azapl MATa canl his3 leu2 trpl ura3 hos3::KANF zap1::TRPI This work
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recombination (Kunes et al, 1987). PCR products used for
homologous recombination were created with primers that had
40bp of homology with the appropriate vector and 20bp of
homology with the genomic region of interest. Primers were
designed such that the ZRT2 translational initiation codon was
fused in frame with the eighth codon of the lacZ gene in Yep353.
Transformants were selected for their Ura+ prototrophy and
plasmids were rescued from yeast using standard procedures. All
overlapping PCR products had a minimum of 30bp overlapping
sequence. ZRT2 ZRE3 was inserted into the minimal CYCI promoter
of the vector pNB404 (Bachhawat et al, 1995) by methods described
previously (Zhao et al, 1998). For the electrophoretic mobility shift
analysis (EMSA), the region encoding Zapl amino acids 642-880
was PCR amplified using 5’ and 3’ primers that contained added
EcoRI and Sall sites. The resulting fragment was inserted into
EcoRI-Sall-digested pET32a vector (Novagen). To create pYCpZRT2,
the ZRT2 open reading frame inclusive of the 1kb upstream and
downstream sequence was amplified by PCR and the resulting
product was introduced into BamHI/HindlIll-digested pRS316
(Sikorski and Hieter, 1989) via homologous recombination.
Derivatives of the plasmid were all made in a similar manner with
the exception that two overlapping PCR products were cotrans-
formed with BamHI/HindllI-digested pRS316. Where appropriate,
the plasmids pZRT2-lacZm102-111 (containing transversion muta-
tions to 10 bp of ZRE3) and pZRT2-lacZAA (which lacks both ZRE1
and ZRE2) were used as template for one of the overlapping PCR
reactions. The consensus Rapl site introduced into the vector
PZRT2-lacZAA was ACACCCATACACC (Lieb et al, 2001).
The construction of the plasmids pGBD-Zapl,_ggg and pGBD-
Zaple4z-gs0, Which contain fusions of Zap1 to the Gal4 DNA-binding
domain in the vector pMA424 (Ma and Ptashne, 1987), was
described by Bird et al (2000b).

B-Galactosidase assays

Cells were grown for 15-20 h to mid-exponential phase (Agoo 0.3—
0.7) in LZM media supplemented with the indicated amount of
Zn**. B-Galactosidase activity was measured as described by
Guarente (1983) and activity units were calculated as follows:
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hybridization mix (65mM KCl, 0.2 mg/ml bovine serum albumin
and 20 mM Tris-HCl, pH 7.3) with 20% glycerol and 0.04% IGEPAL
CAG30 detergent with end-labeled oligonucleotides probes and
protein. The sequence of ZRT1 ZRE1l oligonucleotide was 5'-
CCAAAGATACCCTCAAGGTTCTCATCTGTG-3' and the sequence of
the ZRT2 ZRE3 oligonucleotide was CCAAAGATACCCTGTTGGT
TCTCATCTGTG. The ZRE has been underlined. EMSA was
performed according to the method described by Bird et al
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with Quantity One Software. The percentage of complex formation
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