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Abstract

The Zap1 transcription factor of Saccharomyces cerevisiae and the Loz1 transcription factor of
Schizosaccharomyces pombe both play a central role in zinc homeostasis by controlling the
expression of genes necessary for zinc metabolism. Zapl activates gene expression when cells are
limited for zinc, while Loz1 is required for gene repression when zinc is in excess. In this review
we highlight what is known about the underlying mechanisms by which these factors are regulated
by zinc, and how transcriptional activation and repression in eukaryotic cells can be finely tuned
according to intracellular zinc availability.
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1. Introduction

Zinc is an essential cofactor in a large number of enzymes and transcription factors, but is
toxic when present in excess. The tight regulation of intracellular zinc levels is therefore a
basic cellular process that must occur in all eukaryotic cells. Much of what is currently
known about the basic mechanisms by which eukaryotic cells regulate zinc levels is derived
from studies using yeast model systems. Yeast are easy to use, genetically tractable models,
which can survive as haploids or diploids [1]. As yeast can survive as haploids, they can be
easily used in genetic screens to identify recessive mutant alleles that lead to a desired
phenotype. Many genes involved in zinc transport and zinc homeostasis are also robustly
regulated at a transcriptional level in yeast [2, 3]. These large changes in gene expression
have made yeast a powerful system to identify genes that are important for zinc homeostasis,
and to study how zinc-dependent changes in transcription occur. Here we review what is
known about the regulatory factors that facilitate zinc-dependent changes in gene expression
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in the budding yeast Saccharomyces cerevisiae, and in its distant cousin, the fission yeast
Schizosaccharomyces pombe. Specifically, we focus on what is known about the underlying
mechanisms by which two factors, Zap1 and Loz1, ‘sense’ changes in intracellular zinc
levels and alter gene expression in response to zinc. Information regarding zinc sensing in
other organisms can be found in the following recent reviews [4-6].

2. The Saccharomyces cerevisiae zinc sensor Zapl

The first fungal zinc-responsive transcription factor to be identified was Zap1 from S.
cerevisiae [7]. Since its discovery in the late 1990s, functional homologs of Zapl have been
characterized from Aspergillus fumigatus, Cryptococcus gattii, Candida albicans, and
Candida dubliniensis [8-11]. Homologs of Zap1 are also widely distributed throughout all of
the major fungal phyla suggesting that the majority of the fungal kingdom may use a Zap1-
like protein to maintain zinc homeostasis.

Zapl was discovered in a genetic screen to identify genes required for the zinc-dependent
regulation of ZRT1 - a gene required for high affinity zinc uptake. As further deletion
analysis revealed that strains lacking ZAPZI grew poorly in zinc-limited medium, and had
low levels of ZRT1 expression in zinc-limiting and zinc-replete medium, it was
hypothesized that Zapl was necessary for inducing ZR71 expression during zinc starvation
[7]. A large body of work has now demonstrated that Zap1 activates the expression of ~ 80
genes in response to zinc deficiency, and that many of these genes are required for zinc
homeostasis or surviving/adapting to longer periods of zinc starvation [2, 12-14]. Zapl
induces gene expression by binding to one or more Zinc Responsive Elements (ZREs) that
are located in the promoter regions of its targets [2, 15]. The consensus DNA sequence for a
ZRE is 5’-ACCTTNAAGGT-3".

2.1 Regulation of Zapl by zinc

Zap1 plays a central role in zinc homeostasis by inducing target gene expression under zinc-
limiting conditions. Both in vivo and in vitro studies addressing how Zap1 ‘senses’ zinc have
shown that Zap1l is regulated at both a transcriptional level and post-translational level by
zinc, and that the combination of these mechanisms allow Zap1 activity to be tightly
regulated over a broad range of zinc levels.

2.2 Auto-regulation of ZAP1

At a transcriptional level, Zap1 binds to a ZRE within its own promoter and auto-regulates
its own expression [15]. As Zapl functions as an activator, auto-regulation results in the
rapid amplification of ZAP1 transcripts and Zap1 protein, allowing the rapid induction of
target gene expression. Although most Zap1 target genes are induced in response to zinc
limitation, global transcript profiling has shown differences in expression patterns in
response to zinc. Genes required for zinc homeostasis contain high affinity ZREs within
their promoters and are typically induced under mildly zinc-limiting conditions. While genes
that help cells to survive the oxidative stress of zinc deficiency, or survive longer periods of
zinc starvation are only expressed in severely zinc-limited cells. As these latter genes usually
contain low affinity ZREs within their promoters, and auto-regulation of ZAPI leads to
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higher levels of Zap1 protein, this increase may facilitate binding to low affinity ZREs under
severely zinc-limiting conditions [2]. Although this hypothesis has not been directly tested,
ZAPI transcript levels are regulated by zinc in other fungal species [8-10], suggesting that
auto-regulation is an important component of zinc homeostasis.

2.3 Post-translational regulation of Zapl

Zapl is an 880 amino acid protein that contains two transactivation domains, designated
AD1 and AD2. Zap1 also contains seven CoHp-type zinc finger domains (Figure 1). Two of
the zinc finger domains (ZF1 and ZF2) overlap with AD2. The remaining five zinc fingers
(ZF3-7) are located at the C-terminus and are all required for site-specific DNA binding.
Combinations of mutagenesis, truncation, and deletion analyses have demonstrated that the
activities of AD1, AD2, and the Zap1 DNA binding domain are all independently regulated
by zinc, and that the full zinc responsiveness of Zapl is a combination of these three
independent mechanisms [16-19]. Figure 2 summarizes the contribution of each of the
individual regulatory domains to Zapl zinc-responsiveness.

2.3.1 Post-translational regulation of Zapl — AD1—AD1 is located between amino
acid residues 332-402 and is embedded within a larger region required for zinc-dependent
changes in AD1 activity, designated Zinc-Responsive Domain AD1 (ZRDAP1). The zinc-
dependent inactivation of AD1 is also strictly dependent upon the Zap1l DNA binding
domain [17]. As discussed later, the activity of the DNA binding domain is also
independently regulated by zinc. However, the inhibition of DNA binding activity occurs
when cells are exposed to high zinc levels, while the inhibition of ZRDAP® occurs over a
much lower range of zinc levels [17, 18]. These differences indicate that that ZRDAP1 and
the DNA binding domain form their own unique sensing domains, and their combined
actions allow dynamic alterations in Zapl activity over a much broader range of zinc levels.

Although the underlying mechanism by which AD1 function is regulated by zinc is not
known, a number of observations suggest that ZRDAP1 directly binds zinc and that this may
be the key to the zinc-responsiveness of this domain. ZRDAP! does not contain any
characterized zinc-binding motif, but it is enriched for the amino acids cysteine and
histidine. Many of these cysteine and histidine residues are conserved in Zapl homologs
from species closely related to S. cerevisiae and are necessary for the zinc-dependent
inactivation of AD1 [17]. The known amino acid substitutions that significantly alter AD1
activity are highlighted in Figure 1. As these residues surround AD1, and combinations of
cysteine and histidine residues commonly coordinate zinc ions in proteins, it is thought that
alterations in zinc ion levels may directly affect AD1 function. In support of this model,
recombinant ZRDAP? binds 3 mol. equivalents of zinc [17]. However, facets of this model
that remain untested include experiments to determine if zinc binding to ZRDAP1 is
reversible and dependent upon intracellular zinc ion levels. It is also unknown if mutations
that disrupt ZRDAP! function in vivo, alter zinc binding in vitro.

Another aspect of the ZRDAP1 regulation that remains unsolved is the role of the DNA
binding domain. Studies examining the activity of the Zap1 ZRDAP! domain from S.
cerevisiae and Ashbya gossypii indicate that the robust zinc-responsiveness of ZRDAP1 is
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dependent upon the DNA binding domain [17]. Potential models to explain the requirement
of DNA binding domain for ZRDAP? regulation include that zinc binding to ZRDAP?
triggers an intramolecular interaction with the DNA binding domain masking AD1, or that
the DNA binding domain recruits a repressor necessary for the zinc-dependent inactivation
of AD1. Future studies examining the precise mechanism by ZRDAP! are therefore still
necessary to unravel its dependency on the DNA binding domain.

One remaining observation that may have broader biological significance is that the Zapl
ZRDAP! domain from A. gossypiiis modestly regulated by zinc in a manner that is
independent of the DNA binding domain [17]. This result suggests that the activity of
ZRDADPL may be directly regulated by zinc in some Zap1 homologs. In more distantly
related fungi, Zapl-like proteins typically contain a region rich in acidic residues at their N-
terminus, which is adjacent to, or is embedded within, a region rich in cysteine and histidine
residues (Figure 1). While these features resemble those of ZRDAPL from S. cerevisiae and
A. gossypii, the total number and ratios of cysteine to histidine residues, the clustering of
these amino acids, and their positions relative to the acidic residues of AD1, are dependent
upon the species. As the role of ZRDAPL in overall Zap1 zinc-responsiveness has not been
studied in any of these more distantly related homologs, it is unknown if the sequence
differences in this domain affect zinc binding and the zinc responsiveness of Zapl. However,
many fungal species have evolved unique mechanisms to acquire zinc from their own
environmental niche [20]. Since Zapl is central to the induction of these genes in response
to zinc, it is possible that the differences in ZRDAP may also be significant.

2.3.2 Post-translational regulation of Zap1l — AD2—The most widely studied
regulatory domain from Zap1 controls the activity of AD2, an acidic activation domain that
directly overlaps with ZF2. In contrast to AD1, the zinc responsive domain of AD2
(ZRDAD?) is well defined and maps to ZF1 and ZF2 [16]. Another critical aspect of the
regulation of ZRDAP2 by zinc is that ZF1 and ZF2 both belong to the tandem CWCH,
(tCWCH2) zinc finger family.

Zinc fingers are well-characterized structural domains that can have a variety of functions
ranging from DNA or RNA binding, protein-protein interactions, and membrane association
[21, 22]. In eukaryotes, the majority of zinc finger domains fall into a class known as the
C,H,-type zinc finger. The conserved features of this class are shown in Figure 3A.

Classical CoHo-type zinc fingers have a consensus of ¢-X-Cys-X5.5-Cys-X3-¢-Xg-¢-Xo-His-
Xo.5-H, where ¢ represents a hydrophobic amino acid, X any amino acid, Cys, cysteine, and
His, histidine. Within this sequence, the two conserved cysteine and histidine residues
coordinate a single zinc ion, while the conserved hydrophobic residues stabilize the
hydrophobic core of the individual zinc finger. Although C,H»-type zinc fingers can be
solitary within proteins, in most cases two or more zinc fingers are arranged in tandem, often
with a conserved linker sequence of TGEKP connecting each of the adjacent fingers [21,
22]. tCWCH,, zinc fingers also utilize two highly conserved cysteine and histidine residues
to coordinate a zinc ion. However, they differ from classical CoH,-type zinc fingers in that
two adjacent CWCHj5, zinc fingers fold together to form a single structural unit with a shared
hydrophobic core [23, 24]. Features of tCWCH,, zinc fingers that allow them to fold together
include an invariable tryptophan residue that is located between the two conserved cysteine
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residues, slight differences in the positions of some of the core hydrophobic residues, and a
slightly longer linker region [25] (also see Figure 3A). As outlined below, the ability of ZF1
and ZF2 from Zap1 to fold to form a single structural unit with a shared hydrophobic core is
central to the zinc-responsiveness of ZRDADPZ2,

The first experiments to implicate the AD2 zinc fingers in zinc sensing were reporter assays
that compared the activity of AD2, to the activities of mutated and truncated forms of AD2.
These experiments revealed that: 1) AD2 is active in zinc-limited cells and is inactive in
zinc-replete cells, 2) truncated forms of AD2 containing just ZF2 are constitutively active
and, 3) mutated forms of AD2 containing substitutions preventing ZF1 or ZF2 from binding
zinc are constitutively active [16]. Together these results indicate that AD2 is autonomously
regulated by zinc and that both ZF1 and ZF2 have to be present and intact for AD2 zinc
responsiveness.

Additional mutagenesis analysis highlighted the importance of the shared inter-finger
hydrophobic core. Crystal and solution structures of tCWCHS> zinc fingers from GLI and
Zap1 respectively, have illustrated that the side chains from the conserved tryptophan
residues form the basis of the inter-finger hydrophobic core [23, 24]. As mutations targeting
these tryptophan residues in ZF1/ZF2 from Zap1 lead to the constitutive activation of AD2
[16], the ability of these two zinc fingers to fold together to form a single structural unit also
appears to be a critical requirement for the regulation of AD2 by zinc. Because of this
requirement, it is thought that the reversible binding of zinc to ZF1 and ZF2 controls the
formation of the zinc finger pair and AD2 function. Specifically, it is though that ZF1 and
ZF2 are largely in an apo, unfolded form in zinc-limited cells. In this unfolded state, acidic
residues that facilitate gene activation would be maximally exposed. In contrast, when zinc
is in excess, ZF1 and ZF2 bind zinc and fold to form a single structural unit. In this more
structured form, acidic residues necessary for activation domain function would be masked,
reducing transcription.

Although no experiment has directly shown that the Zap1 ZF1/2 zinc fingers reversibly bind
zinc in vivo, elegant studies using AD2-based FRET reporters have demonstrated that the
conformation of AD2 is dependent upon intracellular zinc levels, and more importantly is
dynamically and reversibly regulated by zinc [26]. The AD2-based FRET reporters contain
ZF1 and ZF2 from Zapl flanked by yellow fluorescent protein and cyan fluorescent protein.
When expressed in S. cerevisiae, these reporters lead to higher levels of FRET in zinc-
replete cells as compared to zinc-limited cells. The higher level of FRET in zinc-replete cells
is also dependent upon ZF1 and ZF2 being able to fold to form a single structural domain
with a shared hydrophobic core. An important difference between the AD2-based FRET
reporter and other structurally related reporters is that the kinetics of zinc binding and zinc
release from the AD2-based FRET reporter is significantly faster. This unique ability of the
ZF1/ZF2 pair to rapidly bind and exchange zinc is consistent with the proposed model of
zinc ions controlling AD2 conformation and activity. Modified forms of the AD2-based
FRET sensors have also been used to monitor dynamic changes in cytosolic and organelle
zinc levels in mammalian cell lines [27, 28]. The robust regulation of AD2-based FRET
sensors in mammalian cells illustrates that no yeast-specific factor is required for the zinc-
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dependent regulation of AD2, and further supports a model in which zinc ions directly
control AD2 function.

An important aspect of the regulation of ZRDAP2 by zinc is what property, or properties, of
ZF1 and/or ZF2 lead to their conformation, and presumably occupancy by zinc, being
dependent upon zinc status. Eleven protein families have been identified that contain
tCWCH2-type zinc fingers [25]. Studies investigating the role of tCWCH2-type zinc fingers
in other proteins have found that they typically have a structural role, and often facilitate
binding to DNA [24, 29, 30]. To date, only the ZF1/ZF2 pair from Zap1 has a known
regulatory role in zinc sensing, suggesting that some property of these zinc fingers is critical
for facilitating zinc responsiveness. Although both zinc fingers bind zinc with a high affinity,
zinc will readily exchange from the zinc fingers with other zinc-binding ligands in vitro
[16]. The kinetically labile nature of the zinc bound to ZF1 and ZF2, therefore allows zinc to
exchange from the zinc finger pair with adjacent zinc binding ligands, potentially allowing it
to ‘sense’ the levels of zinc in the surrounding environment. In vitro studies examining zinc
binding to the individual zinc fingers or the ZF1/ZF2 pair have shown that binding is
cooperative and that ZF1 can independently form a zinc finger fold, while ZF2 cannot form
a zinc finger fold without ZF1/ZF2 inter-finger interactions [23]. In vivo and in vitro
analyses of chimeric zinc fingers also suggests that residues within the a-helix of ZF2 are
critical for the zinc-responsiveness of the ZF1/ZF2 pair [31]. The presence of atypical amino
acids within ZF1 and ZF2, particularly within the a-helix of ZF2, therefore may lead to the
kinetically labile nature of zinc binding to this pair. To date, studies have shown that the
ZRDAD2 from C. albicans and A. gossypii are independently regulated by zinc when
expressed in S. cerevisiae [26, 31]. The amino acid residues conserved in ZF1 and ZF2 from
these proteins are shown in Figure 3B.

2.3.3 Two activation domains are better than one—AD1 and AD?2 are both
conserved in the large majority of Zapl homologs, suggesting that they are important for
Zapl function. So why would Zap1 need two zinc-responsive activation domains? Although
AD1 and AD?2 recruit similar coactivator complexes, they do not have redundant roles [32,
33]. Under zinc-limiting conditions, AD1 plays the major role in activating the expression of
most Zap1 target genes, while AD2 is only required for the full activation of a few targets. In
contrast, when zinc-deficient cells are subject to other environmental stresses, such as heat
shock, AD2 is necessary for strong activation of Zapl target gene expression. Outside of the
laboratory yeast are most likely subject to feast or famine environments, and are more likely
to be subjected to multiple stresses [32]. Two activation domains may therefore make Zap1 a
more versatile activator able to induce gene expression even when many other stress
pathways are being triggered.

2.3.4 Post-translational regulation of Zapl — DNA binding domain—The Zapl
DNA binding domain is located between amino acids 687 and 880 and contains of 5 zinc
fingers (ZF3-7) that are all necessary for site-specific binding to ZREs [19]. ZF3 and ZF4
are tCWCH2-type zinc fingers, while ZF5-7 are all CoH,-type zinc fingers. In most proteins
that use multiple CoHo-type zinc finger domains to contact DNA, individual zinc fingers
recognize a 3-4 bp sub-site [21]. This simple rule raises the question of why Zap1 requires 5
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zinc fingers to bind to an 11 bp ZRE? In vitro DNA binding studies indicate that ZF4 and
ZF7 are critical for high affinity binding to a ZRE and likely make bp contacts with the
ACC-GGT ends of the ZRE, while ZF5 and ZF6 have a less important role in DNA
recognition and likely make contacts with the 5 bp core of the ZRE [34]. Although ZF3 is
not thought to directly contact DNA, structural studies of the DNA binding from the GLI
oncogene have provided a potential explanation for its requirement. GLI utilizes two
tCWCH2-type zinc fingers and 3 CyH,-type zinc fingers to bind to a 9 bp DNA element. In
GLlI, zinc fingers 2-5 make direct DNA contacts while zinc finger 1 makes extensive inter-
finger contacts with zinc finger 2 [24]. Based on the similarities between the Zap1 and GLI
DNA binding domains, ZF3 and ZF4 from Zapl most likely fold together to form a single
structural unit, which may optimize ZF4 DNA interactions. Thus, all 5 zinc fingers of the
Zapl DNA binding domain have structural roles and are critical for site-specific binding to
ZREs.

In vivo, protein fusions consisting of the Zapl DNA binding domain (amino acids 687-880)
and the Gal4 activation domain are able to confer zinc-dependent changes in gene
expression [18, 19]. These observations indicate that the Zapl DNA binding domain forms
its own unique zinc-responsive domain (ZRDPBD). Importantly, in vivo Zap1 directly binds
to ZREs in zinc-limited medium, but not when zinc is in excess. However, in vitro, Zapl
DNA binding activity is not directly regulated by zinc ions [18]. Together these results
suggest that another zinc-regulated post-translational mechanism controls Zapl DNA
binding function. As little is known about this regulation, the studies with the ZRDPBD
illustrate that there is still much more to learned about zinc sensing in S. cerevisiae.

3. The Schizosaccharomyces pombe zinc sensor Lozl

While homologs of Zap1 are widely dispersed throughout the fungal kingdom, a notable
exception is that a homolog of Zap1 is not present in the genome of the 4 known fission
yeasts, which include the widely used model system, S. pombe. Despite the absence of a
Zapl homolog in S. pombe, RNA blot, reporter gene, and microarray analyses have
demonstrated that genes required for zinc acquisition (zr¢Z and fet4) or zinc conservation
(adh4) are highly expressed in zinc-limited cells, while genes that are necessary for zinc
storage (zymJ) are highly expressed in zinc-replete cells [3, 35]. These robust zinc-
dependent changes in gene expression suggest that fission yeasts use an alternative factor or
regulatory pathway to maintain zinc homeostasis.

Although genetic screens were set up to identify this alternative zinc regulatory factor [3],
the first clue to the mechanism by which S. pombe senses zinc was found in some of our
work examining zinc-dependent changes in alcohol dehydrogenase gene expression. As in S.
cerevisiae, the expression of adhl and adh4 is tightly regulated by zinc availability [36, 37].
However, in S. pombe the inhibition of adh1 gene expression under zinc-limiting conditions
is dependent upon the increased expression of an antisense transcript (adh1AS) that traverses
the entire adhl gene locus [35]. Whilst generating an adf1 knockout strain to further
characterize the adh1AS transcript, we isolated an adhZ deletion, which expressed adh4in
zinc-replete cells. Further analysis of this strain revealed that it has obtained a second site
mutation that resulted in many genes that are typically expressed in zinc-limiting cell,
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including adh4, zrt1, and the adh1AS transcript, being expressed in zinc-replete cells. The
allele leading to impaired zinc homeostasis was named /ozZ-1 (for Loss of Zinc sensing
allele 1), and mapped to a gene encoding a 522 amino acid protein on chromosome 1 [38].
As deletion of /oz1 also results in the expression of adh4, zrt1 and the adh1AS transcripts in
zinc-replete cells, we propose that Loz1's primary role in a cell is to facilitate gene
repression when zinc is in excess.

Loz1 contains two CoHop-type zinc fingers at it extreme C-terminus. These two zinc fingers
and an adjacent accessory domain are required for high affinity binding to a GNMGATC
DNA element, which is present in multiple copies in the adh4 and zrtZ promoters [37, 38].
The zinc fingers and adjacent accessory domain are also conserved in Loz1 homologs within
the Schizosaccharomyces genus, consistent these domains being important for Lozl activity
(Figure 4). Three other regions of Lozl are also conserved within most members of the
Schizosaccharomyces genus; two of which have multiple conserved cysteine and histidine
residues. The significance of these conserved regions is unknown. Outside of the
Schizosaccharomyces genus, many other fungi express proteins containing two zinc finger
domains that share significant sequence homology with the Loz1 zinc fingers [38]. However,
these proteins share no additional sequence similarity with Loz, and so far have no known
role in zinc homeostasis.

3.1 Regulation of Loz1 by zinc

Although it is not yet clear if Loz1 directly senses zinc ions, Lozl activity is regulated at a
transcriptional and post-translational level [37, 38]. Lozl negatively auto-regulates its own
expression leading to lower levels of /oz1 transcripts in zinc-replete cells [38]. Studies with
other transcriptional repressors have found that negative auto-regulation can lead to faster
response rates of transcriptional networks [39], minimal transcriptional noise [40], and/or
provide enhanced stability against naturally occurring mutations [41]. Thus, auto-regulation
of /oz1 may be important for optimizing target gene expression in response to changes in
intracellular zinc, and/or buffering against naturally occurring sequence changes that alter
zinc homeostasis.

When Lozl is expressed at a constant level within a cell, it accumulates in the nucleus
irrespective of zinc status. Under these conditions, the expression of zr¢Z and adh4 is
robustly regulated by zinc, indicating that Loz1 activity is also regulated at a post-
translational level [37]. In vivo analysis of truncated forms of Lozl suggest that the last 96
amino acids of Loz1, which include the double zinc finger domain and adjacent accessory
domain, are sufficient for partial zinc-dependent repression of zrtZ and adh4[37]. Studies
examining the activity of chimeras containing domains from Lozl and MtfA, a transcription
factor from Aspergillus nidulans, also suggest that this region is important for zinc
responsiveness [37]. As the zinc-responsiveness of Lozl maps to the DNA binding domain,
it is possible that zinc binding directly to these zinc fingers or accessory domain may control
DNA binding activity. However, it is not known if Lozl DNA binding is regulated by zinc in
vivo or in vitro, and if the GNMGATC DNA element within the promoters of Loz1-
regulated genes is sufficient for zinc-dependent repression. These critical questions are
fundamental to determining the mechanism by which Loz1 affects gene expression.
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To identify other factors affecting zinc homeostasis, Ehrensberger et al. performed a genetic
screen to isolate mutations that allowed ad/1A cells to grow in the presence of respiratory
inhibitor Antimycin A [37]. The rationale for this screen was that adhIA cells cannot survive
in the presence of Antimycin A in nutrient-rich medium, however, genetic mutations that
leads to increased expression of adh4 suppress this lethality [38, 42]. 36 mutations were
identified in screen that led to the growth of adhZA cells in the presence of Antimycin A. 27
of these mutations resulted in the truncation of Loz1, while the remaining 9 led to amino
acid substitutions within the Loz1 zinc finger domain that disrupted Lozl function, most
likely by impairing DNA binding activity. The amino acid substitutions that were identified
in this screen are shown in Figure 5. Although this screen did not identify any new factors
involved in the zinc-dependent changes of adh4 gene expression, the screen reemphasized
the importance of Lozl in zinc homeostasis.

A new report suggests that the Extender of Chronological Lifespan (Ecl) proteins are
required for the induction of zrtZ and SPBC1348.06¢ gene expression under zinc-limiting
conditions [43]. The Ecl family consists of three small nuclear localized proteins named
Ecl1, Ecl2, and Ecl3, all of which have a conserved cysteine rich motif at their N-terminus
[44]. However, the role of Lozl was not investigated in these studies. It therefore is currently
not clear if Ecl proteins are involved in the inactivation of Loz1, or if they are simply
required for the activation of these genes. Thus, future studies are necessary to determine
whether the Ecl proteins have any role in zinc sensing in S. pombe.

4. Conclusions

Studies with yeast model systems have greatly facilitated our knowledge of zinc homeostasis
and how a single cell can detect changes in intracellular zinc levels. Studies with Zap1 have
demonstrated how tCWCHj> zinc fingers can be used as zinc sensing domains, and how
multiple mechanisms can allow a single factor to sense a broad range of zinc levels. Studies
with Lozl reveal how the activity of a transcriptional repressor can be regulated by zinc, and
raise the possibility that other types of zinc finger domains may also be involved in zinc
sensing. Despite these discoveries, key details are still missing in our understanding of the
mechanisms by which these factors sense zinc. It is also largely unknown what molecules/
proteins are involved in buffering zinc ions within the cytosol. As Zapl and possibly Lozl
sense changes in the labile pool of zinc within cells, this information is critical to
understanding the regulation of the zinc sensing domains. Uncovering these details will
provide a more complete picture of the mechanisms of zinc sensing in yeast, and likely
insight into the types of molecules and proteins involved in zinc sensing in other organisms.
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Highlights

. Zapl is a transcription factor from S. cerevisiae that activates gene
expression in zinc-limited cells.

. Zapl is regulated at both a transcriptional and post-translational level
by zinc.
. Zap1 contains three zinc-responsive domains that independently detect

changes in intracellular zinc levels.

. Lozl is a transcription factor from S. pombe that represses gene
expression in zinc-replete cells.

Arch Biochem Biophys. Author manuscript; available in PMC 2017 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wilson and Bird Page 14

C203Y H464Q

C202Y C2038 C207H H461D H462L H464N

1 mﬂ | 332 402 | 502 880

S. cerevisiae

— ZRDAD! | 7ZRDAD2 — ZRDPBD —]

1 216 285 345 427 612

C. albicans (Csr1) :
|— 16% Cys/His —|

1 160 210 323388 465 699
70 B Lt |||
P
C gattl/ :-m
' 22% Cys/His 33% His
1 109 185 306 570
e O | | | | | |
v :
A.fumigatus (ZafA) % i ;
22% Cys/His 23% Cys/His

Figure 1.
Domain structures of Zapl from S. cerevisiae, C. albicans, C. gattii, and A. fumigatus. Zapl

homologs in C. albicansand A. fumigatus are named Csrl and ZafA respectively. Features
highlighted in Zapl from S. cerevisiae include the acidic rich activation domains (striped
rectangles), zinc-responsive domains (white rectangles), and zinc finger domains (black
rectangles). tCWCHj> zinc fingers are connected by brackets. Amino acid substitutions that
disrupt the zinc-dependent inactivation of ZRDAP? are also indicated. The original Zap1-1YP
allele is shown in red. Additional features highlighted in other Zap1l homologs include
regions rich in acidic residues (striped rectangles) and cysteine and histidine residues (white
rectangles). Numbers above each protein represent amino acid position.
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Figure 2.
Predicted model of Zapl regulation in S. cerevisiae. Under severely zinc-limiting conditions,

Zapl target gene expression is maximally induced. Under these conditions Zap1 is bound to
ZREs in target gene promoters, and AD1 and AD2 recruit coactivator complexes to drive
target gene expression. Under moderately zinc-limiting conditions, the ZF1/ZF2 tCWCH,
zinc fingers bind zinc leading to the inactivation of AD2, or the cysteine/histidine rich region
of ZRDAP1 pinds zinc leading to the inactivation of AD1. Both of these events lead to
reduced target gene expression. Under mildly zinc-limiting conditions, inactivation of
ZRDADP1L and ZRDAP? further reduces Zap1 target gene expression. When zinc is in excess,
Zapl dissociates from DNA, preventing Zap1-dependent transcription. Features shown
include zinc finger domains (gray boxes), zinc ions (yellow circles), activation domains
(purple rectangles with +'s), and the cysteine/histidine rich regions of AD1 (green crescents).
The red dashed line represents Zapl target gene expression in response to zinc.
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Figure 3.
Features of the ZF1/ZF2 tCWCHj5 zinc fingers from Zapl. (A) A schematic diagram

comparing features of two adjacent CoH,-type zinc finger and features of the ZF1/ZF2
tCWCH, zinc fingers from Zapl. Cysteine and histidine residues that coordinate zinc ions
are shown as green and blue circles respectively. The positions of hydrophobic residues
involved in stabilizing the hydrophobic core of individual zinc fingers are shown in yellow,
while the positions of hydrophobic residues that are involved in the formation of the inter-
finger hydrophobic core are shown in red. Conserved acidic residues are shown as purple
circles. The positions of highlighted residues are based of the solution structure of AD2 from
Zapl [23]. (B) An alignment showing the conservation of the above highlighted residues in
Zapl ZF1 and ZF2 from C. albicans, A. gossypii, and S. cerevisiae.
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Figure 4.
Conserved amino acids in Lozl homologs from Schizosaccharomyces sp. A schematic

diagram showing conserved amino acids in Schizosaccharomyces pombe,
Schizosaccharomyces cryophilus, Schizosaccharomyces japonicus, and
Schizosaccharomyces octosporus. One region is absent from the S. cryophilus Lozl.
Conserved cysteine and histidine residues have been highlighted by green and blue
rectangles, respectively.
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Figure 5.
Amino acids residues critical for Loz1-dependent repression. A schematic diagram of the

double zinc finger domain from Loz1, highlighting known amino acid substitutions that
disrupt Loz1 function. The amino acid substitution in the original Loz1-1 allele is shown in
red.
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