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Abstract

We previously reported a role for the IZH2 gene product in metal ion metabolism. Subsequently, Izh2p was also identified as a member of the
PAQR family of receptors and, more specifically, as the receptor for the plant protein osmotin. In this report, we investigate the effect of Izh2p on
iron homeostasis. We show that overproduction of Izh2p prevents the iron-dependent induction of the Fet3p component of the high-affinity iron-
uptake system and is deleterious for growth in iron-limited medium. We demonstrate that the effect of Izh2p requires cAMP-dependent kinase and
AMP-dependent kinase and is not mediated by general inhibition of the Aft1p iron-responsive transcriptional activator. We also show that Izh2p-
overproduction negatively regulates Nrg1p/Nrg2p- and Msn2p/Msn4p-dependent reporters. Furthermore, we show that the Nrg1p/Nrg2p and
Msn2p/Msn4p pairs are epistatic to each other with respect to their effects on FET3 expression. Finally, we show that the mechanism by which
PAQR receptors activate signal transduction pathways is likely to be conserved from yeast to humans.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Iron and zinc are cofactors for hundreds of proteins making
them essential for viability. When grown in metal-limiting
environments, microorganisms must increase their ability to
scavenge these metals to maintain maximal growth rates. As a
result, intricate regulatory systems have evolved to up-regulate
metal ion acquisition in response to nutritional depletion [1]. In
Saccharomyces cerevisiae, iron- and zinc-acquisition are
controlled by Aft1p and Zap1p, respectively. These transcrip-
tional activators sense the nutritional status of their respective
micronutrients and, in response to deficiency, induce genes
involved in uptake. However, some studies indicate that iron-
and zinc-uptake systems are inducible under metal replete
conditions when Aft1p and Zap1p are believed to be silent. For
example, the expression of genes involved in high-affinity iron-
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and zinc-uptake fluctuate with the phase of the Cell Cycle [2]
and seem to be regulated by carbon starvation [3]. These studies
suggest that iron and zinc bioavailability are not the only
environmental stimuli that affect metal accumulation and that
Aft1p and Zap1p are not the only regulators of iron and zinc
uptake. Therefore, identification of novel genes involved in the
regulation of iron and zinc homeostasis is of critical importance
for a proper understanding of metal metabolism.

The catalyst for the studies reported herein was data we
previously published implicating the integral membrane
protein, Izh2p, in the metabolism of zinc in S. cerevisiae [4].
Specifically, we showed that IZH2 expression is induced by
both zinc-deficiency via the Zap1p zinc-sensor and zinc-toxicity
via the Mga2p hypoxia-sensing transcription factor. More
importantly, we showed that overexpression of Izh2p negatively
regulates the expression of a Zap1p-dependent reporter
construct. While exploring the effect of Izh2p on gene
transcription, we discovered that increased dosage of Izh2p
also represses the expression of FET3, a gene whose product
collaborates with Ftr1p to form an oxidase–permease complex
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responsible for high-affinity iron-uptake [5]. While both FET3
and FTR1 are induced during iron-deprivation by Aft1p, the
effect of Izh2p on FET3 expression is independent of Aft1p.
These findings support a functional link between Izh2p, a zinc-
regulated gene, and high-affinity iron-uptake, indicating cross-
talk between the iron- and zinc-dependent regulons in yeast.

We present evidence suggesting that Izh2p exerts its effects
on FET3 by regulating the activities of four transcription factors
with previously unrecognized roles in iron homeostasis —
Msn2p, Msn4p, Nrg1p and Nrg2p. Msn2p and Msn4p are
stress-responsive transcriptional activators [6] while Nrg1p and
Nrg2p are carbon source-dependent transcriptional repressors
[7]. We demonstrate that the Msn2p/Msn4p activators and the
Nrg1p/Nrg2p repressors are epistatic with respect to the
expression of FET3. Furthermore, we demonstrate that Izh2p
dependent-repression requires both cAMP-dependent protein
kinase (protein kinase A, PKA) and AMP-dependent protein
kinase (AMPK). Since PKA inhibits Msn2p/Msn4p [6] and
AMPK inhibits Nrg1p/Nrg2p [8], our findings fit a model in
which Izh2p regulates FET3 expression via negative regulation
of AMPK, positive regulation of PKA or both. It remains to be
seen how Izh2p affects PKA and AMPK and whether these
transcription factors affect FET3 expression through binding to
cis-regulatory elements.

The physiological importance of FET3 regulation by Izh2p
is still a mystery. However, Izh2p was recently identified as a
cell surface receptor for the plant protein osmotin [9]. While the
exact function of osmotin remains a matter of debate, the fact
that it is induced by plants as part of the innate immune response
and possesses potent antifungal activity suggests that it
functions as a primary line of defense against fungal pathogens
[10]. Therefore, from a pharmacological standpoint, there is
significant interest in understanding how osmotin affects fungal
physiology. Since yeast with defects in high-affinity iron-uptake
show decreased virulence [11,12], the regulation of high affinity
iron-uptake represents a reasonable mechanism by which
osmotin, via Izh2p, may exert an antifungal effect.

The importance of this work is not limited to gaining a better
understanding of metal metabolism in yeast. Izh2p belongs to a
newly discovered family of receptors known as PAQRs
(Progesterone and AdipoQ Receptors) that are ubiquitous in
eukaryotes [13]. The first members of this family to be
characterized as receptors were the membrane progesterone
receptors from seatrout [14] and the adiponectin (AdipoQ)
receptors from human [15]. Adiponectin is an insulin-
sensitizing hormone and the human adiponectin receptors are
believed to play an important role in the etiology of type II
diabetes. Despite the medical importance of adiponectin
receptors, little is known about how they convert extracellular
signals into physiological changes inside cells. Indeed, all that
seems to be known is that they somehow transmit signals to
AMPK [16]. In this report, we show heterologous expression of
two human adiponectin receptors in yeast. Not only do these
receptors repress FET3 in response to adiponectin, this effect
requires the same signaling proteins as Izh2p overexpression,
including AMPK. The functional expression of these receptors
in yeast demonstrates mechanistic conservation in the PAQR
receptor family and establishes a valuable model system for the
investigation of a pair of receptors that are critical for human
health.
2. Materials and methods

2.1. Yeast strains

Genotypes for strains used in this paper are listed in Supplemental Table 1.
MCY5326 wild type, MCY5338 (msn2Δmsn4Δ), MCY5378 (nrg1Δnrg2Δ)
and MCY5385 (msn2Δmsn4Δnrg1Δnrg2Δ) were generously provided by Dr.
Marian Carlson at Columbia University [17]. The pFLO11-lacZ strain, in which
the lacZ ORF has replaced the FLO11 ORF in the genome of Σ1278b, was
generously provided by Dr. Florian Bauer at the University of Stellenbosch,
Matieland, South Africa. [18] All other yeast strains used in this study were
purchased from Euroscarf (http://web.uni-frankfurt.de/fb15/mikro/euroscarf/)
and are in the BY4742 (MATα his3 leu2 ura3 lys2) background.

2.2. lacZ reporters and plasmids

pFET3-397 and pFET3-297 are episomal reporter plasmids (Provided by Dr.
Andrew Dancis at the University of Pennsylvania) in which lacZ is driven by
different truncations of the FET3 promoter (−397 to +3 and −297 to +3,
respectively) [19]. Several different reporters were obtained that have the lacZ
gene driven by a minimal CYC1 promoter in which the native upstream
activating sequence has been replaced with fragments from various other
promoters. pCYC1-FeRE (pFL-W, provided by Dr. Andrew Dancis) contains a
fragment of the FET3 promoter that includes the Aft1-binding site known as an
iron-response element or FeRE [19]. pCYC1-STRE (pCZ-oligo31/32, provided
by Dr. Janet Trager, UCLA) contains a fragment of the DDR2 promoter that
includes tandem stress response elements (STRE) to which the Msn2p and
Msn4p transcription factors bind [20].

IZH1-4 were cloned into pRS316-GAL1 via gap repair as previously
described [4]. The triple hemagglutinin epitope (3xHA) tagged construct of the
IZH2 gene was generated by replacing the ZRC1 promoter and open reading
frame in the YCpZRC1-HA plasmid [21] with those of IZH2. This was
accomplished by gap repair of Age I-digested YCpZRC1-HA to generate
pIZH2-3xHA. This construct has the IZH2 gene driven by its native promoter
and retains the ZRC1 terminator sequence. The native IZH2 promoter was then
exchanged with the GAL1 promoter using gap repair of pIZH2-3xHA plasmids
cut with EcoN I. AdipoR1 and AdipoR2 were amplified from cDNAs obtained
from OpenBiosystems (Accession #: BC010743 and BC051858, respectively).
PCR products were cloned into NcoI/BamHI digested pYES260 vector [22] by
gap repair allowing for GAL1-driven expression. Primer sequences are reported
in Supplemental Table 2. Plasmids containing GAL1-driven TAP (Tandem Af-
finity Purification)-tagged NRG1 and NRG2 constructs were purchased from
OpenBiosystems.

2.3. Biochemical assays

Most experiments were performed in a defined EDTA-containing medium
known as low iron medium (LIM) [23]. Iron-deficiency and repletion were
generated by adding either 1 μM or 1 mM of FeCl3, respectively, to LIM. 2%
galactose was used to fully induce GAL1-driven gene overexpression. Total
sugar concentration was maintained at 2% by the addition of raffinose in
those experiments in which the % galactose was modulated to decrease
expression levels. Cells were allowed to grow to mid-log phase in LIM and
β-galactosidase assays on permeabilized yeast were performed as previously
described [24]. Ferroxidase activity assays on intact yeast cells followed
published procedures using ferrozine as a colorimetric indicator of iron
oxidation state [25]. All experiments include triplicate data points and each
experiment was performed a minimum of three times. Representative
experiments are shown. All error bars represent ±1 standard deviation within
a single experiment. Because of the simplicity of β-galactosidase assays and
the fact that Izh2p overexpression similarly affects both lacZ and ferroxidase
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Fig. 1. Izh2p represses FET3 transcription and Fet3p activity. BY4742 wild type
strain is used in all panels. Activities in panels A and D are shown as a
percentage of fully induced activity in a strain carrying empty overexpression
vector grown in iron-deficient LIM. (A) β-galactosidase activity (lacZ) of the
pFET3-397 reporter and cell surface ferroxidase activity (fox) are induced by
low iron in wild type yeast carrying empty overexpression vector, but not in
yeast carrying a plasmid that overexpresses Izh2p. (B) The effect of Izh2p on
pFET3-397 decreases as the % galactose in iron-deficient LIM is decreased.
Activities for each galactose concentration are normalized to % of activity in a
strain carrying empty overexpression vector grown at the same galactose
concentration. (C) Overexpression of Izh2p in a wild type strain causes a growth
defect in plates containing synthetic media supplemented with 1 mM ferrozine
and 20 μM Fe3+. (D) lacZ activity is induced by growth in iron-deficient LIM
carrying pFET3-397, pFET3-297 or pCYC1-FeRE. Overexpression of Izh2p in
low iron represses only the pFET3-397 construct.

Fig. 2. Msn2p, Msn4p and PKA regulate FET3. The legend above panel A
applies to panels A–D. Activities in panels A–E are shown as a percentage of
fully induced activity in the isogenic wild type strain carrying empty
overexpression vector grown in iron-deficient LIM. (A and B) Cell surface
ferroxidase activity (fox) is constitutively repressed in msn2Δ and msn4Δ
strains when compared to the isogenic BY4742 wild type and in the
msn2Δmsn4Δ mutant when compared to the isogenic MCY5326 wild type.
Overexpression of Izh2p in any of the msn mutant strains had no effect on fox
activity. (C) β-galactosidase activity (lacZ) in BY4742 carrying pCYC1-STRE
reporter is repressed when Izh2p is overproduced in early log phase
(OD600=0.04) but not in mid-log phase (OD600=1.60). (D) pFET3-397
repression by Izh2p overexpression seen in the BY4742 wild type strain is
alleviated in ras2Δ, tpk1Δ, tpk2Δ and tpk3Δ strains. (E) Insensitivity of
pFET3-397 to Izh2p overexpression in the ras2Δ strain can be overcome by
cAMP addition to the growth medium prior to assay. (1) BY4742 WT strain
carrying pFET3-397, empty overexpression vector and treated with 3 mM
cAMP (2) ras2Δ carrying pFET3-397, empty overexpression vector and treated
with 3 mM cAMP (3) ras2Δ carrying pFET3-397, Izh2p overexpression vector
and treated with 3 mM cAMP.
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activity, lacZ assays are shown for most experiments. For some strains with
significant growth defects, such as snf1Δ, lacZ assays were not performed
because of the low efficiency of co-transformation of lacZ reporter and
overexpression plasmids. For these strains, only ferroxidase activity is shown.
Iron-limited agar plates were made by adding 20 μM FeCl3 to plates
containing synthetic media and 1 mM of the iron-specific chelator, ferrozine.
Western blots were performed using standard protocol and commercially
available anti-HA antibodies.
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3. Results

3.1. Effect of Izh2p dosage on FET3 expression

The pFET3-397 lacZ reporter responds reciprocally to the
amount of iron added to LIM (Fig. 1A). The induction during
iron-deficiency, which is due to the presence of the FeRE from
−250 to −244 to which the Aft1p protein must bind for
Fig. 3. Nrg1p, Nrg2p, Msn2p and Msn4p in Izh2p-dependent FET3 repression.
For panels A–C and F, white bars show strains carrying empty expression vector
and black bars show strains carrying Izh2p overexpression vector. For panels D
and E, white bars show strains carrying empty expression vector and grey bars
show strains carrying Nrg2p-TAP overexpression vector. For all panels except
C, activities are shown as a percentage of fully induced activity in the isogenic
wild type strain grown in iron-deficient LIM. (A and B) The repression of
pFET3-397 lacZ activity by Izh2p overexpression in the BY4742 wild type
strain is absent in the nrg1Δ and nrg2Δ mutant strains. Similarly the repression
of activity seen in MCY5326 is not seen in the nrg1Δnrg2Δ strain. (C)
Overexpression of Izh2p represses a FLO11-lacZ construct in the Σ1278b wild
type strain. lacZ activities are shown in Miller Units (D and E) Overexpression
of TAP-tagged Nrg2p resulted in repression of pFET3-397 in BY4742 wild type.
Similarly Nrg2p-TAP repressed ferroxidase activity inMCY5326wild type but not
in the isogenic nrg1Δnrg2Δ strain. (F) The constitutive repression of ferroxidase
activity in low iron medium seen in an msn2Δmsn4Δ strain relative to the
MCY5326 isogenic wild type strain can be partially alleviated by concomitant
deletion of nrg1Δ and nrg2Δ to generate the quadruple mutant. Izh2p over-
expression has no effect on ferroxidase activity in strains lacking Nrg1p/Nrg2p.
transcriptional activation [19], is repressible by IZH2 gene
overexpression (Fig. 1A). We demonstrate that iron-deficiency
and IZH2 gene dosage have the same effect on cell surface
ferroxidase activity – the physiological function of Fet3p – as
they do on the β-galactosidase activity of pFET3-397 (Fig. 1A).
pFET3-397 repression is proportional to the amount of
galactose used to induce Izh2p overexpression (Fig. 1B).
Wild type cells carrying an empty overexpression vector are
capable of growing on agar plates made iron-limited by the
addition of ferrozine, while those carrying an Izh2p over-
expression plasmid are not (Fig. 1C).

To ensure that Izh2p is functionally expressed under the
conditions of our experiment, we tagged the IZH2 gene with a
3x-HA epitope at the C-terminus. This construct functionally
complements the phenotypes of an izh2Δ strain (data not
shown) and is fully capable of repressing pFET3-397 (Supple-
mental Fig. 1A). Furthermore, we demonstrate by Western blot
that the tagged construct is, indeed, galactose inducible and
expressed in iron-deficient LIM (Supplemental Fig. 1B and C).

3.2. Izh2p does not globally affect the activity of Aft1p and
specifically affects a 100 bp region of the FET3 promoter

Like pFET3-397, the pFET3-297 and pCYC1-FeRE lacZ
reporters are inducible by growth in iron-deficient LIM due to
the presence of the FeRE from the FET3 promoter (Fig. 1D).
While pFET3-397 responds to Izh2p overexpression, pFET3-
297 and pCYC1-FeRE do not. Furthermore, the Aft1p-
dependent induction of pFET3-397 or ferroxidase activity in
iron-deficient LIM is unaffected in all the mutant strains we
tested with the exception of snf1Δ, msn2Δ, msn4Δ,
msn2Δmsn4Δ, gal83Δ and sak1Δ (Supplemental Fig. 2).

3.3. Msn2p and Msn4p positively regulate FET3 expression

FET3 is significantly induced during the diauxic shift in iron-
replete medium [3]. Since Msn2p and Msn4p are known to
activate gene transcription during this growth phase, we
examined their role in FET3 regulation. In msn2Δ and
msn4Δ strains, ferroxidase activity is constitutively repressed
in iron-deficient LIM (Fig. 2A). Ferroxidase activity is even
more repressed in an msn2Δmsn4Δ double mutant relative to
the proper isogenic wild type control (Fig. 2B). The pCYC1-
STRE reporter contains tandem STREs and is conditionally
activated by Msn2p/Msn4p [20]. In keeping with a role for
Msn2p/Msn4p in gene activation during carbon depletion, the
activity pCYC1-STRE decreases as cells exit stationary phase
and enter log phase (Fig. 2C). Izh2p overexpression signifi-
cantly repressed pCYC1-STRE at low OD600 when Msn2p/
Msn4p are active but not at higher OD600.

3.4. Involvement of Ras-cAMP and PKA in IZH2-dependent
FET3 repression

Since PKA negatively regulates the activity of Msn2p/
Msn4p and has been implicated in the repression of Aft1-target
genes [26], we examined the role of PKA in Izh2p-dependent



Fig. 4. The role of AMPK in FET3 repression. For all panels, β-galactosidase or ferroxidase activities are shown as a percentage of activity produced in the isogenic
wild type strain carrying an empty overexpression vector and grown in iron-deficient LIM. (A) In a strain lacking Snf1p, cell surface ferroxidase activity is repressed
relative to the isogenic BY4742 wild type. (B) In gal83Δ and sak1Δ strains, pFET3-397 is similarly constitutively repressed. (C) In strains lacking various AMPK
interacting proteins, there is a slight, but significant reduction in pFET3-397. In addition, Izh2p overexpression (black bars) in these strains has no effect on lacZ
activity when compared to activity in strains carrying empty overexpression vector (white bars). (D) Addition of 500 μM AICAR to the growth medium results in a
small but reproducible repression of pFET3-397.

Fig. 5. Functional expression of human PAQR receptors in yeast. For panels A and D, β-galactosidase (lacZ) or ferroxidase (fox) activities are shown as a percentage
of activity produced in the BY4742 wild type strain carrying an empty overexpression vector and grown in iron-deficient LIM. (A) Overexpression of three
homologous yeast receptors (Izh1p, Izh3p and Izh4p) and one homologous human receptor (AdipoR1) has similar effects on pFET3-397 and ferroxidase activity.
Overexpression of a second human homologue (AdipoR2) has no effect. (B) Decreased expression of AdipoR1 by lowering the % galactose diminishes its effect on
pFET3-397. Activities for each galactose concentration are normalized to % of activity in a strain carrying empty overexpression vector grown at the same galactose
concentration. (C) Expression of AdipoR2 in 2% galactose fully has no effect on pFET3-397 unless adiponectin is added to the medium (black squares). Adiponectin
has no effect on pFET3-397 in a strain carrying empty vector control (white squares). Expression of AdipoR1 in 1.98% raffinose/0.02% galactose has no effect on
pFET3-397 unless adiponectin is added (black circles) while adiponectin alone has no effect (white circles). For cells grown with 0.02% galactose, activities are
normalized to activity in a strain carrying the empty overexpression vector and grown in iron-deficient LIM with the same concentration of galactose. (D) Dose
dependent pFET3-397 repression by either AdipoR1 overexpression in the absence of adiponectin or AdipoR2 activation in the presence of adiponectin is alleviated in
strains lacking RAS2, TPK1, TPK2, TPK3, SIP1, SNF4, SIP3, NRG1 or NRG2.
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signal transduction. Deletion of any of the three genes encoding
catalytic isoforms of PKA (TPK1, TPK2 and TPK3) results in a
complete loss of pFET3-397 repression due to Izh2p over-
expression in iron-deficient LIM (Fig. 2D). PKA is positively
controlled by input from the Ras2p-cAMP pathway [27].
Deletion of RAS2 results in impaired Izh2p-dependent pFET3-
397 repression (Fig. 2D), however, Izh2p overexpression still
represses pFET3-397 in the ras2Δ mutant if cAMP is added to
the culture medium (Fig. 2E).

3.5. Nrg1p and Nrg2p negatively regulate FET3 expression

Data from Candida albicans suggests that iron-uptake genes
may be under the control of the CaNrg1 transcriptional repressor
[28]. Thus, we examined the role of the S. cerevisiae CaNrg1p
homologues, Nrg1p and Nrg2p, in FET3 expression. Izh2p-
dependent pFET3-397 repression is lost in nrg1Δ or nrg2Δ
strains (Fig. 3A). The effect of Izh2p on ferroxidase activity is also
lost in an nrg1Δnrg2Δ double mutant strain (Fig. 3B). Nrg1p/
Nrg2p negatively regulate the pFLO11-lacZ reporter [18]. Izh2p
represses the activity of pFLO11-lacZ in iron-deficient LIM
(Fig. 3C). Furthermore, we obtained GAL1-driven TAP-tagged
Nrg1p or Nrg2p constructs and found that Nrg2p-TAP over-
expression has the same effect on pFET3-397 as does Izh2p
overexpression (Fig. 3D). Nrg1p-TAP overexpression has no
effect, however, the Nrg1p-TAP construct does not restore the
effect of Izh2p on pFET3-397 in the nrg1Δ strain (data not
shown) suggesting that Nrg1p-TAP may be non-functional or not
expressed. Nrg2p-TAP overexpression is not capable of repres-
sing ferroxidase activity in an nrg1Δnrg2Δ strain (Fig. 3E).

The negative effect of Msn2p/Msn4p deletion on ferroxidase
activity is alleviated if Nrg1p and Nrg2p are concomitantly
knocked-out (Fig. 3F). In addition, overexpression of Izh2p has
no effect on ferroxidase activity in the quadruple mutant strain.

3.6. AMP-dependent kinase and the repression of FET3

AMP-dependent kinase (AMPK) is a known negative
regulator of Nrg1p/Nrg2p [8] and has been implicated in the
regulation of iron-regulated genes [3]. AMPK has multiple
isoforms depending on subunit composition. There is a lone
catalytic α-subunit of AMPK (Snf1p) which forms a hetero-
trimeric complex with a lone stimulatory γ-subunit (Snf4p) and
one of three β-subunits (Gal83p, Sip1p or Sip2p) that regulate
AMPK cellular localization [29]. Its activity is regulated by
AMP and by phosphorylation by an upstream activating kinase
(AMPKK) of which there are three partially redundant isoforms
(Elm1p, Sak1p or Tos3p) [30]. Complete loss of AMPK activity
caused by SNF1 deletion results in constitutive repression of the
FET3 gene as measured by basal ferroxidase activity in iron-
deficient LIM (Fig. 4A). Selective inactivation of nuclear
AMPK activity by deletion of the β subunit (Gal83p) that
targets AMPK to the nucleus or the AMPK activating kinase
(AMPKK, Sak1p) responsible for activation of nuclear AMPK
also results in constitutive pFET3-397repression (Fig. 4B).
Finally, strains lacking Snf4p also show an approximately 40%
decrease in pFET3-397 activity (Fig. 4C).
Perturbations of a cytoplasmic isoform of AMPK by deletion
of Sip1p results in a decrease in pFET3-397 activity similar to
that seen in the snf4Δ mutant (Fig. 4C). Deletion of another
cytoplasmic Snf1p-interacting protein, Sip3p, has an identical
effect on pFET3-397 (Fig. 4C). In the snf4Δ, sip1Δ and sip3Δ
strains, Izh2p overexpression no longer represses pFET3-397.
The addition of 500 μM AICAR, an activator of mammalian
AMPK [31], to the growth medium resulted in a small but
reproducible decrease in pFET3-397 activity, suggesting that
AMPK activation may play a role in signal transduction
(Fig. 4D).

3.7. PAQR overexpression mimics receptor activation

In this paper, we show that overexpression of three homol-
ogous yeast PAQR receptors (Izh1p, Izh3p and Izh4p) results in
pFET3-397 repression and decreased ferroxidase activity in
iron-deficient LIM (Fig. 5A). We also demonstrate that
overexpression of the human adiponectin receptor, AdipoR1,
but not its functional homologue, AdipoR2, represses pFET3-
397 and ferroxidase activity (Fig. 5A). By decreasing the
amount of galactose, the effect of AdipoR1 on pFET3-397 can
be incrementally diminished (Fig. 5B). At first glance it appears
as though AdipoR2 does not function in yeast. When
adiponectin is added to cells expressing either AdipoR2 (in
2% galactose) or low levels of AdipoR1 (in 0.02% galactose),
pFET3-397 is repressed in a dose-dependent manner (Fig. 5C).
As in the case of Izh2p overexpression, pFET3-397 repression
by either overexpression of AdipoR1 in the absence of
adiponectin or AdipoR2 in the presence of adiponectin required
RAS2, TPK1, TPK2, TPK3, SIP1, SNF4, SIP3, NRG1 and
NRG2 (Fig. 5F).

4. Discussion

4.1. Repression of FET3 by Izh2p overexpression

In this study, we provide genetic evidence that supports a new
mechanism for the regulation of the FET3 gene encoding a
ferroxidase involved in high-affinity iron-uptake. The first clues
to this regulatory mechanism came from a previous study in
which we showed Izh2p-dependent repression of a zinc-
dependent reporter [4]. This effect was not due to a generalized
growth defect, aberrant expression of any random membrane
protein or a global defect in transcription, translation, or β-
galactosidase activity. While investigating the specificity of
Izh2p-dependent repression, we discovered – and herein report –
the finding that Izh2p also represses the iron-dependent induction
of the FET3 gene. More importantly, Izh2p causes a decrease in
Fet3p enzymatic activity and cell viability in iron-limited
medium, thus confirming that the Izh2p effect is neither an
artifact of our reporter constructs nor a physiologically irrelevant
phenomenon. The level of repression of both FET3 expression
and ferroxidase activity by Izh2p is comparable to repression
caused by full iron-repletion (approximately 25% of fully induced
levels), suggesting that the loss of ferroxidase activity is mainly
caused by decreased gene expression. A generic iron-dependent
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reporter was unaffected by Izh2p overproduction, indicating that
Izh2p modulates FET3 activity in an iron-independent manner.
Due to the importance of iron acquisition in host environments,
the negative effect of Izh2p on iron-uptake represents a viable
mechanism by which osmotin, the proposed ligand for Izh2p,
might exert its fungicidal effects.

4.2. Msn2p/Msn4p, PKA and Ras-cAMP in the negative
regulation of FET3

We envision two probable mechanisms by which Izh2p and its
homologous receptors may function to repress FET3. In the first
scenario, the signaling pathway inactivates an essential co-
activator of FET3 expression. We demonstrate that – at least
under the conditions of our experiments – the Msn2p and Msn4p
stress-responsive transcriptional activators are indeed essential for
FET3 induction and that Izh2p may affect FET3 by negatively
regulating Msn2p/Msn4p. This possibility is bolstered by several
lines of evidence. First, Msn2p/Msn4p are the main transcription
factors responsible for inducing genes during the diauxic shift—
a growth phase during which FET3 is known to be induced [3].
Second, Izh2p-dependent repression requires PKA, a kinase
known to negatively regulate Msn2p/Msn4p [32] and purported
to regulate a subset of Aft1p-target genes [26]. Third, PKA
activity is positively regulated by cAMP produced by the Ras-
cAMP module [32], which is required for Izh2p-dependent
repression. Fourth, Izh2p overexpression represses a generic
stress responsive reporter that is directly activated by Msn2p/
Msn4p. Thus, Izh2p negatively affects the activity of Msn2p/
Msn4p and, in turn, these are essential co-activators of FET3.

In this model, Izh2p, through Msn2p/Msn4p, directly or
indirectly affect FET3 transcription by altering flux through the
Ras-cAMP/PKA pathway. The fact that osmotin signaling in
yeast [9,33] and FET3 repression via Izh2p both require the
Ras2p G-protein has led to the supposition that Izh2p is coupled
with Ras2p. Since the PAQR family of proteins has been
postulated to comprise a novel class ofG-protein coupled receptor
(GPCR) [34,35], the involvement of Ras-cAMP/PKA would
seem to support the conclusion that Izh2p is a Ras2p-coupled
GPCR. However, if Izh2p were a Ras2p-coupled GPCR, then the
physical presence of the Ras2p polypeptide would be essential for
Izh2p-dependent signaling. We have demonstrated that it is not
Ras2p, but cAMP that is essential, thus demonstrating that Izh2p
is not directly coupled to Ras2p. Our data suggest that the Ras-
cAMP module is only required by virtue of the essentiality of
cAMP in PKA activation and that it is likely that signals from
Izh2p converge on PKA downstream of Ras-cAMP.

4.3. Nrg1p/Nrg2p and AMPK in the negative regulation of
FET3

A second, non-mutually-exclusive, possibility for the mech-
anism of Izh2p-dependent repression is the activation of a
repressor of FET3 transcription. An exhaustive review of the
literature led us to a paper showing increased expression of
genes involved in high-affinity iron-uptake inC. albicans strains
lacking the CaNrg1p repressor [28]. CaNrg1p has two partially
redundant homologues in S. cerevisiae named Nrg1p and
Nrg2p. We demonstrate that without these repressors, Izh2p was
incapable of repressing FET3. We also show that overexpression
of Izh2p represses a generic reporter known to be directly
regulated by Nrg1p/Nrg2p. Furthermore, we show that Nrg2p
overexpression was sufficient to recapitulate the effect of Izh2p
overproduction. Repression by Nrg1p/Nrg2p is believed to be
mediated by their binding to a CCCTCmotif in the promoters of
target genes [36]. A CCCTC motif can be found from −316 to
−312 in the FET3 promoter as well as in the zinc-dependent
reporter described in the beginning of the discussion. The fact
that pFET3-397 construct is Izh2p-regulated, while pFET3-297
is not, strongly suggests that there is an element – possibly the
CCCTC motif at −312 – directly responsible for repression,
however, we cannot yet state unequivocally that Nrg1p/Nrg2p
bind the FET3 promoter at a cis-regulatory element.

Nrg1p and Nrg2p physically interact with and are negatively
regulated by AMPK [37], thus it is possible that Izh2p activates
Nrg1p/Nrg2p by inactivation of AMPK. A possible role for
AMPK in Izh2p-dependent signaling is very attractive since
human adiponectin receptors are known to function through
AMPK [16] and yeast AMPK has been shown to positively
regulate genes involved in iron homeostasis [3]. We present two
pieces of evidence that are consistent with an important role for
nuclear AMPK in FET3 regulation by inactivation of nuclear
Nrg1p/Nrg2p. First, strains completely lacking AMPK or those
lacking the nuclear isoform of AMPK show constitutively
repressed ferroxidase activity. Second, strains lacking a variety
of AMPK subunits show a 40% reduction in FET3 expression.
Evidence for an essential role for cytoplasmic AMPK in Izh2p-
dependent repression comes from data showing FET3 repression
by the addition of anAMPK activator (AICAR) and loss of Izh2p-
dependent repression in strains lacking cytoplasmic isoforms of
AMPK. Finally, the finding that the Snf1p-interacting protein,
Sip3p [38], is required for Izh2p-dependent repression is
particularly exciting considering that the human homologue of
Sip3p, APPL1, physically interacts with and is required for signal
transduction via the human adiponectin receptor, AdipoR1 [39].

4.4. Epistasis of Msn2p/Msn4p and Nrg1p/Nrg2p

Nrg1p/Nrg2p and Msn2p/Msn4p have opposing effects on
FET3 expression. Nrg1p and Nrg2p are predicted to bind the
CCCTC motif as well as the CCCCT STRE that functions as a
binding site for Msn2p and Msn4p [36]. Due to the similarity of
the STRE and CCCTC motifs to which Nrg1p/Nrg2p bind, it is
possible that both the Nrg1p/Nrg2p repressors and Msn2p/
Msn4p activators recognize the same elements. Indeed, a recent
study suggests that Nrg1p/Nrg2p and Msn2p/Msn4p compete
with each other for binding to the same regulatory elements in a
subset of stress-responsive promoters [17]. Our data shows that
Nrg1p/Nrg2p are epistatic to Msn2p/Msn4p with respect to
FET3 expression, however, we cannot yet conclude if these
transcription factors act on FET3 through cis-regulatory
elements. Based on our data, we propose that Msn2p/Msn4p
function competitively and antagonistically to Nrg1p/Nrg2p in
the direct or indirect regulation of FET3 and that Izh2p
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overexpression may alter this competition by inactivating
Msn2p/Msn4p via PKA or activating Nrg1p/Nrg2p via AMPK.

4.5. Izh2p overexpression vs. receptor activation

A final point to address is that the Izh2p receptor causes
FET3 repression in the absence of its supposed activating
ligand osmotin. It is possible that Izh2p is actually a receptor for
an, as yet unidentified, endogenous molecule and that this
hypothetical ligand is present in high enough concentration to
activate Izh2p when it is overexpressed. It is also possible that
Izh2p, like many signaling proteins, has an intrinsic basal
signaling capability that is amplified by overexpression making
the presence of activating ligand unnecessary. In the latter case,
overexpression would function equivalently to activation. Due
to the fact that osmotin is neither commercially available nor
easily produced, we cannot yet directly test the latter model.
However, we have functionally expressed two homologous
human adiponectin receptors in yeast. In both cases, activation
of the receptor with adiponectin represses FET3 expression in a
manner that is nearly identical to that of Izh2p overexpression.

5. Conclusions

Our findings support several important conclusions. First,
Izh2p affects iron homeostasis via the Nrg1p/Nrg2p and Msn2p/
Msn4p transcription factors. Second, the regulation of Izh2p by
zinc suggests cross-talk between the iron- and zinc-dependent
regulons, thus adding to the growing body of data indicating a
complex relationship between iron and zinc homeostasis in
yeast [40–43]. Third, every PAQR protein tested, regardless of
activating ligand and physiological function, activate a similar
intracellular signaling cascade, suggesting a conserved mech-
anism of signal transduction. Specifically, these studies shed
light on the physiology of Izh2p and its relation to iron
metabolism in yeast. More generally, they provide a simple
assay to expedite investigations into the structure/function
relationship in human PAQR proteins of biomedical interest.
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