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Preface  VII

Preface

Markus J. Tamas and Enrico Martinoia

One of the challenges faced by every cell as well as by whole organisms is to
maintain appropriate concentrations of essential nutrient metals while excluding
nonessential toxic metals. The transition metals iron, copper, zinc, nickel, and
manganese are required as micronutrients. Yet, these same metals can produce
toxicity when present in excess whereas shortage is detrimental for vital cellular
functions. Nonessential metals such as cadmium, arsenic, mercury, and lead have
no known beneficial function in the cell and are toxic even at low concentrations.
Nevertheless, they are taken up by cells due to overlapping specificities of some
transport proteins. Hence, all organisms, ranging from unicellular microorganisms
such as bacteria and yeast to multicellular organisms like plants and mammals,
have developed mechanisms for metal homeostasis and detoxification to maintain
metal levels within physiological limits. These homeostasis and detoxification
mechanisms involve metal uptake pathways, chelation and/or trafficking within
the cell, delivery of metals into cellular compartments, organelles, and enzymes as
well as systems for metal storage and efflux. Metal-specific sensing and regulation
mechanisms including signal transduction pathways and transcriptional regulators
coordinate these processes depending on metal levels and the metabolic and
physiological state of the cell. Various regulatory mechanisms are also in place to
control long-distance transport and distribution of metals to various cells and or-
gans in multicellular organism, depending on their specialized functions and de-
velopmental stage.

In recent years, the importance of metals in biological systems has received in-
creasing attention with a large and growing number of groups working in this re-
search area. Novel molecular mechanisms of metal homeostasis and detoxification
have been clucidated in a range of organisms and also contributed to an increased
understanding of the pathophysiology of metal deficiency and overload in relation
to disease. Of particular importance is the realization that most transition and
heavy metals do not exist as free ions in the cytosol but are sequestered by various
types of metal chaperones and/or intracellular carrier proteins. Of the same dignity
is the molecular understanding of diseases caused by perturbed metal homeostasis
including Menkes and Wilson disease (copper), hereditary hemochromatosis and
anemias (iron) and Acrodermatitis enteropathica (zinc). Until recently, the mecha-
nisms of tolerance to various nonessential metals in eukaryotic organisms have
remained poorly explored. However, the increasing use of toxic metals in medical
therapy, e.g., the use of arsenic for the treatment of certain forms of cancer and of
diseases caused by protozoan parasites, as well as the need to develop systems for
phytoremediation of contaminated sites, has spurred research in this field and led
to a significant progress in understanding metal responses and tolerance acquisi-
tion mechanisms.
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The volume ‘Molecular Biology of Metal Homeostasis and Detoxification,
from microbes to man’ covers essential nutrient metals as well as nonessential
toxic metals in various eukaryotic model systems including yeasts, plants and
mammals focussing on the cellular systems controlling metal transport, intracellu-
lar distribution and immobilization as well as on systems regulating metal-
dependent transcription. The pathophysiology of metal deficiency and overload in
relation to disease as well as environmental aspects including phytoremediation
are also covered. The chapters are organised into different sections focusing on the
essential nutrient metals copper, zinc and iron in yeast, mammals and plants, re-
spectively (Chapters 2 to 9). Other chapters describe the current knowledge of
heavy metal immobilization and phytoremediation (Chapters 10 and 11), the mo-
lecular basis of metal dependent transcriptional regulation covering transcriptional
regulators from bacteria to mammals (Chapter 12), the molecular mechanisms of
nonessential toxic metal tolerance in yeast (Chapter 13) and nonessential metal
transport in mammals (Chapter 14). The volume is concluded with a chapter
bringing together concepts, visions and developments for the future (Chapter 15).

‘Molecular Biology of Metal Homeostasis and Detoxification; from microbes to
man’ is not only a timely publication, but is also unique in its composition bring-
ing together current knowledge of the molecular basis of metal homeostasis and
detoxification in various eukaryotic model systems. Hence, our hope is that ‘Mo-
lecular Biology of Metal Homeostasis and Detoxification; from microbes to man’
will be a milestone in this exciting and rapidly emerging field and be of great in-
terest to a broad readership.

Martinoia, Enrico
Universitit Ziirich, Institut fiir Pflanzenbiologie, Zollikerstrasse 107, CH-8008
Ziirich, Switzerland
enrico.martinoia@pbotinst.unizh.ch

Tamas, Markus J.
Department for Cell and Molecular Biology, Goteborg University, Box 462,
40530 Goteborg, Sweden
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Molecular mechanisms of copper homeostasis in
yeast

Jaekwon Lee, David Adle, Heejeong Kim

Abstract

Copper ions play critical roles as electron transfer intermediates in various redox
reactions. The yeast Saccharomyces cerevisiae has served as a valuable model to
study copper metabolism in eukaryotic cells. The systems for copper homeostasis;
including the uptake, cytoplasmic trafficking, and metabolism in intracellular or-
ganelles, detoxification, and regulation of these systems have been characterized.
Most of the molecular components for copper metabolism identified in yeast are
functionally and structurally conserved in mammals. These findings have under-
scored the importance of evolving delicate mechanisms to utilize copper. Studies
on copper metabolism in yeast certainly have opened up interesting and important
research avenues that have shed light on the molecular details of copper metabo-
lism and the physiological roles of copper.

1 Introduction

Copper (Cu) is a metal-ion abundantly found in the earth’s crust. It easily accepts
and donates electrons through redox reactions. Aerobic organisms have taken ad-
vantage of the chemical properties of Cu by incorporating it in various biological
processes. Thus, organisms have developed mechanisms for acquiring Cu from the
environment. Mechanisms for homeostatic Cu metabolism have been uncovered in
prokaryotes, fungi, plants, and mammals. Among these organisms, the yeast Sac-
charomyces cerevisiae has served as a model organism to study Cu metabolism in
eukaryotes. A number of experimental tools are available to understand the mo-
lecular mechanisms of Cu homeostasis. The sequencing of the yeast genome has
provided an extremely valuable source of information. Deletion or expression con-
trol of yeast genes is much easier than in higher eukaryotes. Growth environments
of yeast can be easily manipulated. Furthermore, most of the mechanisms and
components in physiological and biochemical processes identified in yeast are
conserved in higher eukaryotes.

Cu is required for at least three biological processes in yeast, (i) mitochondrial
oxidative phosphorylation, (ii) superoxide anion detoxification, and (iii) iron me-
tabolism. In the mitochondria cytochrome c oxidase subunits 1 and 2 contain Cu
as an electron transport intermediate in oxidative phosphorylation (Tsukihara et al.
1995; Iwata et al. 1995). Thus, Cu is an essential micronutrient for yeast under
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Fig. 1. Copper (Cu) homeostasis in yeast S. cerevisiae. Molecular mechanisms of Cu trans-
port, distribution and detoxification have been characterized in yeast. Cu is reduced by cell
surface reductases (Fre) prior to uptake by Ctrl and Ctr3 Cu transporters. Fet4 serves as a
low affinity Cu transporter. Ctr2 transports Cu form the vacuole. Cytosolic Cu chaperones
Atx1, Cox17 and CCS deliver Cu to the secretory pathway, mitochondria and Cu, Zn su-
peroxide dismutase (SOD1), respectively. At the post-Golgi vesicles Ccc2 accepts Cu from
Atx1, followed by incorporation of Cu to Fet3, a multicopper ferroxidase. Gefl and Tfpl
facilitate the transport and incorporation of Cu into Fet3. Fet3 forms a complex with the
iron permease Ftrl and both proteins are responsible for high affinity iron uptake at the
plasma membrane. In mitochondria Cox17 plays essential roles in Cu incorporation into cy-
tochrome ¢ oxidase (COX) subunit 1 (Cox1) and subunit 2 (Cox2). CCS delivers Cu spe-
cifically to SOD1 in the cytosol. SOD1 and CCS also localize at the mitochondrial inter-
membrane space. Two metallothioneins, Cupl and Crs5, are critical for Cu detoxification.
Macl and Acel, Cu-responsive transcription factors, regulate expression of genes involved
in Cu metabolism. Macl and Acel directly bind to the cis-acting element of their target
genes.
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aerobic conditions. Yeast cells that are defective in Cu metabolism are not able to
grow on media containing ethanol and glycerol as sole carbon source. These non-
fermentable carbons need mitochondrial oxidative phosphorylation to generate en-
ergy and Cu serves as an essential cofactor (Keyhani and Keyhani 1975). Cu me-
tabolism is linked to iron (Fe) metabolism, since Cu is a cofactor of Fet3 feroxi-
dase, which plays an essential role in Fe transport at the plasma membrane
(Dancis et al. 1994a; Askwith et al. 1994). Cu is also a critical cofactor for Cu,Zn
superoxide dismutase (Cu/Zn SOD, SODI), which detoxifies superoxide anions
generated by aerobic biological processes. Thus, yeast cells defective in Cu uptake
exhibit sensitivity to superoxide anion stress (Greco et al. 1990). The counterparts
of these Cu-containing proteins in higher eukaryotes play the same roles as those
in yeast cells (Pefia et al. 1999).

Cu is able to catalyze reactions generating reactive oxygen intermediates that
are highly toxic to all cellular components (Halliwell and Gutteridge 1984, 1990).
The beneficial and detrimental roles of Cu in biological systems demand that cells
maintain delicate control of intracellular Cu metabolism. Cu-chelating metal-
lothionein is known as a primary defense system against Cu toxicity (Hamer
1986). Molecular characterization of the metallothionein gene and its transcription
regulation has provided an initial picture that reflects the significance of homeo-
static Cu metabolism. Further understanding of Cu-metabolism has been taken by
cloning the genes encoding components involved in Cu uptake and intracellular
distribution in yeast (Fig.1). Phenotypic analyses of yeast cells defective in any of
these components led to the identification and characterization of their counter-
parts in higher eukaryotes.

This chapter will address molecular mechanisms of Cu metabolism in yeast, in-
cluding baker’s yeast, fission yeast and pathogenic yeast, by which uptake, distri-
bution and detoxification of Cu are precisely controlled. The major focus will be
in the baker’s yeast S. cerevisiae. Although this chapter describes the most up-
dated information regarding yeast Cu metabolism in a comprehensive manner,
there are excellent review articles focusing on specific topics in Cu metabolism
such as transporters (Labbé and Thiele 1999; Puig and Thiele 2002), intracellular
distribution (O’Halloran and Culotta 2000; Rosenzweig 2001; Huffman and
O'Halloran 2001), mitochondrial Cu metabolism (Carr and Winge 2003), and tran-
scriptional regulation (Thiele 1992; Winge 1998).

2 Cu uptake at the plasma membrane
2.1 High affinity Cu transporters

Initial studies on Cu uptake in yeast demonstrated that Cu transport at the plasma
membrane is a saturable and carrier-mediated process (Lin and Kosman 1990). An
elegant genetic approach identified the Copper Transporter 1 (Ctrl), which plays
critical roles in Cu metabolism (Dancis et al. 1994a). Ctrl was actually identified
from yeast mutants that are unable to transport iron. Subsequent analysis demon-



4 Jaekwon Lee, David Adle, Heejeong Kim

strated that the Fe-deficiency phenotypes of the Ctrl mutants were the conse-
quence of Cu deficiency and that Ctrl is a Cu transporter. Indeed, Cu transported
through Ctrl serves as a cofactor of the Fet3 ferroxidase required for Fe uptake
(Askwith et al. 1994). The mammalian Cu-containing ferroxidases, ceruloplasmin
and hephaestin, also play an important role in Fe metabolism in mammals (Osaki
and Johnson 1969; Vulpe et al. 1999).

Ctrl appears to be specific for Cu, since Ctrl-mediated Cu uptake is not com-
peted by other metal-ions such as Fe**, Mn®*, Co*’, Ni*", or Zn*" (Dancis et al.
1994a). Expression of Ctrl is a limiting factor in Cu uptake, since overexpression
of Ctrl increases Cu uptake. Non-functional mutations of the Ctrl gene result in
altered cellular responses to extracellular Cu(I), demonstrating a physiological role
for Ctrl in delivering bio-available Cu. Ctrl-defective cells exhibit deficiency in
Cu/Zn SOD activities resulting in growth arrest in Cu-deficient media (Dancis et
al. 1994b).

Ctrl is a 406 amino acid integral membrane protein with three putative trans-
membrane domains. Ctrl is heavily glycosylated with O-linkages (Dancis et al.
1994b) but it is not known whether glycosylation of Ctrl is essential for its mem-
brane localization and function. The hydrophilic amino terminal contains eight
MXXM or MXM sequence repeats that have been identified as Cu-binding motifs
in other Cu-transporting proteins from prokaryotes (Cha and Cooksey 1991;
Odermatt et al. 1993). The amino-terminus of Ctrl localizes at the extra-cellular
surface of the plasma membrane (Puig et al. 2002), and those methionine residues
appear to play a role in capturing Cu from the environment. Sequence alignment
of Ctr family proteins has revealed that a methionine at the extracellular domain
and two methionines (MXXXM) at the second transmembrane domain are con-
served among these transporters. Site-directed mutagenesis experiments have
demonstrated that the conserved methionines are critical for Ctrl function (Puig et
al. 2002). The methionines may serve as Cu ligands in Ctrl-mediated Cu trans-
port. Given that most of the membrane transport proteins possess more than 6
trans-membrane domains, it is reasonable to predict that Ctrl assembles in a homo
or hetero multimer to make a Cu channel at the membrane. This is supported by in
vitro cross-linking experiments (Dancis et al. 1994b). Interactions of glutamate
residues at the third transmembrane domain of each monomer have been impli-
cated in multimer formation (Aller et al. 2004).

Ctr3 was identified in mutant yeast cells defective in Ctrl (Knight at al. 1996).
Ctr3 is a 241 amino acid protein that has 11 cysteine residues of which three pairs
are arranged in a potential CXC or CXXC metal binding motif. Ctr3 expression in
many laboratory yeast strains is blocked by Ty2, a transposable DNA element. In
strains that do not possess a Ty2 transposon, Ctr3 expression is regulated by Cu as
is Ctrl. Ctr3 is able to replace Ctrl function and has the same basic structural fea-
tures as Ctrl, including three transmembrane domains and a functionally impor-
tant MXXM motif at the second transmembrane domain. Despite these similari-
ties, Ctr3 bears little sequence identity to Ctrl. The expression of both proteins
provides enhanced proficiency in Cu uptake under Cu-limiting conditions. How-
ever, it is not clear whether Ctrl and Ctr3 have any specificity in their roles.



Molecular mechanisms of copper homeostasis in yeast 5

Cu transporters have been identified from other yeast species as well as plants,
fruit fly, and mammals due to their functional and structural similarity to yeast
Ctrl or Ctr3 Cu transporters (Puig and Thiele 2002). The structural features ob-
served in yeast Ctrl are common to the Ctr family of Cu transporters, which sug-
gests that Ctrl proteins in different organisms function with the same mode of ac-
tion. However, the actual mechanisms of Ctrl and Ctr3-mediated Cu transport are
poorly understood. In mammalian cells, Fe-containing transferrins bind to their
plasma membrane receptor, and Fe is released from transferrin at the endosomes
to be transported by a transporter. Similarly, Ctr proteins may simply serve as Cu
receptors at the cell membrane. Ctrl endocytosis may be one mechanism for Cu
transport. However, since endocytosis of Ctr3 has not been observed (Pefia et al.
2000) as has been for yeast and human Ctrl, endocytosis-mediated intracellular
compartmentalization of Cu transporters does not appear to be an absolutely re-
quired process in Cu acquisition in yeast. A Cu transport assay of purified Ctrl
protein in a lipid vesicle will be an approach for direct demonstration of Cu trans-
port by Ctrl.

Given that Ctrl does not possess an obvious ATPase domain, the driving force
for Ctrl-mediated Cu transport is not known. Initial characterization of Cu trans-
porting activities in yeast cells suggested a temperature and ATP-dependent high
affinity Cu transport process (Lin and Kosman 1990). It is possible that another
subunit binding to Ctrl is an ATPase. Electrochemical measurements have shown
that Cu-ion uptake is coupled with K" efflux in a 1:2 stoichiometry (De Rome and
Gadd 1987), suggesting that Cu transport may take place via a Cu'/2K" antiport
mechanism. Since elevated extra-cellular K™ levels enhance Cu uptake in mam-
malian cells (Lee et al. 2002), there may be a connection between the transport of
K" and Cu.

An interesting observation is that the Ctrl Cu transporter determines intracellu-
lar accumulation of cisplatin (Ishida et al. 2002). Cisplatin, a platinum-based anti-
cancer drug, is highly active against a wide variety of tumors; however, resistance
to this drug upon treatment limits its effectiveness (Loehrer and Einhorn 1984; Gi-
accone 2000). A genetic screen of yeast loss-of-function mutants for cisplatin re-
sistance has uncovered that deletion of the CTR1 gene results in increased cis-
platin resistance and reduced intracellular accumulation of cisplatin. Furthermore,
cisplatin regulates Ctrl stability and trafficking in similar ways as Cu in yeast
cells. Cu pre-treatment reduces toxicity of cisplatin. These results suggest that
Ctrl transports cisplatin as well. This has been observed for both yeast and mam-
malian Cu transporters (Ishida et al. 2002; Lin et al. 2002). The link between Cu
transporters and cisplatin may explain some cases of resistance in humans and
suggest ways of modulating sensitivity and toxicity to this important anticancer
drug.

2.2 Cu transporters identified from other yeast

The fission yeast S. pombe is particularly interesting due to its somewhat unique
system of Cu uptake. A high affinity Cu uptake protein from S. pombe, Ctr4, re-
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sembles a chimera between the S. cerevisiae Ctrl and Ctr3 proteins (Labbé et al.
1999; Zhou and Thiele 2001). Ctr4 harbors five MXXMXM repeats in the pre-
dicted amino-terminal extracellular region similar to Ctrl, yet transmembrane do-
mains are homologous to Ctr3. A Cu transport assay of Ctr4 in S. cerevisiae re-
vealed that Ctr4 fails to complement baker’s yeast cells defective in high affinity
Cu transport and is not able to localize to the plasma membrane. Selection for S.
pombe genes, which, when co-expressed with Ctr4, confer high affinity Cu trans-
port to S. cerevisiae cells resulted in the identification of CtrS. Ctr4 forms a com-
plex with Ctr5 to function as a Cu transporter (Zhou and Thiele 2001). Both Ctr4
and Ctr5 are integral membrane proteins, and the physical association between
them is interdependent for their secretion to the plasma membrane and for high af-
finity Cu transport. The specific roles of each subunit in the secretion to plasma
membrane and Cu transport have not been defined. It is also interesting to ascer-
tain whether there are homologous subunits in high affinity transport complexes in
other eukaryotes.

A Ctrl Cu transporter has been identified from the pathogenic yeast C. albi-
cans. A C. albicans Ctrl-null mutant displays phenotypes consistent with the lack
of Cu uptake, and its Ctrl can complement Cu deficiency in S. cerevisiae (Marvin
et al. 2003). Consequently, C. albicans does not appear to have a redundant high
affinity Cu transporter similar to Ctr3.

2.3 Low affinity Cu transporters: Fet4, Smf1, and Pho84

The saturable and low-affinity Cu transport activities in Ctrl and Ctr3 knockout
yeast cells are attributed to the Fet4 plasma membrane protein. The Cu transported
by Fet4 is available for intracellular Cu-requiring proteins and Cu-responsive tran-
scription factors as is the Cu uptake by Ctrl and Ctr3 (Hassett et al. 2000). Fet4
has been known as a transporter of divalent metals including Fe, Co, and Cd (Dix
et al. 1994), as well as reduced monovalent Cu (Hassett et al. 2000). Mutant Fet4
alleles that are non-functional in Fe transport are also defective in Cu transport.
However, since Cu inhibits Fet4-mediated Fe uptake in a non-competitive manner,
the Cu and Fe transport by Fet4 is not necessarily through the same mechanism
(Hassett et al. 2000).

In addition to Fet4, the Smfl and Pho84 metal transporter appears to contribute
to Cu accumulation in yeast. Smfl is a plasma membrane transporter for manga-
nese, and transports other metal-ions including Cu (Supek et al. 1996; Liu et al.
1997). Overexpression of Smfl has been associated with increased accumulation
of Cu. Smfl degradation is controlled by Bsd2-mediated ubiquitination (Liu and
Culotta 1999; Hettema et al. 2004). Consequently, a non-functional mutation in
Bsd2 upregulates Smfl expression, resulting in hyper-accumulation of Cu, Cd and
Mn (Liu et al. 1997). A phosphate transporter encoded by the PHO84 gene func-
tions as a low affinity transporter of metals including Mn, Zn, Co and Cu (Jensen
et al. 2003). This transporter is implicated in metal accumulation when extracellu-
lar metals are in excess. However, Smfl and PHO84-mediated Cu uptake most
likely play minimal roles in Cu metabolism. Ctrl, Ctr3, and Fet4 triple knockout
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yeast cells do not exhibit saturable Cu transport activities at a wide range of Cu
concentration, even though the cells are expressing Smfl and Pho84 (Hassett et al.
2000). Additionally, Cu transported by Smfl and Pho84 does not appear to be bio-
available, since cells defective in all other Cu transporters, Ctrl, Ctr2, Ctr3, and
Fet4, are not able to acquire Cu for Cu/Zn SOD (Portnoy et al. 2001).

The biological significance of these low affinity Cu transporters is not well un-
derstood. The high affinity Cu transport machinery is either down regulated or not
expressed to prevent Cu toxicity when yeast are exposed to excess Cu. Under
these conditions, the low affinity Cu transporters may play roles in Cu acquisition.

2.4 Cu reductases

Oxygen in the environment oxidizes Cu(I) to Cu(II). Reduction of Cu(Il) appears
to be an important step for Cu transport into yeast cells. Frel and Fre2 metallore-
ductases initially identified as components of Fe transport also play roles in Cu
metabolism. Both FRE1 and FRE2 knockouts have impaired Fe uptake but also
Cu transport (Hassett and Kosman 1995; Georgatsou et al. 1997). They are plasma
membrane electron transport proteins that mobilize cytoplasmic electrons through
the membrane. Five other homologous proteins have been identified from the
yeast genome (Martins et al. 1998). Regulation patterns of FRE genes by Cu and
Fe further demonstrates that these metalloreductases play roles in Fe and Cu me-
tabolism. FRE1, FRE6, and FRE7 genes are induced when cells are cultured under
Cu deficiency. FREI1 to 6 are induced in cells cultured in Fe chelator-treated me-
dia as well. The functional specificities among these reductases and subcellular lo-
calization have not been fully characterized.

The Fre proteins are homologous to the gp91-phox subunit of the human
NADPH phagocyte oxidoreductase. These proteins possess two heme-binding mo-
tifs, a flavin adenine dinucleotide (FAD) binding site, and two NADPH binding
sequences (Roman et al. 1993; Finegold et al. 1996; Lesuisse et al. 1996; Shatwell
et al. 1996). Given that gp91-phox is a subunit of the NADPH oxidase system
(Rotrosen et al. 1992; Chanock et al. 1994), it is feasible to postulate that Cu re-
ductases may need other components for their activities. Secondly, since reduced
Cu is easily oxidized in the extracellular aerobic environment, there may be a
mechanism that protects reduced Cu during the Cu transport process. Reduced Cu
may bind to another molecule, and this complex may be a substrate of Ctrl or
Ctr3-mediated Cu transport. Alternatively, it is possible that Fre proteins may
form a complex with Cu transporters passing the reduced Cu to them. Third, given
that most other proteins involved in Cu metabolism are conserved between yeast
and mammalian cells, yeast Cu reductases may provide critical information for
identifying their mammalian counterparts.
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3 Intracellular Cu distribution

Once Cu is transported into the cell, a mechanism must be in place to safely dis-
tribute Cu to specific intracellular targets. It is known that a class of small proteins
referred to as chaperones or metallochaperones are required for this role (Fig.1).
There are three known pathways in which Cu is directed in yeast. The Cu chaper-
one Atx1 directs Cu into the secretory compartments. CCS (copper chaperone for
SOD1) incorporates Cu into Cu/Zn SOD (SODI1). The putative Cu chaperone
Cox17 distributes Cu to the mitochondria. Chaperones are specific for their tar-
gets, since CCS, a Cu chaperon for SOD1, is not required for Cu trafficking to the
secretory pathway or the mitochondria. Similarly, overexpression of other Cu
chaperones such as Atx1 cannot restore SOD1 activity in cells lacking CCS (Cu-
lotta et al. 1997). The physiological necessity of metallochaperones was made ap-
parent by the discovery that the ambient free Cu concentration in yeast cells is ex-
ceedingly low (Pufahl et al. 1997). With such a low availability of free Cu in the
cell, there must be a mechanism to deliver Cu to the appropriate Cu-dependent en-
zyme while minimizing its toxic effects.

In addition to the chaperones there are many other downstream components re-
quired for intracellular distribution of Cu. These include the Atx1 target, Ccc2,
which plays an obligatory role for Cu incorporation into the secretory pathway.
There are accessory proteins or co-chaperones, which aid in Cu insertion into spe-
cific active sites. Furthermore, a member of the Ctr family has been implicated in
mobilizing Cu stores from the vacuole. All together these components act in con-
cert for the precise distribution of intracellular Cu.

3.1 Atx1-mediated Cu delivery to the secretory compartment

The Cu chaperone Atx1 was first identified as a high-copy suppressor of oxidative
damage in yeast cells lacking SOD1 (Lin et al. 1995). Atx1 appears to have dual
roles as both a scavenger of superoxide anions and a Cu chaperone. The first clue
for its role as a Cu chaperone was provided by sequence homology with other
metal binding proteins. Another clue came from an observed increase in cellular
Cu levels upon overexpression (Lin et al. 1995). Atx]l was found to have con-
served homologues in other eukaryotes, including the Hahl(Atox1) in humans
(Klomp et al. 1997).

Once Cu is transported into the cytosol, it is captured by Atx1 and shuttled to
the trans-golgi network (TGN) for delivery into the secretory pathway. Here, Atx1
transfers its cargo to the Cu translocating ATPase, Ccc2. In an ATP dependent
manner, Cu is transported across a vesicular membrane for incorporation into the
Fet3 multi-Cu oxidase (Lin et al. 1997). The mature Fet3 with its Cu cofactor
forms a complex with the Ftrl iron permease, which is responsible for iron uptake
at the plasma membrane (Steaman et al. 1996). This explains the inextricable link
previously observed between iron and Cu metabolism. Consistent with its role in
iron metabolism, Atx1 is regulated by the iron sensing transcription factor Aftl
(Lin et al. 1997). However, unlike other Aftl targets, Atxl expression is unaf-
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fected by a null mutation in AFT1, suggesting regulation by an additional tran-
scription factor. The oxygen sensing transcription factor, Yapl has been impli-
cated in the regulation of Atx1 as its expression is strongly induced by oxygen
(Harshman et al. 1988). The regulation of Atx1l by two different transcription fac-
tors is consistent with its dual functionality, Cu and Fe metabolism and oxidative
stress defense.

Atx1 is a small cytosolic 8.2 kD polypeptide composed of 73 amino acid resi-
dues. The N-terminus of Atx1 contains a single MTCXXC metal binding motif.
Electron paramagnetic resonance (EPR) and X-ray absorption spectroscopy (XAS)
of Atx1 have supported the binding of a single Cu (I) ion per polypeptide (Pufahl
et al. 1997). Extended X-ray absorption fine structure (EXAFS) measurements of
Atx1 indicated an all sulfur coordination environment through either a two or
three liganded complex. The NMR solution structure indicates that the Atx1 pro-
tein has an afaffop fold and places a single Cu ion between Cysl5 and Cys18
(Arnesano et al. 2001). Atx1 is comprised of multiple Lys residues generating a
positively charged surface (Portnoy et al. 1999). Mutations of conserved lysines
crippled Atx1 function in vivo. In particular, a mutation of Lys65 to Glu, which in-
troduces a negative charge adjacent to the metal-binding motif, severely abrogates
Atx1 function. Interestingly, a basic, neutral or hydrophobic residue at this posi-
tion was tolerated (Portnoy et al. 1999). The importance of Lys65 has been pro-
posed to partially neutralize the net negative charge resulting from the coordina-
tion of Cu(I) by two or more cysteines.

3.2 Ccc2, and other factors necessary for Cu incorporation into Fet3

Several genetic and biochemical experiments support the pathway of Cu(I) deliv-
ery from Atx1 to Ccc2 for incorporation into Fet3. Yeast ATX1 null mutants are
unable to grow in iron limiting conditions, which can be rescued by Cu supple-
mentation (Lin et al. 1997). In vivo *Cu labeling experiments have confirmed that
Cu incorporation into Fet3 is defective in Aatx1 yeast strains (Klomp et al. 1997).
Furthermore, overexpression of CCC2 can correct the defect of poor growth on
limited iron in Aatx] mutants corroborating the model in which Atx1 delivers
Cu(I) to Ccc2 prior to incorporation into Fet3.

Ccc2 is 110kD transmembrane protein consisting of 1004 amino acid residues
which has been localized to the late or post Golgi network (Yuan et al. 1997). It is
a P-type ATPase belonging to the P1-type subfamily, which is specific for metal
ion transport (Lutsenko and Kaplan 1995). P1-type ATPases contain 8 putative
transmembrane domains with a conserved CPC/H motif located in the sixth
transmembrane domain which is believed to be critical for metal ion translocation.
Pl-type ATPases contain 1 to 6 CXXC metal-binding domains at their N-
terminus. The N-terminus of Ccc2 contains two of these metal-binding domains.
The cytoplasmic domain of Ccc2 contains two loops with the largest containing
the catalytic ATP-binding and phosphorylation sites. Ccc2 is a functional and
structural homolog of the mammalian WND and MNK, P1-type ATPase Cu trans-
porters, which are impaired in Wilson and Menkes disease, respectively. Both
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Fig. 2. Schematic illustrating the mechanisms of copper (Cu) transfer between metallo-
chaperones and targets. (A) Atxl and Ccc2 form a transiently docked complex bringing
each metal binding domain into proximity. Cu equilibrates between both metal binding do-
mains involving two and three liganded intermediates for Cu transfer. (B) Dimerization and
Cu transfer between CCS and Cu,Zn superoxide dismutase (SOD1). Domain II forms dock-
ing interface with SOD1. At low Cu concentrations domain I potentially provides Cu ions
to domain III. Domain III swings into position for Cu transfer into the active site of SOD1
(C) Cu incorporation into mitochondrial cytochrome ¢ oxidase (COX) subunits 1 and 2.
Cox17 transfers Cu to Scol and Cox11 prior to incorporation into the Cox2 Cu, site and
Cox1 Cug site, respectively. Cox19 and Cox23 both partially localize to the mitochondrial
intermembrane space and are also important for COX assembly. Figures are modified from
previous publications, (Fig. 2A: Pufahl et al. 1997; Fig. 2B: Lamb et al. 2001; Fig. 2C: Carr
and Winge 2003).

WND and MNK can complement a Ccc2 null mutation in heterologous yeast sys-
tems (Hung et al. 1997; Payne and Gitlin 1998).

The Tfpl subunit of the yeast vacuolar H™ - ATPase and the yeast chloride
channel Gefl have been implicated in aiding Ccc2 mediated Cu transfer to Fet3
(Gaxiola et al. 1998). Yeast cells lacking Tfpl or Gefl are unable to grow on non-
fermentable carbon sources; however, they can be rescued by Cu supplementation.
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Additionally, Gefl was also shown to co-localize with Ccc2 (Gaxiola et al. 1998).
These observations led to the following model: Tfpl ensures the maintenance of
an acidic environment of the lumen in the late- or post-golgi vesicles required for
Cu loading onto Fet3. Acidification and concomitant import of Cu ions lead to an
increase of membrane potential further impeding transport of metal cations. The
potential can be counter balanced by the influx of CI” anions mediated through
Gefl restoring Ccc2 mediated delivery of Cu into the lumen. In addition to the
stabilization of the electrochemical potential, Cl” anions have been proposed to act
as an allosteric effector required for the incorporation of Cu into Fet3 (Davis-
Kaplan et al. 1998).

3.3 Interaction between Atx1 and Ccc2 for Cu transfer

Structural studies of Atx1 and Ccc2 have shed light onto possible mechanisms of
Cu transfer. Yeast two-hybrid experiments have demonstrated a Cu dependent in-
teraction between Atx1 and the N-terminus of Ccc2 (Pufahl et al. 1997). NMR so-
lution structures available for Atxl (Arnesano et al. 2001) and the soluble N-
terminal domain of Ccc2 (Banci et al. 2001) indicated that both have a similar
secondary structure. The metal-binding domain of Atx1 is located at a surface-
exposed loop which is buried in the metal bound form (Arnesano et al. 2001).
Conversely, the Ccc2 N-terminal structure remains relatively invariant upon metal
binding (Banci et al. 2001).

It has been demonstrated that a Cu(I) loaded Atx1 can directly transfer Cu to
Ccc2 in a reversible manner (Huffman and O’Halloran 2000). Cu(l) rapidly
equilibrates between the two proteins suggesting that the thermodynamic gradient
is quite shallow. Thus, the vectoral delivery of Cu(I) from Atx1 is not dependent
on higher Cu affinity of the Ccc2 target domain. Rather, Atx1 acts as an enzyme
by lowering the energy required for transfer specifically for the Ccc2 target site
while protecting it from adventitious reactions with non-partner proteins (Huffman
and O’Halloran 2000).

A model using current structural information has been proposed for Cu transfer
between Atx1 and Ccc2. According to this model, the low activation barrier for
metal transfer is achieved from complementary electrostatic forces which orientate
the metal binding domains of Cu(I) loaded Atx1 and apo-Ccc2 (Huffman and
O’Halloran 2000). The conformational changes observed in the apo-Atx1 to Cu-
Atx1 transition are thought to poise Atx1 for direct interaction with Ccc2. Atxl
possesses many positively charged residues on its surface while Ccc2 possesses
multiple negatively charged residues at its N-terminus serving as a docking inter-
face (Portnoy et al. 1999). Computer modeling, using the available structural in-
formation, shows stable electrostatic interactions amongst specific Atx1 Lys resi-
dues and N-terminal Ccc2 Glu and Asp residues (Arnesano et al. 2004).
Additionally, an intermolecular hydrogen bond could be placed between the criti-
cal Lys65 of Cu-Atx1 and Ccc2. Thus, computer aided modeling has given a
structural basis to explain previous mutational data.
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It has been proposed that after protein-protein recognition, Cu undergoes a se-
ries of rapid associative exchange reactions involving two- and three-coordinate
intermediates between the Atx1 and Ccc2 metal-binding motifs (Fig. 2a) (Pufahl
et al. 1997). Once Cu is bound to Ccc2, it is believed to be transferred to the in-
termembrane CXC motif. The binding of Cu to the CXC motif is believed to trig-
ger ATP hydrolysis which drives a conformational change, releasing Cu into a
vesicle that is thermodynamically distinct from the cytosol (Huffman and
O’Halloran 2000). However, the details of this mechanism still remain poorly un-
derstood.

3.4 CCS, a Cu chaperone for Cu,Zn superoxide dismutase (SOD1)

The chaperone which delivers Cu to SODI1 in yeast is CCS (copper chaperone for
SOD1). CCS was first identified by mutations in the Lys7 gene, which displayed a
phenotype of a non-functional SOD1 (Culotta et al. 1997). A Lys7 null mutation
results in the loss of SOD1 function despite normal levels of SOD1 protein. SOD1
function is restored by the supplementation of Cu supporting that its inactivity is
the result of inadequate Cu incorporation.

CCS is a 249-amino acid protein, which is much larger in comparison to Atx1.
Similar to SOD1, CCS exists as a homodimer (Fig. 2B). There are three function-
ally distinct domains in CCS (Lamb et. al 1999). The N-terminal domain, domain
I, resembles Atx1 and contains the same MXCXXC Cu binding motif; however, is
only necessary for function under Cu limited conditions. The central domain, do-
main I, is homologous to SOD1 and is critical for recognition, but lacks residues
important for SOD1 function. Domain III, a short peptide of the carboxyl termi-
nus, bears an invariant CXC Cu binding motif conserved in all members of the
CCS family and is crucial for function (Schmidt et. al 1999).

CCS activates SOD1 by directly inserting the Cu cofactor while protecting it
from intracellular Cu scavengers. This function was first made apparent as a Cu
loaded CCS could activate apo-SOD1 in the presence of Cu chelating agents in vi-
tro (Rae et al. 1999). The transfer mechanism must be direct because any Cu ions
released into solution would be immediately sequestered by the Cu chelators.
Yeast two hybrid assays showed in vivo protein-protein interactions between
SODI1 and domains II and IIT of CCS, however, no interaction was observed with
the Atx1-like domain I. Instead, this domain most likely captures Cu under limited
conditions and transfers it to the CXC motif of Domain III.

It would appear that a similar mechanism of Cu transfer exists for CCS and
SOD1 as does for Atx]l and Ccc2. In this case the CCS and SOD1 homodimers
would have to disassociate prior to docking with one another. As with Atx1, Cu
binding to CCS elicits a conformation suitable for docking with its partner. The
Cu transfer is directed by specific protein-protein interactions which guide the Cu
binding domains of donor and acceptor within proximity for Cu transfer.

The crystal structure of CCS complexed with SOD1 has provided a structural
model for CCS Cu insertion into SOD1 (Lamb et al. 2001). The “frozen” complex
was obtained by replacing SOD1 His48 with Phe so that it was unable to bind Cu
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yet retain Zn in the active site. The crystal structure shows a heterodimer consist-
ing of a single CCS monomer and a single SOD1 monomer linked together by an
intermolecular disulfide bond. Previous biochemical studies have also supported
the formation of a heterodimer between CCS and SOD1 which is facilitated by Zn
(Lamb et al. 2000). Most contacts are made between SOD1 and the SOD1-like
domain II of CCS. Many conformational changes occurred upon the reorganiza-
tion of CCS and SOD1 homodimers to form a heterodimeric duplex. These con-
formational changes have given mechanistic clues into how Cu is loaded into the
SODI1 active site. CCS has two potential Cu binding sites, one in the MHCXXC
sequence motif of the Atx1-like domain I and the other CXC sequence motif in
domain III. The structure showed that the MHCXXC motif of domain I is too far
away for Cu transfer, however, the cysteines of the CXC motif of domain III lie
adjacent to the SODI1 active site. Interestingly, one of these cysteines forms an in-
termolecular disulfide bond with SOD1 disrupting a previous intramolecular disul-
fide within SOD1. This displacement appears to open up the active site of SOD1
for Cu incorporation (Lamb et al. 2001).

Recently, the presence of O, has been shown to be necessary for the post-
translational activation of SODI in a CCS dependent manner (Brown et al. 2004).
Mutagenesis and biochemical studies have shown that the activity of SOD1 was
dependent on an intramolecular disulfide bond which is catalyzed by Cu-CCS in
the presence of O, (Furukawa et al. 2004). It has been proposed that the oxygen
affords an oxidizing environment catalyzing the disulfide-linked heterodimer of
CCS and SOD1 which was observed in the crystal structure. Following isomeriza-
tion the intermolecular disulfide would exchange to form an intramolecular disul-
fide bond activating SOD1. This would explain how the SOD1 intramolecular di-
sulfide bond is achieved in the reducing environment of the cytosol. This provides
for a means of post-translational activation in which a pool of apo-SOD1 could be
activated in the presence of oxygen when most needed (Furukawa et al. 2004).

3.5 Cu transport to the mitochondria

Cu is an essential electron carrier for cytochrome ¢ oxidase (COX). COX is the
terminal enzyme of the electron transport chain within the mitochondrial inner
membrane (IM). COX is composed of many different subunits, three of which
(Cox1, Cox2, and Cox3) are encoded and assembled within the mitochondria
(Carr and Winge 2003). Two of these subunits, Cox1 and Cox2, utilize Cu as their
cofactor. Cox2 contains two Cu ions in the binuclear Cu, site which functions as
the initial electron acceptor. Cox1 contains a single Cu and a heme cofactor form-
ing the heterobimetallic Cug site. These mitochondrial encoded subunits are as-
sembled within the mitochondria and are localized to the IM. A mechanism must
be in place to deliver Cu ions to the mitochondria, traverse the outer membrane
(OM) and incorporate the metal cofactors into the appropriate COX subunits.
Since it has already been demonstrated that metallochaperones are responsible for
the delivery of Cu to the secretory pathway and to Cu/Zn SODI, it is likely that
Cu delivery to the mitochondria requires metallochaperones as well.
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Cox17 has been implicated as the main Cu shuttle, which delivers cytosolic Cu
to the mitochondria. Cox17 was first identified by genetic screening of yeast for
respiratory deficient mutants (Glerum et al. 1996a). Cells harboring a COX17-1
mutation are respiratory deficient and lack COX activity; however, the phenotypes
were reversed by the addition of exogenous Cu suggesting a role of Cox17 in the
metalation of COX. Currently, in addition to Cox17, four other proteins (Cox11,
Scol, Cox19, and Cox23) have been implicated in Cu loading of COX (Fig. 2C).

Cox17 is a hydrophilic, cysteine rich polypeptide composed of 69 amino acid
residues. It resides partially in the cytosol (40%) and the mitochondrial intermem-
brane space (IMS) (60%) (Beers et al.1997). This dual localization is consistent
for a chaperone that ferries Cu across the mitochondrial OM. Cox17 exists as a
dimer or a tetramer where the apo form is predominantly monomeric, suggesting
that Cu binding is important for oligimerization and correlated to function (Heaton
et al. 2001). Of the seven total cysteines, C23, C24, and C26 are part of a CCXC
sequence motif and important for function (Heaton et al. 2000). Mutation of any
one cysteine results in loss of function despite retaining the ability to bind Cu and
localize to the mitochondria. However, two Cys->Ser mutations of the Cox17
CCXC motif results in the loss of Cu binding yet localization to the mitochondria
is retained. Thus, a Cu(I) conformer of Cox17 is not necessary for mitochondrial
import as was once previously thought. Recently, the Cox17 NMR solution struc-
ture places a single Cu(I) ion coordinated by C23 and C26 of the conserved CCXC
motif, which is consistent with previous mutagenesis studies (Abajian et al. 2004).
Interestingly, the original COX17-1 mutation turned out to be a C57Y substitution
first believed to abrogate Cu binding. It was later found that this mutant retains the
ability to bind Cu(I) but no longer localizes to the mitochondria (Heaton et al.
2000). Conversely, a C57S mutant is still functional but only low levels accumu-
late in the mitochondria suggesting that minimal quantities of Cox17 are required
for function (Heaton et al. 2000).

Direct transfer of Cu from Cox17 to both Scol and Cox11 has been demon-
strated (Horng Y-C et al. 2004). Thus, Cox17 seems to have the unique ability to
mediate Cu transfer to two different proteins. Scol has been proposed to play a
role in Cu delivery to the Cuy site of Cox2 subunit. Previously, it was shown that
overexpression of Scol or its close homolog Sco2 could suppress the respiratory
deficient phenotype of a Cox17-1 strain (Glerum et al. 1996b). Overexpression of
Sco2 only partially restored Cox17-1 respiratory deficiency and only when exoge-
nous Cu was added to the growth medium. In yeast, Ascol null mutants are respi-
ratory deficient while Asco2 null mutants lack an obvious phenotype. Overexpres-
sion of Sco2 fails to suppress the respiratory deficiency of Ascol null mutants.
However, Sco2 overexpression does show partial allele-specific suppression for a
Scol point mutant. One explanation for the allele-specific suppression observed is
that Scol and Sco2 physically interact; however, no such interaction was detected.
Instead Sco2 may be providing one of the functions lost in the Scol mutant sug-
gesting that some redundancy exists between these two proteins (Glerum et al.
1996b). Contrary to human Sco2 which is essential, the functional role of Sco2 in
yeast still remains unclear (Lode et al. 2002).
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Both Scol and Sco2 possess a single transmembrane N-terminal helix and are
associated with the mitochondrial IM (Glerum et al. 1996b). Scol has been dem-
onstrated to bind Cu through a conserved CXXC sequence, which is critical for in
vivo function (Nittis et al. 2001; Rentzsch et al. 1999). X- Ray absorption spec-
troscopy suggested that Cu(I) is coordinated by three ligands provided by the two
cysteines of the CXXC motif and a conserved histidine (Nittis et al. 2001). A mu-
tation of any one of these conserved residues of Scol abolished function and re-
sulted in a non-functional COX (Rentzsch et al. 1999). These findings established
that the function of Scol is dependent on Cu(I) binding. Additionally, Scol has
been demonstrated to interact specifically with the Cox2 subunit, which has fur-
ther supported its role for the incorporation of Cu(I) into the Cu, site (Lode et al.
2000).

Cox11 has been proposed to insert Cu into the Cug site of the Cox1 subunit.
Like the Scol and Sco2 proteins, Cox11 contains a single N-terminal transmem-
brane helix and is localized to the mitochondrial IM (Tzagoloff et al. 1990). Simi-
larly, Cox11 is a Cu(I) binding protein, coordinating Cu(I) by three conserved cys-
teines (Carr et al. 2003). As with Scol any mutation of the Cu(I) coordinating
residues resulted in respiratory deficiency due to reduced COX activities (Carr et
al. 2003). These findings also correlate Cox11 function with Cu(I) binding. Evi-
dence for specific incorporation of Cu into the Cox1 subunit Cug site has been
provided by genetic and biochemical experiments. Yeast Acox11 mutants have
lower levels of Cox1 subunit (Tzagoloff et al. 1990). Additionally, COX isolated
from R. sphaeroides Acox11 cells lacked Mg*" and a Cug center, yet retained all
other cofactors including the Cu, site in Cox2 subunit (Hiser et al. 2000). The
combined evidence suggests that Cox11 has a functionally specific role in Cu(l)
loading of the Cug center in the Cox1 subunit.

Cox19 (Nobrega et al. 2002) and Cox23 (Barros et al. 2004) are important for
COX assembly. Like Cox17, Cox19, and Cox23 show a dual localization between
the cytosol and the mitochondrial IMS. Cox19 lacks a CCXC Cu (I) binding motif
and Acox19 mutants cannot be rescued by the addition of Cu (Nobrega et al.
2002). It is more likely that Cox19 plays another role in COX assembly other than
Cu metalation of COX. However, Cox23 does seem to play a role in mitochon-
drial Cu homeostasis. Acox23 unlike Acox19 mutants can be rescued by exoge-
nous Cu, however, only when transformed with a Cox17 high copy plasmid. Con-
versely, overexpression of Cox23 does not suppress the Acox17 respiratory
deficient phenotype suggesting that Cox17 functions downstream of Cox23 in the
same pathway possibly involving Cox19 (Barros et al. 2004).

One thing that is apparent now is that Cu homeostasis in the mitochondria is
much more complicated than once previously thought. Recently, the role of Cox17
as the main mitochondrial Cu shuttle has come into doubt. Cox17, tethered to the
mitochondrial IM by fusion with the N-terminal transmembrane domain of Sco2,
was still able to compliment the respiratory deficiency of Acox17 cells (Maxfield
et al. 2004). Evidence also exists for a non-proteinaceous pool of Cu in the mito-
chondrial matrix (Cobine et al. 2004). If Cox17 is not supplying Cu to the mito-
chondria, then how is it getting there? One possibility is that a Cu transporter ex-
ists within the mitochondrial OM; however, such a transporter has remained
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elusive. The role of Cox17 seems to be confined to the mitochondrial IMS where
it passes Cu(I) to the IM proteins Scol and Cox11 for incorporation into the Cuy
and Cug sites, respectively (Fig. 2C). The transfer process is likely to be similar to
the docking mechanism described between Atxl and Ccc2 and CCS and Cu/Zn
SOD1.

3.6 How do the cytoplasmic Cu chaperones acquire Cu?

Both Cu transporters at the plasma membrane and cytoplasmic Cu chaperones
play critical roles in Cu delivery to subcellular targets. However, the mechanisms
of Cu acquisition by Cu chaperones are not known. Since Cu transported by Ctrl,
Ctr3, Fet4, and Ctr2 is available for intracellular Cu metabolism (Portnoy et al.
2001), it is unlikely that Cu chaperones that are distinct in their structural features
interact directly with all these heterogeneous Cu transporters. Furthermore, any
common sequence among these Cu transporters that may serve as an interacting
motif with cytoplasmic Cu chaperones does not exist either.

A report has addressed the potential direct interaction between yeast Ctrl and
the Atx1 Cu chaperone (Xiao and Wedd 2002). C-terminal sequences (amino acid
280-406) of Ctrl are hydrophilic and include two Cys-X-Cys motifs. The Ctrl C-
terminus exchanges Cu(l) rapidly with the Atx1 protein in vitro. This domain of
Ctrl binds four Cu(l) ions as a cuprous-thiolate polynuclear cluster (Xiao et al.
2004). However, it has not been demonstrated whether other Cu chaperones ac-
quire Cu in the same experimental conditions. Although the metal-binding motifs
are not conserved among Cu transporters, three-dimensional structures of the
transporters will be much more informative in the investigation of their direct in-
teraction with Cu chaperones. Additionally, since their interactions may be tran-
sient, conventional biochemical approaches may not be the best methods for de-
termining their interactions.

3.7 Ctr2-mediated mobilization of intracellular Cu stores

Recent evidence has shown that the yeast S. cerevisiae has the ability to mobilize
Cu stores from the vacuole and that this mobilization is mediated through the Cu
transporter Ctr2 (Portnoy et al. 2001; Rees et al. 2004). Ctr2 was identified along
with the Arabidopsis COPT1 by sequence homology in an attempt to identify Cu
transporters in plants (Kampfenkel et al. 1995). Both proteins were characterized
as belonging to the Ctrl family of integral membrane proteins.

Ctr2 was previously thought to be low affinity plasma membrane Cu trans-
porter. Several early observations led to this misconception. Due to the homology
to other Ctr transporters, it seemed logical that Ctr2 would also be a plasma mem-
brane Cu transporter. High levels of Cu could suppress Fe uptake in Ctrl mutants,
which was indicative of the presence of a low affinity Cu transporter at the plasma
membrane (Dancis et al.1994). However, disruption of the CTR2 gene did not
show any respiratory deficiency when grown on a non-fermentable carbon source
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or under iron limiting conditions (Kampfenkel et al. 1995). Overexpression of
Ctr2 led to increased sensitivity to high Cu levels while conversely its disruption
led to greater resistance. Furthermore, overexpression of Ctr2 did not complement
a Ctr]l mutant on a non-fermentable carbon source or under iron limiting condi-
tions suggesting that its contribution for Cu uptake was minimal (Kampfenkel et
al. 1995). These findings were all consistent for a low affinity plasma membrane
Cu transporter. This role was largely dismissed after Ctr2 was localized to the
vacuole (Portnoy et al. 2001; Rees et al. 2004). It is now apparent that Ctr2 plays a
role in mobilizing vacuolar Cu stores to readily make Cu available for cellular
needs. Evidence for this role was provided by Cu measurements of purified vacu-
oles. Cu levels in vacuoles from Actr2 cells were fourfold higher than cells that
were constitutively expressing Ctr2 (Rees et al. 2004). Ctr2 has been shown to
make Cu available for all known Cu-requiring processes (Portnoy et al. 2001;
Rees et al. 2004). Interestingly, Ctr2 does not appear to be regulated as are the
high affinity Cu transporters, Ctrl and Ctr3 (Portnoy et al. 2001).

Sequence homology and predicted topology suggest that Ctr2 utilizes a similar
mechanism of transport as Ctrl. This is further supported by genetic and bio-
chemical evidence. It was illustrated that Ctr2 assembles as a homomultimer as
does Ctrl (Rees et al. 2004). Both Ctrl and Ctr2 possess conserved methionine
residues at the N-terminus and possess an MXXXM sequence motif within the
second transmembrane domain. Mutations of conserved methionines displayed
similar defects in both Ctrl and Ctr2, which is consistent for a similar mechanism
of Cu transport.

If Ctr2 is in fact a Cu transporter which mobilizes Cu from the vacuole, then
how does Cu get there in the first place? Since yeast contain an iron and Mn*+
transporter, which stores these metals within the vacuole (Chen et al. 2001), it is
quite possible that a similar unidentified Cu transporter is responsible for Cu up-
take within the vacuole. Cu transfer mediated through endocytosis or fusion of
vesicles loaded with Cu cannot be excluded either.

3.8 Pca1, a P-type ATPase

A second P-type ATPase in S. cerevisiae in addition to Ccc2 has been designated
as Pcal (putative P-type cation-transporting ATPase) (Rad et al. 1994). Pcal’s
role in Cu homeostasis remains obscure. Pcal is a large 132kD transmembrane
protein consisting of 1216 amino acid residues. Pcal has one N-terminal
MTCXXC metal binding motif compared to the two found in Ccc2. Mammals
possess two P-type ATPases, which are WND and MNK, and another yeast spe-
cies C. albicans expresses two P-type ATPases that play independent roles, Cu in-
corporation at the secretory pathway and Cu export to reduce intracellular Cu ac-
cumulation. It is curious that S. cerevisiae would possess two P-type ATPases that
may have distinct roles exampled in mammals and other yeast. Pcal is believed to
play a role in Cu homeostasis and defense against Cu toxicity since Apcal strains
show sensitivity to high concentrations of Cu (Rad et al. 1994). Interestingly, the
single amino acid substitution R970G confers cadmium resistance in yeast
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(Shirashi et al. 2000). Microarray data confirmed by quantitative PCR shows that
Cu or Fe deficiency regulates Pcal expression (De Freitas et al. 2004). A respira-
tory deficient phenotype has been described for Apcal null mutants (De Freitas et
al. 2004). Thus far, the available evidence suggests some role in Cu and/or Fe ho-
meostasis, however, the details still remain to be studied.

4 Defense systems to Cu toxicity

Cu transporters and cytoplasmic chaperones deliver Cu to Cu-requiring proteins.
However, Cu accumulated in excess, like other transition metal ions, is toxic.
Consistent to the potential toxicity arising from accumulation or releasing of Cu to
its free forms, yeast has equipped defense mechanisms for Cu toxicity. Systems
for chelation, sequestration and export of Cu, and scavenging oxygen free radicals
generated by Cu-mediated reactions have been characterized in yeast.

4.1 Metallothioneins

Metallothionein (MT) is a 61 amino acid polypeptide, which coordinates seven to
eight Cu(I)-ions as a Cu-S polynuclear cluster utilizing 10 of its 12 cysteines
(Hamer 1986). Each of the eight Cu(I) ions are bridged trigonally by cysteine resi-
dues through Cu(I)-thiolate bonds (Winge et al. 1985; Thrower et al. 1988). Yeast
S. cerevisiae possesses up to 15 tandem copies of the Cupl gene encoding metal-
lothionein (Fogel and Welch 1982). The gene copy number of Cupl is directly
correlated to the resistance level to external Cu. Yeast cells lacking Cupl are hy-
persensitive to high Cu concentrations (Hamer et al. 1985), which is consistent to
the role of MT in Cu detoxification. In addition to Cu chelation, MT partially sup-
presses the oxygen sensitivity of SOD1-defective yeast cells, since MT carries su-
peroxide dismutase activities (Tamai et al. 1993).

Crs5 encodes a small molecular weight cysteine-rich protein with an amino
acid sequence bearing all the features of a eukaryotic metallothionein, yet shares
little sequence similarity with Cupl (Culotta et al. 1994). Given that the Cu(I) ions
bound to Crs5 are kinetically more labile, MT plays a dominant role in Cu detoxi-
fication (Jensen et al. 1996). The modest effects of Crs5 may imply it may have
additional roles that are distinct from Cu chelation.

C. glabrata contains three MT-encoding genes, MTI, MTIIA, and MTIIB,
which are highly induced by Cu (Mehra et al. 1989, 1990, 1992). The MTIIA lo-
cus contains a tandem array of a gene like Cupl in S. cerevisiae, and Cu tolerance
is correlated to the gene copy number (Mehra et al. 1990). The MTIIA and MTIIB
genes encode the same polypeptide, but their 5° and 3° non-coding sequences are
not identical (Mehra et al. 1992).
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4.2 Cu,Zn superoxide dismutase (SOD1)

Cu readily catalyzes reactions that result in the production of hydroxyl radicals
through the Fenton and Haber-Weiss reactions (Cu+ + H,0, 2 HO + HO + Cu?,
0, + Cu** = Cu” + 0,) (Halliwell and Gutteridge 1984, 1990). Superoxide anion
(Oy7) is a critical factor that propagates the reaction generating highly reactive
hydroxyl radicals (HO"). Thus, superoxide dismutase is obviously linked to a de-
fense mechanism for Cu toxicity. Consistently, excess Cu induces Cu/Zn superox-
ide dismutase (Cu/Zn SOD, SOD1) expression (Gralla et al. 1991).

SODI1 is primarily located in the cytoplasm, but SOD1 has also been identified
in other organelles including mitochondria (Weisiger and Fridovich 1973). It is in-
teresting that a fraction of SOD1 and its Cu chaperone CCS localize to the mito-
chondrial IMS (Sturtz et al. 2001). Only a very immature form of the SOD1 poly-
peptide that lacks both Zn and Cu cofactors in its reduced disulfide form
efficiently enters the mitochondria (Field et al. 2003), and SOD1 retention in the
mitochondria is largely dependent on CCS. When CCS synthesis is repressed,
SOD1 levels in the mitochondria are low, and conversely SODI levels in the mi-
tochondria are high when CCS is abundant in this organelle. Yeast cells with ele-
vated levels of SOD1 in the mitochondria exhibit pro-longed survival in the sta-
tionary phase (Sturtz et al. 2001). Given that death of yeast cells in the stationary
phase is linked with mitochondrial reactive oxygen production (Jakubowski et al.
2000; Longo et al. 1999; Ashrafi et al. 1999), SOD1 accumulated in the mito-
chondria may play a significant role in protection against oxidative stress when
cells are in the stationary phase. This study may have an important implication
with familial amyotropic lateral sclerosis (ALS), a fatal neurodegenerative disease
resulting from gain-of function mutations of SOD1 (Rosen et al. 1993; Gurney et
al. 1994). It would be interesting to test whether the SOD1 mutants causing ALS
behave abnormally in their retention and mode of actions in the mitochondria.

4.3 CuS biomineralization

The SLF1 gene was identified as a multicopy suppressor of a Cu sensitive mutant
(Yu et al. 1996). This protein is important for the physiological Cu sulfide (CuS)
mineralization on the cell surface, resulting in a brownish coloration when cells
are grown in CuSO,-containing media. Since overexpression of the SLF1 gene
confers Cu resistance and disruption of the gene increases Cu sensitivity, CuS
biomineralization should be an important mechanism to prevent Cu toxicity.

4.4 P-type ATPase-mediated Cu export

The pathogenic yeast C. albicans has a higher resistance to Cu toxicity than
baker’s yeast. Interestingly, this Cu resistance is mediated by a P-type ATPase
(CaCRP1/CRD1) and MT (CaCUP1/CRD2) that have homology to their human
counterparts (Weissman et al. 2000; Riggle and Kumamoto 2000). Cu induces
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transcription of the CaCRP1/CRD1 gene, while CaCUP1/CRD2 expression is
constant. These gene disruptions indicate that the CaCRP1/CRDI1 is the major
component for Cu resistance. Furthermore, under acidic and anaerobic growth
conditions, CaCRP1/CRDI1 function becomes essential for survival in the presence
of even very low Cu concentration. Cu export mechanisms have been character-
ized in pathogenic enteric bacteria. Since CaCRP1/CRD1 primarily localizes at
the plasma membrane and a knockout of this gene does not affect Fe metabolism,
this Cu export pump is a unique example in eukaryotes. The C. albicans genome
contains another P-type ATPase that may function at the secretory pathway
(Weissman et al. 2000). This Cu export mechanism by a P-type ATPase is con-
served in mammals, but the P-type ATPases in mammals play dual roles in Cu
metabolism, Cu transport at the secretory compartment and Cu export at the
plasma membrane (DiDonato and Sarkar 1997; Cox 1999; Schaefer and Gitlin
1999; Llanos and Merser 2002). Given that the baker’s yeast S. cerevisiae has two
P-type ATPases as well, Ccc2 and Pcal (Yuan et al. 1995; Rad et al. 1994), Pcal
may play the same role as the CaCRP1/CRD1 of C. albicans.

4.5 Multi-drug resistance protein

It has been known that yeast cells defective in Pdr13 are more sensitive to Cu tox-
icity (Kim et al. 2001). Pdrl3 activates Pdrl, a transcription factor that up-
regulates the expression of Pdr5 and Yorl genes encoding ATP-binding cassette
transporters involved in drug efflux (Moye-Rowley 2003). Consistently, a gain of
function mutation of Pdrl transcription factor shows increased resistance to Cu,
Fe, and Mn (Tuttle et al. 2003). These results suggest that expression of multidrug
resistance genes play a role in Cu resistance by altering their efflux and/or seques-
tration.

4.6 Vacuole and Cu sequestration

Isolation of yeast mutants sensitive to Cu ion toxicity revealed that genes that play
critical roles in vacuolar assembly or acidification, including Pep3, Pep5S, and
Vma3, are required for normal Cu resistance (Szczypka et al. 1997). Yeast vacu-
oles serve as a storage organelle for metal-ions including Cu, Fe, and Zn (Bode et
al. 1995; Ramsay and Gadd 1997; Paidhungat and Garrett 1998; MacDiarmid et
al. 2000). Since baker’s yeast Ctr2 protein and Ctr6 of S. pombe mobilize stored
Cu from the vacuole (Bellemare et al. 2002; Rees et al. 2004), there should be
mechanism(s) for Cu sequestration to the lumen of the vacuole.
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Fig. 3. (A) Acel and Macl are two Cu-responsive transcription factors in yeast S. cere-
visiae. They share high sequence similarity in the DNA-binding domain, Cu-binding site
and transactivation domain. Carboxyl-terminal cysteine-rich Cl1 and C2 motifs
(CXCX4CXCX,CX,H) of the Macl are important for its Cu sensing and transcription regu-
lation of its target genes. (B) Sequences of the cis-acting elements of Acel. Acel induces
expression of CUPI, CRS5 and SODI genes upon binding to the promoter region of theses
genes. The bold characters indicate the conserved sequences among the Acel DNA-binding
sites. (C) Mac1-binding sequences identified from the promoter of CTRI, CTR3, FRE1, and
FRE7 genes.

5 Regulation of Cu metabolism

Copper ion homeostasis in yeast is maintained by different modes of regulation
both at the transcriptional and post-translational levels. Cu uptake at the plasma
membrane, sequestration of Cu in the cytoplasm, and defense systems against Cu
toxicity are all regulated by Cu-activated and Cu-repressed transcription factors.
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Turnover of Cu transporters and Cu-responsive transcription factors are also regu-
lated by Cu levels.

5.1 Ace1l/Amt1

Studies of the transcriptional regulation of Cup1 metallothionein (MT) gene by the
Cu-regulatory transcription factors, Acel in S. cerevisiae (Thiele 1988; Welch et
al. 1989) and Amtl from Candida glabrata (Zhu and Thiele 1991), have provided
insights into the mechanisms of Cu sensing and signal transduction. When the ex-
tracellular Cu concentration is in excess (10 uM), Acel is activated to induce ex-
pression of genes including Cupl, Crs5 and Sod1 (Hamer et al. 1988; Grallar et al.
1991; Culotta et al. 1994). Cu(I)-activated gene expression occurs through direct
Cu binding to the regulatory domain of the Acel transcription factor (Dameron et
al. 1991). Cu(I) cluster formation stabilizes a specific conformation of Acel that
leads to binding with a response element (TXXXGCTGQG) of its target gene (Fig.
3B) (Buchman et al. 1989; Dobi et al. 1995). Chromosomal footprinting demon-
strated that Acel binds, as a monomer, to three different regions of the Cupl pro-
moter comprising four different binding sites (Huibregtse et al. 1989; Evans et al.
1990). The DNA-binding domain of Acel was shown to map to the amino-
terminal (Fig. 3A) in which 11 cysteine residues (CXXC or CXC) out of 12 are
critical for Cu-induced gene expression (Hu et al. 1990). The Cu-regulatory do-
main binds 4 Cu(l) ions through 8 cysteinyl thiolates forming a polycopper cluster
(Furst and Hamer 1989). Acel DNA binding is dependent on not only the Cu co-
ordination but also by Ag(I) ions (Dameron et al. 1991; Furst el al. 1988). In addi-
tion to a Cu-responsive DNA-binding domain, Acel carries two other functional
domains. The N-terminal of Acel has a Zn(Il)-binding module (Farrell et al.
1996). Transcription assays using the fusion protein between a heterologous yeast
DNA binding domain and the carboxy-terminal half of Acel indicates that this C-
terminal region of Acel contains a transcription activation domain (Hu et al.
1990).

The trans-acting factor that mediates Cu-induced expression of MT genes in C.
glabrata is Amtl, which is similar to Acel in its structure and mode of action
(Zhou and Thiele 1991). Interestingly, unlike Acel, expression of Amtl is auto-
regulated by Cu (Zhou and Thiele 1993). A homopolymeric (dA-dT) stretch lo-
cated adjacent to the metal-response element of the Atm1 promoter plays a critical
role in rapid transcriptional auto-regulation of the Atml gene (Zhu and
Thiele1996). This structure fosters binding of Cu-activated Atml to the promoter
resulting in rapid regulation of Atm!l expression.

The S. cerevisiae genome contains Haal, which is homologous to Acel. The N-
terminal Zn-binding domain and Cu regulatory domain of Haal is similar to those
of Acel. Haal is indeed a transcription factor, but Cu and other metal-ions do not
regulate expression of its target (Keller et al. 2001). The functions of Haal-
regulated genes do not appear to be directly related to Cu metabolism since over-
expression of Haal does not suppress the Cu sensitivity of Acel-defective cells
(Keller et al. 2001).
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5.2 Mac1

Cu-mediated repression of genes involved in Cu uptake in S. cerevisiae occurs
through Mac1. Macl was identified by its similarity with the cysteine-rich copper-
binding domain of Acel and Amtl (Jungmann et al. 1993). Cu(I) binding to Macl
represses an array of genes involved in Cu uptake, including CTR1, CTR3, FREI,
and FRE7, but Cu ion starvation de-represses these genes (Georgatsou et al. 1997,
Yamaguchi-Iwai et al. 1997; Labbé et al. 1997; Pefia et al. 1998). Deletion of the
MACI gene results in phenotypes similar to those in cells lacking high affinity Cu
transport that can be rescued by the addition of Cu ions.

In the presence of low levels of Cu, Macl constantly surveys the intracellular
Cu status, and regulates the expression of the Cu transport genes depending on
cellular needs. This regulation requires the interaction of Macl with the Cu-
responsive cis-acting elements [CUREs, 5’-TTTGC(T/G)C(A/G)-3’] (Fig. 3C).
This sequence is found as tandem or inverted repeats in the promoters of the high
affinity Cu transport genes and a reductase encoded by the FREI gene (Yamagu-
chi-Iwai et al. 1997; Labb¢ et al. 1997; Pefia et al. 1998). Consistently, in vivo
footprinting experiments have shown that the CUREs within the CTR3 promoter
are occupied during Cu ion starvation to induce target gene expression (Labbé et
al. 1997; Pefia et al. 1998). Macl appears to bind to these elements as a
(Macl),/DNA ternary complex with two molecules of Mac1 bound to each CURE
element (Joshi et al. 1999). A module in the DNA binding motif interacts with the
TTT sequence at the 5’ end of the CURE site, and another DNA binding module
interacts with the adjacent major groove in the GCTCA sequence (Jamison
McDaniels et al. 1999).

Macl has several structural features that are consistent with its role as a regula-
tory protein. Its amino terminal has ~50% similarity to Acel and Amtl (Jungmann
et al. 1993). This domain is thought to bind to the minor groove of DNA and to
bind Zn(II) (Jensen et al. 1998). The carboxyl terminal of Macl has two clusters
of Cys-His repeats arranged as Cys-X-Cys-X4-Cys-X-Cys-X,-Cys-X,-His (Fig.
3A). These two Cys-rich motifs bind a total of 8 Cu(l) ions (Jensen and Winge
1998). The first cluster appears to play a role in Cu sensing and the second cluster
may be involved in transcriptional activation. Cu ions stimulate an intramolecular
interaction between the amino terminal DNA binding domain and the cysteine-
rich carboxyl terminus of Macl, resulting in a Cu-dependent stabilization of Macl
(Jensen and Winge 1998). Such interaction is believed to mask the activation do-
main of Macl resulting in repression of transcription of the Cu transport genes
under high Cu conditions. Yeast strains that harbor the dominant allele MAC1"™ !
are hypersensitive to Cu and exhibit high mRNA levels of Cu transport genes
where expression is no longer regulated by Cu (Jensen et al. 1998; Hassett and
Kosman 1995). The mechanisms of Cu incorporation to Macl are not well charac-
terized. Given that intracellular trafficking of Cu to all known targets is mediated
by Cu chaperones and the negligible amount of free Cu-ions in cells, there may be
a shuttle that transfers Cu to Macl when Cu is in excess.

Macl has additional modes of regulation. As the intracellular Cu concentration
approaches toxic levels (10 uM), Mac1 undergoes proteolytic degradation (Zhu et
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al. 1998). This mode of regulation is specific for Cu and does not require the syn-
thesis of new proteins. Conformational changes of Macl induced by Cu-binding
may expose protease-binding domains. Alternatively, Cu may activate a specific
protease that leads to degradation of Macl. Another level of Macl regulation is
phosphorylation. Unphosphorylated Macl is unable to bind to the Ctrl promoter
(Heredia et al. 2001). The kinase responsible for the phosphorylation of Macl is
yet to be identified.

Microarray studies have identified two new Macl-regulated genes in addition
to other well-characterized targets (Gross et al. 2000). YFR055W shares homol-
ogy with a family of trans-sulfuration enzymes involved in cysteine biosynthesis.
The other target is YJL217W, which does not share significant sequence similarity
to any known proteins. The functions of these genes in Cu metabolism are unclear.
Macl-deleted yeast cells exhibit alterations in expression of a number of genes
(De Freitas et al. 2004). Since Cu is a critical cofactor for Fe transport, the re-
sponses in Macl-defective yeast partially reflect Fe-deficiency. Defects in mito-
chondrial oxidative phosphorylation resulting from reduced activities of mito-
chondrial Cu-containing cytochrome c¢ oxidase may lead to metabolic
reorganization. Genes involved in the metabolism of amino acids, carbohydrates,
and lipids are differentially expressed in the Mac1-deficient cells. Other genes that
play roles in cell cycle regulation and stress response are also differentially ex-
pressed in Mac1-defective yeast. These observations further attest the critical roles
of Cu in cellular metabolism.

5.3 Cuf1

The fission yeast S. pombe has a Cu-regulated transcription factor Cufl that car-
ries homology with Acel/Atm]1 and Macl (Labbé et al. 1999). The Cufl amino-
terminal is more similar to that found in Acel and Atm1 than Macl. The Cys-rich
domain near its carboxyl-terminal shares similarity to the domain of Macl that is
known to play a critical role in Cu ion sensing. Cufl activates expression of Cu
transporter genes under Cu starvation conditions by binding to a Cu-responsive
cis-acting element of the Ctr4 Cu transporter (Beaudoin and Labbé 2001). Consis-
tent to sequence similarity of the DNA binding domain between Cufl and Acel,
the Cufl recognition region bears strong sequence similarity to that of Acel. A
chimeric Cufl protein bearing the amino-terminal 63-residue segment of Acel
functions like Cufl (Beaudoin et al. 2003).

Interestingly, Cufl activated by Cu starvation represses expression of genes en-
coding components of the Fe transport machinery (Labbé et al. 1999). This result
suggests that, in the absence of sufficient levels of Cu cofactor, S. pombe prevents
futile synthesis of Fe transporters. It appears that Fet3 in S. cerevisiae, which con-
tains Cu as a cofactor is also regulated in a Macl activity-dependent manner, but
the pattern of regulation is distinct from that of Cufl. Cu supplementation in wild
type cells that leads to Macl inactivation induces Fet3 expression, and a hyper-
active allele of Macl represses Fet3 expression. It would be interesting to test
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whether there is a regulatory mechanism of Cu metabolism under Fe starvation to
supply sufficient Cu required for Fe metabolism.

5.4 Post-translational regulation of Cu transporters

Cu also triggers the degradation of the S. cerevisiae Ctrl high affinity Cu trans-
porter. Ctrl is rapidly and specifically degraded at the plasma membrane in the
presence of excess extracellular Cu (Ooi et al. 1996). This mechanism of Cu
transporter regulation is conserved in its mammalian counterpart (Petris et al.
2003). Regulation of Cu transporters is likely a critical mechanism for preventing
excess accumulation of Cu. Studies using mutant yeast strains that have defects in
the endocytic pathway, and vacuolar degradation suggest that this process in yeast
does not require internalization of Ctrl or its delivery to the vacuole for prote-
olytic degradation. A cytosolic metal-binding motif (CX;CXCX,H) of Ctrl ap-
pears to play an important role in Ctrl degradation. Interestingly, the Macl tran-
scription factor is also required for Cu-dependent Ctrl degradation (Yonkovich et
al. 2002). Ctrl is much more stable in the Mac1-deleted cells. It is interesting that
a transcription factor controls its target at both transcriptional and post-
transcriptional levels. The exact mechanisms and implications of Macl in Ctrl
turnover have not been resolved. A simple explanation of this observation is that
one or multiple Macl target gene(s) play a role in Cu-dependent Ctrl degradation.
Whereas the Ctr3 high affinity Cu transporter has the same functions and similar
structural features to those of Ctrl, post-transcriptional regulation of these proteins
is distinct. Unlike Ctrl, the Ctr3 transporter is neither regulated at the level of pro-
tein degradation nor endocytosis as a function of elevated Cu levels (Pefia et al.
2000).

5.5 Regulation of Cu metabolism by stress and other nutritional
factors

The Cu transport machinery is not only regulated by extracellular Cu levels but
also by growth conditions such as pH and nutrient limitations. First, many other
genes relevant to Cu and Fe metabolism such as Frel, Ctrl, Lys7, and Ccc2 are
induced when cultured in an alkaline media (Serrano et al. 2002, 2004). Consis-
tently, yeast cells with deletions in any of these genes are sensitive to alkaline pH,
and overexpression of the Ctrl or Fet4 Cu transporters confers resistance to alka-
line pH (Serrano et al. 2004). These results suggest that Cu and Cu-requiring
physiological processes are important for yeast growth under such conditions. A
possible explanation of this regulation is that Cu uptake is slow under alkaline
conditions. Second, it has been shown that Ctr3 is upregulated by carbon-
limitations, and Ctrl and Ctr3 are downregulated under sulfur limitations (Boer et
al. 2003). Carbon limitation may force yeast cells to generate energy through mi-
tochondrial oxidative phosphorylation in which Cu and Fe play an essential role in
the electron transfer. This may explain why cells induce Cu transport. Downregu-



26 Jaekwon Lee, David Adle, Heejeong Kim

lation of Ctrl and Ctr3 in yeast suffering sulfur limitation could be important for
preventing Cu toxicity. The underlying mechanisms and biological significance of
these regulations remain to be studied.

6 Conclusions

The power of techniques of genetics, molecular biology and chemistry has led to
discovery of delicate and fascinating mechanisms of Cu homeostasis. Interest-
ingly, most of the molecular mechanisms of Cu homeostasis are well conserved
between yeast and human. Further progress in understanding Cu metabolism will
lead to the determination of the roles for Cu homeostasis in biochemical processes
and prevention and treatment of Cu-related diseases in human. Advances in under-
standing Cu metabolism will also lead in to further studies on other physiologi-
cally important metal ions.
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Zinc in yeast: mechanisms involved in
homeostasis

Lisa M. Regalla and Thomas J. Lyons

Abstract

The first eukaryotic zinc uptake transporter was discovered in the yeast, Sac-
charomyces cerevisiae. Since then, this organism has been an invaluable tool for
the discovery of genes involved in zinc homeostasis. Genomic and proteomic
studies have revealed an abundance of Zn**-regulated genes and Zn**-binding pro-
teins. The large number of essential functions of Zn”* necessitates a complex ho-
meostatic mechanism involving the transport and storage of Zn>* as well as its al-
location to essential sites. Studies in yeast have elucidated the opposing roles of
the ZIP and CDF Zn** transporter families and uncovered additional transport sys-
tems. The transcription factor, Zap1p, functions as the central Zn>* sensor by regu-
lating genes involved in Zn** uptake and adaptation to Zn**-deficiency. The inves-
tigation of the role of Zn** in the regulation of signaling pathways is becoming a
primary research direction, and yeast will undoubtedly play a major role in any
discoveries in this field as well.

1 Introduction

Cellular organisms are constrained by an absolute requirement for ionic Zn>*
(Vallee and Falchuk 1993). The relatively high bioavailability and useful chemical
properties of Zn”* allow its extensive use in three general biochemical capacities.
Zn*" is primarily used as a structural component of proteins, serving to stabilize a
wide variety of architectures. The Lewis acidity of Zn** also makes it an excellent
cofactor for catalysis and many enzymes require Zn>* for full catalytic potential.
Finally, Zn**, like Ca®, is highly labile and capable of forming transient, yet ro-
bust, associations with proteins (Bertini and Luchinat 1994). It is this property that
allows zinc to function as a signaling molecule.

The versatility and abundance of Zn* have made it indispensable. As a conse-
quence, cells must maintain optimal levels of cellular Zn**, regardless of supply,
via a complex process known as homeostasis (Eide 2003). Under conditions of
low nutritional Zn**, cells must ensure that adequate quantities are acquired from
the environment. This entails the activation of specific transporters that scavenge
Zn** from the surroundings and transport it across the plasma membrane. Fur-
thermore, the various intracellular uses of Zn** must be prioritized so that growth
can be optimized during periods of limitation. When cells encounter nutritional
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can be optimized during periods of limitation. When cells encounter nutritional
surplus, one general strategy is to exclude excess Zn”" from the interior of the cell
by downregulating the plasma membrane transporters. Another strategy involves
the continuous acquisition of Zn*" so that it can be stockpiled for leaner times. In
the latter case, cells require both a means of storing large quantities of zinc in a
manner that does not upset homeostasis and a controlled way to release these
stores at the appropriate times.

A proper understanding of Zn>" homeostasis requires the identification of all
the players in the game. It is, therefore, beneficial to study an organism for which
the most information is known. The yeast, Saccharomyces cerevisiae, has proven
to be an invaluable model system for this purpose. The genome sequence is com-
plete and decades of research have allowed an in-depth analysis of almost every
biochemical system. More importantly, the proteins involved in metal metabolism
are remarkably conserved from S. cerevisiae to humans. This review will summa-
rize what is known about zinc metabolism in S. cerevisiae and the mechanism by
which homeostasis is sustained. Appropriate consideration will be given to the
discussion of zinc metabolism in other yeast species.

2 Zap1p: The zinc sensor

Any discussion of Zn*" in S. cerevisiae should begin with Zaplp (Zinc-regulated
Activator Protein). Zaplp is an 880 amino acid transcription factor that functions
as the central sensor and regulator of zinc homeostasis (Bird et al. 2003). In re-
sponse to Zn*'-deficiency, Zaplp becomes active and binds to Zinc Response
Elements (ZREs) in the promoters of genes involved in Zn*" uptake. The ZRE is
an 11 base pair palindrome that has the consensus sequence ACCTTNAAGGT.
Zaplp is comprised of a C-terminal DNA binding domain and two distinct activa-
tion domains (AD1 and AD2) that recruit RNA polymerase II to the promoter
(Fig. 1). Close homologues of Zaplp are found in fungi alone and only the DNA
binding domain is fully conserved. [PSI-BLAST and homology searches were per-
formed on the NCBI website (Altschul et al. 1997) or the Saccharomyces Genome
Database (Christie et al. 2004).]

2.1 Regulation of Zap1p activity

Zaplp is constitutively located in the nucleus; therefore, its translocation from the
cytosol to the nucleus does not seem to be a primary determinant of its transcrip-
tional activity. In addition, there is no evidence to suggest that Zaplp activity is
regulated by any type of posttranslational modification. The current state of under-
standing is that nuclear localized Zaplp generally binds to ZREs during Zn®*'-
deficiency, but not during Zn*'-repletion and that a direct interaction with Zn*" is
responsible for this phenomenon (Bird et al. 2000).
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A. Zap1p
DNA Binding
AD1 AD2 Domain

B. ZF8
Zaplp EEYEK ..SDEEK DLG s V.ECALERKPYL
EG REY. . .ELCKR RLP s A . E RLRERLAKP
cGe KKYFC|. . SQCSR TLE Al LRS! KTIKDQQ
CA KKF . .EACGQ KKG R L.E VEK
YL KPFACPHPGCDK GRND R K. VEEEPEW
UM KPFKCDE. .[CGKQF|SRPD R| K. RERGEKLG
CN RPFACSHPGICGK SRPD R T . I KPPGEKR
AN RRHKEEHPGENKSQTRPD R RS TELQIPT

Fig. 1. Structural characteristics of Zaplp. A. The major structural domains of Zaplp. AD
= activation domain. Zinc fingers (ZF) are numbered beginning with the most N-terminal
finger. B. A multiple sequence alignment of ZF8, including fungal Zaplp homologues in
which all eight zinc fingers are conserved. Shaded boxes show conserved residues. EG,
Eremothecium gossypii; CG, Candida glabrata; CA, Candida albicans; YL, Yarrowia
lipolytica; UM, Ustilago maydis; CN, Cryptococcus neoformans; AN, Aspergillus nidulans.

There are at least three direct mechanisms by which Zn*" binding affects the ac-
tivity of Zaplp. First, the DNA binding domain is Zn*'-regulated (Bird et al.
2003). This domain contains five classical TFIIIA-type zinc fingers (ZF3-ZF7 in
Fig. 1A). Each contains one Zn>" ion that facilitates domain folding by coordinat-
ing two cysteines and two histidines via their side chain sulfur and nitrogen atoms,
respectively. Conserved phenylalanine and leucine residues help form the hydro-
phobic core of the fingers. Although not strictly conserved in all species, the un-
equivocal presence of an additional non-canonical zinc finger (ZF8) at the extreme
C-terminus of Zaplp is elucidated by alignment with other fungal Zaplp homo-
logues (Fig. 1B). ZF4, ZF5, ZF6, and ZF7 are believed to make direct contact with
bases in the ZRE (Evans-Galea et al. 2003). Enigmatically, the structural integrity
of these fingers is essential for DNA binding, yet the domain shows decreased
DNA binding activity at high Zn>" concentrations. The means by which excess
Zn*" decreases the affinity for the ZRE is unknown, however, ZF3 and/or perhaps
ZF8 may be involved in this process.

The two other mechanisms of Zaplp regulation involve the repression of acti-
vation domain function by Zn** binding. ADI is a very large region of the protein
rich in histidine residues. This domain is the least conserved across species and
almost nothing is known about how Zn®>" affects its activity. The working hy-
pothesis is that Zn>" binding to histidine residues alters the conformation of the
domain and abrogates its interaction with RNA polymerase. AD2 contains two
atypical TFIIIA-like fingers (ZF1 and ZF2) that lack the consensus phenylalanine
and leucine residues. In vitro, these fingers have a decreased affinity for Zn*"
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when compared with fingers from the DNA binding domain, perhaps due to the
loss of the hydrophobic core residues. At higher Zn** concentrations, the folding
of these fingers is postulated to induce a conformational change that results in de-
creased AD?2 activity (Bird et al. 2003).

It is important to note that, on a few promoters, Zap1p remains active even un-
der Zn*"-replete conditions. Two notable examples are the ZRT2 (Bird et al. 2004)
and ZPS1 (Lamb et al. 2001) genes that encode a low affinity zinc transporter and
a metalloprotease-like protein, respectively. Unlike classical Zaplp target genes,
ZRT2 has high Zaplp-dependent expression in Zn**-replete cells. This elevated
expression can be repressed by the addition of excess Zn?". In the case of ZPSI,
expression in Zn*"-replete conditions is induced by alkaline pH in a manner that is
dependent upon both the Zap1p protein and the pH-responsive transcription factor
Rim101p. Zaplp and Rim101p interact in a yeast two-hybrid screen (Uetz et al.
2000), suggesting they may collaborate during the regulation of ZPS/. The induc-
tion profiles of ZRT2 and ZPS! suggest that the inactivation of Zaplp can be pre-
vented or perhaps shifted to higher Zn®>" concentrations by other proteins in the
nucleus.

2.2 The Zap1p regulon

Zaplp was first discovered as a positive regulator of both ZRT! and ZRT2, the
genes encoding the high- and low-affinity Zn>" uptake transporters, respectively
(Zhao and Eide 1997). Three distinct ZREs can be found in the promoter regions
of both of these genes. A ZRE was subsequently identified in the promoter of the
ZAPI gene as well (Zhao et al. 1998). The autoregulation of ZAPI by Zaplp
represents a fourth, indirect mechanism by which Zn®" regulates the activity of
Zaplp.

DNA microarrays were used to identify all Zaplp-target genes in the yeast ge-
nome (Lyons et al. 2000). Global expression changes in response to Zn®'-
depletion were monitored in wild type and zapIA cells. This screen yielded over
forty genes whose expression suggested Zaplp-dependent regulation and whose
promoter regions contained sequences that resemble the consensus ZRE. There is
no reason to believe that the Zaplp regulon defined in these experiments is com-
plete. The inherent errors of DNA microarray analysis notwithstanding, many
yeast genes are constitutively repressed under the conditions used for these ex-
periments (i.e. glucose as a carbon source, aerobic culture, etc.) (Courey and Jia
2001). It is possible that, if different culture conditions were used, new Zaplp-
target genes would be found. Many of the genes belonging to the Zaplp regulon
were either known or expected to be Zaplp targets due to their predicted roles in
Zn*" metabolism. The majority of Zaplp target genes, however, encode proteins
not directly involved in Zn*" metabolism (Lyons et al. 2000). Some of these genes
will be discussed in later sections.
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3 Zinc transporters

The main line of defense against ion loss or overaccumulation are membranes.
The lipid bilayer presents a formidable barrier to the diffusion of charged mole-
cules. This necessitates the existence of specific transporters that can selectively
allow the passage of ions in response to environmental conditions. Several major
families of Zn”" transporters have been characterized and extensively reviewed.

3.1 Import into the cytoplasm

The ZIP (Zrt-like, Irt-like Proteins) family of proteins is ubiquitous in biology, in-
dicating a very early origin. ZIP proteins are responsible for transporting Zn*" into
the cytoplasm from either outside of the cell or from various internal organelles.
The ZIP family is defined by a characteristic topology. Although most members
have eight transmembrane domains (TM), some have as few as five. TMs 4 and 5
contain conserved histidines that are predicted to line a channel involved in metal
binding and transport. Another conserved region of unknown importance is the cy-
toplasmic loop between TM3 and TM4 that contains an (HX), motif (Fig. 2) (Eide
2004).

S. cerevisiae possess five genes encoding ZIP proteins (Fig. 2). Indeed, the
aforementioned Zrtlp and Zrt2p high- and low-affinity plasma membrane Zn*"
transporters are the flagship members of this family. The third ZIP protein, Zrt3p,
is closely related to the Zn®*" uptake transporter, ZupT, from Escherichia coli
(Grass et al. 2002). Zrt3p is involved in the liberation of Zn>* from vacuolar stores
(Section 6) (MacDiarmid et al. 2000). Of the remaining ZIP proteins, only Atx2p
has been characterized. Atx2p is thought to reside in the Golgi complex where it
may function in the transport of Mn”" from the lumen to the cytoplasm, but its in-
volvement in zinc homeostasis has not been investigated (Lin and Culotta 1996).
The last ZIP protein, Yil023cp, although completely uncharacterized, is closely re-
lated to the human ZIP4 protein mutated in congenital zinc deficiency (acroderma-
titis enteropathica).

Interestingly, a strain lacking both Zrtlp and Zrt2p (zrtiAzrt2A) is still viable,
indicating that these transporters are not the sole vehicles for Zn** transport from
outside of the cell. Another protein, Fet4p, was found to function as a low affinity
Fe*', Cu®’, and Zn*" uptake transporter (Waters and Eide 2002). Fetdp has an in-
teresting evolutionary history. It is yeast-specific and no closely related proteins
can be found in homology searches. More extensive BLAST searches, however,
revealed that Fetdp is distantly related to a widely dispersed family of bacterial
proteins (COG5478) that have two transmembrane domains. Fetdp is a fusion pro-
tein made up of four tandem repeats of the COG5478 motif. The most highly con-
served amino acids are two tryptophan residues found within the transmembrane
domains (Fig. 2).

Since a zrtl Azrt2Afet4A triple mutant strain is still viable when grown in high
Zn**, other Zn** uptake mechanisms must exist (Waters and Eide 2002). The cur-
rent assessment of the phosphate transporter, Pho84p, suggests it too functions as
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Zrt-like, Irt-like Proteins (ZIP)
Influx into the cytoplasm

Zrt1p, Zrt2p, Zrt3p, Yil023cp, Atx2p

DUF1452/COG5478 Protein Family

Bacterial Protein of
Fetdp Unknown Function

Cation Diffusion Facilitators (CDF)
Efflux from the Cytoplasm

Zrc1p, Cot1p, Mse2p, Zrg17p, Mmt1p, Mmt2p
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Fig. 2 (overleaf). Zinc transporters in Saccharomyces cerevisiae. A. A model of a yeast cell
with the predicted locations and directionality of Zn®* transport for known and putative
transporters. B. Predicted topology and important structural features of the ZIP, Fetdp, and
CDF proteins.

a low affinity transporter of Zn®" and other divalent cations, presumably via metal-
phosphate complexes (Jensen et al. 2003).

3.2 Export out of the cytoplasm

It is clear that yeast possess many systems for the transport of Zn*" into the cyto-
plasm. Once Zn*" builds up in the cytoplasm, however, it must be trafficked across
the membranes of various internal organelles to maintain homeostasis. The CDF
(Cation Diffusion Facilitator) family of proteins assumes this responsibility. Like
the ZIP family, the CDF proteins are ubiquitous. Their predicted topology gener-
ally consists of proteins with six transmembrane domains, although some CDF
proteins have twelve. As with the ZIP proteins, a long loop region between TM4
and TM5 contains an (HX), motif. The highly amphipathic nature of TM1, TM2,
TMS, and TM6, along with a preserved intermembrane aspartate residue, suggest
a cation transporting channel (Fig. 2) (Palmiter and Huang 2004).

In S. cerevisiae, Zrclp and Cotlp are the best characterized members of the
CDF family. Both confer resistance to metals when overexpressed and sensitivity
when deleted (Kamizono et al. 1989; Conklin et al. 1992; MacDiarmid et al.
2000). Zrclp and Cotlp are found on the vacuolar membrane and function to
transport Zn*" into this compartment (Section 6) (MacDiarmid et al. 2000). Msc2p
is believed to transport Zn>" into the lumen of the endoplasmic reticulum and per-
haps an additional organelle involved in the secretory pathway. Protein folding in
the ER is impaired in an msc2A strain, a phenotype which can be rescued by addi-
tion of excess Zn”" (Ellis et al. 2004). Msc2p has been shown to physically inter-
act with a fourth CDF protein, Zrgl7p. These two proteins function as a complex
to transport Zn>" into the secretory pathway (Ellis 2005). The final two members
of the CDF family in S. cerevisiae, Mmtlp and Mmt2p, are thought to participate
in the transport of iron into the mitochondrion (Li and Kaplan 1997). No evidence
to date links them to the metabolism of Zn*".

Mrs3p and Mrsd4p comprise another pair of homologous proteins, unrelated to
the CDF family, that are thought to transport iron into the mitochondrion. Two
lines of evidence suggest these two proteins also play a role in mitochondrial Zn**
uptake. First, MRS3 expression seems to be regulated by Zaplp, either directly or
indirectly (Lyons et al. 2000). Second, mitochondrial Zn** concentrations in iron-
deficient yeast are highest in strains overexpressing Mrs3p or Mrs4p and lowest in
strains that lack these transporters (Muhlenhoff et al. 2003).
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3.3 Zinc regulation of transporter function

Due to their role in scavenging extracellular or stored Zn>", it is not surprising that
the primary transcriptional regulator of ZRT1, ZRT2, ZRT3, and FET4 is Zaplp
(Lyons et al. 2000). The ZRT2 gene, however, presents an interesting case. Not
only does ZRT? retain elevated expression in high Zn*" (Section 2.1), at very low
Zn*" concentrations, its expression is repressed by Zap1p. This phenomenon is due
to the binding of Zaplp to a weak ZRE adjacent to the TATA box, thereby, pre-
venting the recruitment of RNA polymerase. These findings reflect the function of
Zrt2p as a low affinity transporter. Since Zrt2p does not function at extremely low
Zn*" concentrations, its expression is not needed. During Zn**-repletion, it may
play a role in constitutive zinc uptake (Bird et al. 2004).

In mammalian cells, excess Zn>" is sensed by the MTF-1 transcription factor
that induces the expression of proteins which expel Zn** from the cytoplasm
(Andrews 2001). This mechanism is absent in S. cerevisiae. The only CDF gene
induced by Zn*"-excess is COTI and this effect is not direct (Section 7) (Lyons et
al. 2004). On the contrary, ZRCI and ZRG17 are induced by Zn*'-deficiency via
Zaplp (Lyons et al. 2000). It is possible that essential proteins in the vacuole and
ER require Zn*" for function and the upregulation of ZRCI and ZRG17 indicates
an increased need for Zn®" transport to these sites. While this may be the case for
ZRG17, the induction of ZRCI during Zn**-deficiency is more complex and will
be discussed in Section 6.

The shift from a nutrient-limiting to nutrient-replete environment is problematic
because many nutrients are toxic at high concentrations. Zn*" is no exception
(Dineley et al. 2003). Transcriptional changes are unlikely to occur quickly
enough for cells to adapt to rapid environmental changes. Therefore, yeast respond
to these extreme changes via posttranslational control of Zn®" transporters, particu-
larly Zrtlp. Under conditions of Zn*" limitation, Zrtlp is a stable protein. Upon
exposure to high levels of Zn®*, Zrtlp is internalized via ubiquitin-dependent en-
docytosis. Although, the exact trigger for ubiquitination is poorly understood, the
modification is known to occur on lysine 195. After endocytosis, Zrtlp traffics to
the vacuole where it is degraded, thereby preventing additional Zn>* uptake (Gitan
et al. 1998, 2003). To date, this is the only known posttranslational regulatory
mechanism of Zn" transporters in yeast.

4 The zinc proteome

To gain a complete understanding of zinc homeostasis in yeast, one must first
identify all of the genes and gene products involved in the process. Several papers
have attempted to define the "zinc proteome" in both E. coli and yeast using 2D
gel electrophoresis and mass spectrometry (Obata et al. 1996; Zhu et al. 2002).
Many new Zn*'-containing proteins have since been identified. There is also a
wealth of genomic data that can be mined to identify putative Zn*" proteins using
known Zn**-binding motifs.
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4.1 Structural zinc

Since the characterization of the classical TFIIIA-type zinc finger motif, a plethora
of distinct structural Zn**-binding motifs have been discovered and characterized
by x-ray crystallographic and nuclear magnetic resonance techniques. In general,
structural Zn®" sites have only four tetrahedrally coordinated protein side chain at-
oms. With rare exceptions, these coordinating atoms are cysteine sulfurs and his-
tidine nitrogens. The most common ligand sets are four cysteines (Cy), three cys-
teines and one histidine (CsH) and two cysteines and two histidines (C,H;). The
characteristics of zinc finger and related domains have been extensively reviewed
elsewhere (Grishin 2001; Laity et al. 2001; Matthews and Sunde 2002; Krishna et
al. 2003).

The entire yeast proteome can be scanned for proteins that contain known Zn**
binding motifs. A summary of such a search, including Zn**-binding proteins dis-
covered by other means, is shown in Table 1. Proteins are listed by structural mo-
tif or functional classification. As can be seen, there are hundreds of proteins with
known Zn**-binding motifs. Due to the prevalence of CxxC motifs (where x = any
amino acid) in structural Zn®' sites, proteins that have closely spaced CxxC pairs
(leading to a C, ligand set) are also predicted to bind Zn®". If these putative Zn®'-
binding proteins were added to Table 1, they would place the number of proteins
that require structural Zn>" at approximately four hundred. Since glutamate and
aspartate can occasionally replace cysteines and histidines in Zn**-binding motifs,
it is likely that the proteome search performed for this review missed many bona
fide Zn*"-binding proteins. Moreover, novel Zn*"-binding motifs are being discov-
ered at a regular pace and it is likely that Table 1 is far from complete. Approxi-
mately 6-7% of the yeast proteome (depending on varying estimates for its size)
require zinc for structural integrity. Based on this fact, zinc can be thought of as an
essential building block for proteins.

4.2 Catalytic zinc

Several excellent reviews have considered the role of Zn®" as a catalytic cofactor
(Coleman 1992, 1998; Parkin 2004). While hundreds of enzymes are known to
utilize Zn®", most can be categorized into two basic groups, both of which use the
positive charge of zinc to stabilize negative charges on substrates. The first class
of enzymes uses Zn”" to coordinate the oxygen or sulfur atoms in water molecules,
alcohols or thiols. Coordination to Zn>" polarizes the O-H or S-H bond, making
the proton more acidic and allowing its abstraction by a basic amino acid side
chain. The hydroxide, alkoxide or thiolate generated can then act as a nucleophile
in catalysis. The second class of enzymes utilizes Zn>" as an electron-withdrawing
group to polarize carbonyls. This makes the carbon atom more electrophilic,
thereby, stabilizing enolates or making carbonyls more amenable to nucleophilic
attack. Still other enzymes, such as a-1,2-mannosidase, are thought to use zinc for
substrate recognition (van den Elsen et al. 2001). Table 2 lists all of the proteins in
yeast that are known or suspected to contain tightly bound catalytic Zn*".
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Table 1. Compendium of yeast proteins with structural zinc sites

Structural Class/Function

Proteins

Single zinc binding domains
Classical TFIIIA tandem
zinc fingers (C,H,)

Ul-like zinc fingers (C,H,)

TFIIIA-like (C,H,)

GATA-type zinc finger (Cy)

ACET] structural zinc (C3H)
knuckle

Viral-type  zinc
(C,HCO)

TIS11 RNA binding finger

(GH)
Rad50 zinc hook (Cy)

PKCl1-like fold/ARF GAP

(Cy)

MOBI1 four helix bundle

(CoH,)
NEW1/DHHC (predicted)

Class II histone deacety-

lase(Cy)
Dnal/CSL zinc finger (Cy)

Ubiquitin interacting zinc

fingers
HIT znf-UBP (Cy)

RBZ/NFZ (C,)

El1 protein zinc finger

(Cy)

Deubiquitinase finger(Cy)

Sec23/24 zinc finger (C4)
ZPR1 finger

tRNA binding proteins (C,)
DNA replication machinery

(Cy)
RNA polymerase complex
(at least 8 zinc/complex)

Ribosome associated pro-

teins
TIM22 complex

Ace2, Adrl, Azfl, Crzl, Fzfl, Gisl, Lpz12, Lpz14,
Nrgl, Nrg2, Mapl, Met31, Met32, Migl, Mig2, Mig3,
Mot3, Msn2, Msn4, Mubl, Pzfl, Rgm1, Rim101,
Rmel, Rphl, Rpn4, Set5, Sfpl, Stpl, Stp2, Stp3, Stp4,
Swi5, Usvl, Zapl, Zms1, Yer130c, Ygr067c,
YmlO81c, Ypr022c

Bud20, Dbf4, Jjj1, Luc7, Prp9, Prp6, Prpl1, Rehl,
Reil, Rts2, Sadl, Snu23, Spt10, Yhcl, Yodl, Ydr049w
Abfl, Ecol, Luc7, Pcfl1, Sas2, Sas3

Ashl, Dal80, Gatl, Gat2, Gat3, Gat4, GIn3, Gzf3,
Rad16, Srd1, Srd2

Acel, Haal, Macl

Airl, Air2, Atgl4, Bikl, Gis2, Ittl, Mpel, MslS, Slu7,
Ykr017c, Yol029c

Cthl, Dus3, Leel, Nab2, Tis11, Ythl, Yor091w

Rad50
Agel, Age2, Gesl, Glo3, Gtsl1, Sps18

Mobl

Akrl, Akr2, Erf2, Swfl, Ydr459c, Ynl155w, Ynl326¢,
Yol003c¢
Hstl1, Hst2, Hst3, Hst4, Sir2

Apil, Dph3, Hual, Jjj1, Mdj1, Nob1, Scjl, Xdjl, Ydjl

Bedl, Hitl, Plbl, P1b2, PIb3, Spol, Ubp8, Ubp14,
Vps71, Yhl010c

Npl4, Nrpl, Ubp14, Vps36

Atg7, Uba2, Uba3, Uba4

Ubpl, Ubp4, Ubp7, Ubp8, Ubp9, Ubp10, Ubpl1,
Ubpl3, Ubpl4, Ubpl6

Sec23, Sec24, Stb2, Sfb3, Yhr035w

Zprl

Ismlp, Meslp, Nam2p, Trm1

Mcm2, Mcm6, Mcm7, Mcm10, Poll, Pol2, Pol3,
Rev3, Rfal

Brfl, Dstl, Rpa9, Rpal35, Rpal90, Rpb1, Rpb2,
Rpb3, Rpb9, Rpb10, Rpc2, Rpc10, Rpell, Rpo31,
Spt4, Sua7, Tfal, Ttb4

Mrpl32, Rps26, Rps27, Rps29, Rpl34, Rpl37, Rpl43,
Tif5, Sui3

Tim8, Tim9, Tim10, Tim12, Tim13
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Multinuclear zinc binding domains

PKCl1 Pkcl

FYVE Fabl, Pep7, Pibl, Pib2, Vps27

77 domain Ada2, Rsc8

RING finger and related Asrl, Apcll, Asil, Asi3, Asrl, Brel, Cst9, Cwc24,
motifs Dmal, Dma2, Farl, Hex3, Hrd1, Hrtl, Hul4, Itt1,

Mag2, Nfil, Pep3, Pep5, Pex2, Pex10, Pex12, Pibl,
Psh1, Rad5, Rad16, Rad18, Risl, Sanl, Sigl, Sizl,
Six1, SIx8, Ssm4, Ste5, Tfb3, Tull, Ubrl, Ubr2, Vps8,
Ybr062c¢, Ydr128w, Ydr266¢, Yhl010c, Ykr017c,
Y1r247¢, Ymr187¢, Ymr247¢, Yol138¢c

PHD Asrl, Byel, Cti6, EcmS, Hopl, loc2, Nsel, Ntol,
Pho23, Rcol, Rds3, Set2, Set3, Set4, Snt2, Sppl,
Yngl, Yng2, Yer051w, Yjr119c

LIM domain/RHO GAP Lrgl, Pxl1, Rgal, Rga2
Binuclear  zinc  clusters Arg80, Aro81, Cat8, Cep3, Cha4, Dal81, Ecm22,
(Zn,Cysg) Edsl1, Gal4, Hal9, Hapl1, Leu3, Lys14,

Mal13/2/23/33/83, Oafl, Pdrl, Pdr3, Pdr8, Pip2, Pprl,
Put3, Rdrl, Rds1, Rds2, Rgtl, Rsc3, Rsc30, Sefl,
Sip4, Stb4, Stb5, Sutl, Sut2, Tbs1, Teal, Thi2, Uga3,
Ume6, Upc2, Warl, Yrml1, Yrrl, Ybr239c¢, Ydr520c,
Yerl84c, Yfl052w, Yil130w, Yjl103c, Yjl206c,
YkI222¢, Ykr064w, Y11054c, Y1r278¢c, Ynr063w
Multinuclear metalloenzymes with known and potential structural zinc sites

PPP family phosphatases Cmp2, Cnal, Glc7, Ppgl, Pph3, Pph21, Pph22, Ppql,

Pptl, Ppzl, Ppz2, Sit4

Pseudouridine synthase Degl, Pusl, Pus2

Alcohol dehydrogenases Adhl, Adh2, Adh3, Adh5, Adh6, Adh7, Bdhl, Sfal,
Yalo61w

Miscellaneous Carl, Cox4, Sod1

Many more enzymes can be activated by Zn>" in vitro, however, the functional
cation in vivo is not known. Such enzymes, known as Zn*'-activated enzymes,
may be far more numerous than is currently recognized. One example of this type
of enzyme is enolase, which is highly active in the presence of Zn*" in vitro. The
pl of enolase has been shown to change when cells are grown under Zn®'-deficient
conditions, suggesting that Zn®" is the functional cofactor in vivo as well. Based
on Table 2, it is estimated that at least 100 enzymes, or 1-2% of the yeast pro-
teome, require or can utilize Zn>" for catalysis.

5 Prioritizing zinc

Estimates for the concentration of Zn®" inside eukaryotic cells are remarkably
consistent from species to species. In yeast, this value is approximately 180 pM
(Lyons and Eide, unpublished data). Back-of-the-envelope calculations based on
several different studies suggest that a yeast cell grown in normal media (Zn*'-
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Table 2. Compendium of yeast proteins that use zinc in a catalytic capacity

Functional Class Proteins
Nucleophile stabilization by Zn* + X-H
-X-H bond polarization @~ = - > Zn*-X + H'

Alcohol dehydrogenases (R-O-H)

Prokaryotic-type carbonic anhydrase (H-O-H)
Hydrolases (H-O-H)
AIKP (alkaline phosphatase) superfamily: bi-
nuclear metallohydrolase
Type I cyclic nucleotide phosphodiesterase
Trinuclear zinc phosphodiesterase
HIT family diadenosine polyphosphatase hy-
drolases
B-lactamase fold: binuclear zinc site
Phosphodiesterases
Glyoxalases I and I1
Class I histone deacetylases
Cytosine deaminase fold
Nucleic acid/riboflavin deaminase

Cyclic imidohy-
drolases/dihydropyrimidase family
Jab1/MPN proteasomal metalloprotease
MH clan binuclear zinc metalloproteases
(HxDx,Dx,EEx,Dx,H)

MA clan zinc metalloproteases (HExxHx,E)

MC clan metalloprotease (HxxEx, Hx,E)
ME clan metalloprotease (HxxEHx,Ex,E)

MG clan binuclear metalloprotease
(Dx,Dx Hx,Ex,E)
Integral membrane proteases (HExxH)
Thiol Activation (R-S-H)
Methionine synthases
Prenyltransferases
Methionine sulfoxide reductase (potential)
Disulfide isomerases (potential)
Electrophile stabilization by
R=0 bond polarization
Alcohol dehydrogenase (reverse rxn, carbonyl
activation)

Aldol cleavage/condensation (enolate stabilization)

Type II aldolase
DAHP synthase
S-aminolevulinate dehydratase/PBGS

Adhl, Adh2, Adh3, Adh5,
Adhé6, Adh7, Bdhl, Sfal, Sorl,
Sor2, Xyl2, Yal061w

Ncel03

Gpil3, Las21, Mcd4, PhoS,
Ycr026¢, YelOl6c

Pde2

Apnl

Apal, Apa2, Hntl, Hnt2

Pdel, Pso2, Trzl, Yshl
Glo2, Glo4
Hdal, Hosl1, Hos2, Hos3, Rpd3

Amdl, Cdd1, Dcdl, Feyl,
Gudl, Rib2, Tadl, Tad2, Tad3
Dall, Ura4, Yjl213w

Ron8, Rpnl1, Rril

Ape3, Cpsl, Lap4, Vps70,
Ybr074w, Ybr281c, Ydr415c,
Y{r044c, Yhrl113w, Yoll53c¢
Aapl, Afg3, Ape2, Ltal, Octl,
Prdl, Rcal, Ymel, Zpsl,
Yill137¢c, Ynr020c

Ecml4

Axll, Cyml, Mas1, Mas2,
Ste23, Yol098c

Mapl, Map2

Omal, Ste24

Met6, Mhtl, Sam4

Bet4, Ram2

MsrB

Eugl, Mpdl1, Mpd2, Pdil

Zn* + O=C-R

______ > Zn2+_a-0_cﬁ+_R
See above

Fbal
Aro3, Aro4
Hem2
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HMGL fold

Homocitrate synthase Lys20, Lys21
Isopropylmalate synthase Leu4, Yorl108w
Pyruvate carboxylase Pycl, Pyc2

Phosphomannose isomerase (enediolate stabili- Pmi40

zation)

Substrate recognition
Alpha-1,2-mannosidase Amsl

replete) contains roughly 6-8 million Zn*" atoms (Korhola and Edelmann 1986;
Obata et al. 1996; Lyons and Eide, unpublished data). When grown in normal me-
dia, however, yeast stop growing due to glucose-depletion before Zn** becomes
limiting. Therefore, much of the Zn>" content may result from the continuous up-
take and storage of Zn>" by cells that have entered stationary phase. In support of
this hypothesis, the Zn®" content in yeast significantly drops when Zn*" is the lim-
iting nutrient. Under these conditions, estimates for intracellular Zn** range from
600,000 to 3 million atoms per cell (Obata et al. 1996; Lyons and Eide, unpub-
lished data). This value, albeit crude, can be thought of as the minimum cellular
Zn*" requirement for cells that have undergone growth arrest due to lack of Zn*".

Although Zn*" is clearly abundant inside of cells, Table 1 and 2 show that the
proteins requiring this metal for proper function are as well. It is therefore impor-
tant for yeast to prioritize the uses of Zn*" so the most important functions are re-
tained during Zn*'-limitation. To complicate matters, most intracellular Zn*"
seems to be tightly bound to a variety of intracellular ligands. 'Free Zn®", or the
amount of Zn”" that remains unchelated inside of a cell is predicted to be quite low
(Finney and O'Halloran 2003). Work done in E. coli estimates the amount of 'free
Zn*"' to be less than one atom per cell (Outten and O'Halloran 2001).

How then does the cell distribute the infinitesimal amount of 'free Zn*" to the
appropriate sites? The answer may lie in the lability of Zn®". The relatively fast
ligand exchange rate of Zn®>" makes it likely to associate and dissociate quickly
from solvent accessible sites. Thus, when an ample supply exists, Zn*" may dif-
fuse rapidly throughout the cell without ever being 'free' for very long. Small
molecules such as glutathione may also mediate the fast exchange of Zn*" from
site to site (Mason et al. 2004).

As Zn*" is depleted from the cytoplasm, those sites with the lowest binding af-
finity or that exchange the fastest are likely to lose Zn®" more rapidly. It is possi-
ble that natural selection has tuned the Ky and solvent accessibility of the numer-
ous Zn*"-binding sites so that the dispensable functions of Zn*" are lost first. Since
structural Zn>* sites have generally high Zn’"-binding affinities (Cox and
McLendon 2000) and low solvent accessibilities (Auld 2001), they are probably
the last to lose Zn>". The fact that the DNA binding zinc fingers of Zaplp retain
their function even when cells have stopped growing due to Zn*"-limitation sup-
ports this conclusion (Lyons et al. 2000). The likelihood is minimal that cells
would continue to grow if Zn**-deficiency had advanced to the point of depleting
structural Zn®" sites.
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5.1 Zinc chaperones

Another possibility for the distribution of Zn®" involves the existence of specific
proteins that escort Zn>* to essential sites, regardless of their physical properties.
In the case of copper homeostasis, proteins known as copper chaperones are re-
sponsible for directional transcytoplasmic trafficking. For example, the yeast cop-
per chaperone, Ccslp, is specifically required for the delivery of copper to super-
oxide dismutase (Elam et al. 2002).

It is important to note that, with the exception of Atx1p, which delivers copper
to the entire secretory pathway, all known copper chaperones have specific copper
protein targets. This is not surprising since the copper proteome is quite small,
consisting of no more than a handful of proteins. It is not a burden for cells to
carry genes for both the copper protein and the accessory copper chaperone. On
the other hand, the enormity of the zinc proteome makes it unlikely that each zinc
protein possesses a cognate zinc chaperone. Although, it is possible that classes of
zinc proteins, such as the Zn’"-dependent alcohol dehydrogenases, may have
chaperones that serve all the members of the class. To date, however, no zinc
chaperone has been identified in eukaryotes.

5.2 Remodeling

The yeast cell is a complex mixture of proteins competing for limited supplies of
Zn*". In the absence of zinc chaperones or some other type of active partitioning,
kinetics and thermodynamics determine the fate of Zn®" as nutritional supplies
dwindle. Therefore, it may become necessary for the cell to remodel the cellular
protein profile to ensure the reallocation of Zn*" to essential sites. If a Zn'-
containing protein is abundant and dispensable, cells may downregulate its ex-
pression in response to Zn’'-deficiency, thus, releasing much needed Zn** for
other, more important, uses.

An example of this phenomenon can be seen with the major isoform of Zn*'-
containing alcohol dehydrogenase (Adhlp). Based on crude estimates of approxi-
mately 250,000 monomers per cell, Adhlp can be considered to be very abundant
in yeast cells (Racker 1950). Since each monomer contains two Zn>" ions, Adhlp
would consume an enormous percentage of the cellular supply if expressed under
conditions of Zn**-limitation. Part of this problem is solved by thermodynamics,
since Adhlp purified from Zn*"-limited yeast is both less active and Zn*"-deficient
(Dickenson and Dickinson 1976). Clearly, Adhlp is unable to compete with the
myriad of other Zn**-chelators. Yeast also address this problem by placing the ex-
pression of the iron-dependent alcohol dehydrogenase isozyme, Adh4p, under the
control of Zaplp, thereby, eliminating the need for Zn>* to perform the dehydro-
genase function (Lyons et al. 2000). Lastly, it appears that Zaplp, either directly
or indirectly, represses the expression of the ADHI gene (Lyons et al. 2000). This
remodeling allows yeast to conserve important Zn>‘-dependent functions at the
expense of Adhlp activity.
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Other potential examples of this type of remodeling have recently come to
light. In E. coli and B. subtilis, several non-Zn>*-dependent ribosomal proteins are
specifically induced by Zn**-deficiency, ostensibly to replace Zn**-binding sub-
units that can no longer function due to loss of Zn>* (Panina et al. 2003; Nanamiya
et al. 2004). An alternative interpretation is that the replacement of ribosomal pro-
teins that require Zn>" with ones that do not is a matter of economy. Ribosomes
are numerous. Ergo, ribosomes that require less Zn®" are beneficial during Zn*'-
deficiency because they consume less of a limiting resource.

In yeast, a similar situation may exist. Yeast ribosomes are predicted to contain
at least six proteins with predicted structural Zn**-binding sites (Rivlin et al.
1999). Since a vegetative yeast cell is estimated to contain 200,000 ribosomes
(Warner 1999), they probably represent the largest pool of Zn** in the cytoplasm.
Zn**-deficient yeast show repressed expression of over a hundred genes encoding
ribosomal proteins. This is not surprising since the repression of ribosomal genes
in yeast seems to be a generalized response to stress. Unexpectedly, ribosomal
genes showed lower expression in wild type cells than in zap/A cells when both
were grown under Zn**-deficiency, suggesting a role for Zaplp in the repression
of ribosomal gene expression (Lyons et al. 2000).

6 Zinc storage and detoxification

Part of homeostasis is the evolution of mechanisms by which excess nutrients are
managed. If accumulated in the wrong location, Zn*" is an effective cellular poi-
son. Although the exact mechanism(s) by which Zn*" exerts its toxic effect(s) are
not known, Zn’" may replace other cations in non-Zn>“-dependent enzymes,
thereby inactivating them. For example, Zn>" is known to compete with iron for
insertion into porphyrin by ferrochelatase (Labbe et al. 1999). Zn*" is also capable
of acting as an inhibitor by binding to adventitious sites on enzymes, a mechanism
believed to explain its inhibition of mitochondrial function (Link and von Jagow
1995). Whatever the mechanism of toxicity, Zn>" cannot be allowed to hyper-
accumulate in the cytoplasm.

6.1 The vacuole

With respect to zinc metabolism, the primary function of the yeast vacuole is stor-
age and detoxification. When Zn®" is plentiful, Zrc1p transports Zn** from the cy-
toplasm into the vacuolar compartment. Transport is thought to proceed via sec-
ondary active transport driven by the proton gradient (MacDiarmid et al. 2002).
Zn*" may also traffic to the vacuole by other indirect pathways, perhaps from the
ER or Golgi via secretory vesicles or from the plasma membrane via endosomes.
Yeast grown in excess zinc are capable of accumulating large quantities of vacuo-
lar Zn**, over 80 million atoms/cell (Obata et al. 1996). The speciation of stored
Zn*" inside the vacuole is unknown, although it is predicted to form a complex
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with polyphosphate. When external supplies diminish, these stores are released
primarily by Zrt3p (MacDiarmid et al. 2000).

Although its sole purpose is Zn®" detoxification, Zrclp is highly expressed in
Zn* -limited cells via Zaplp. On the surface, it makes little sense why a protein
involved in Zn*"-detoxification would be turned on by low Zn*"-bioavailability.
The answer to this mystery lies in the cell’s inherent proactive defense against
zinc shock, a condition brought about by the induction of Zrtlp during Zn®'-
deficiency. If cells expressing Zrtlp are exposed to large quantities of extracellular
Zn*", Zrtlp is endocytosed and inactivated. However, the endocytic process is not
fast enough to prevent the rapid influx and temporary cytoplasmic accumulation
of Zn*". Therefore, Zrclp is induced as a preventative measure, thus, allowing the
vacuole to absorb the excess Zn”" before it can exert its toxic effects in the cyto-
plasm. zrclA cells are exceptionally sensitive to a shift from Zn*"-depleted condi-
tions to media containing even small amounts of Zn**. This phenotype can be res-
cued by the concomitant deletion of the ZRT1 gene (MacDiarmid et al. 2003).

6.2 Metallothionein

Many organisms express small cysteine-rich proteins, called metallothioneins, that
function as cytoplasmic stores for Zn>". Mammalian metallothioneins are induced
by the MTF-1 transcription factor in response to elevated Zn** (Andrews 2001).
Similar systems can be found in lower eukaryotes and cyanobacteria (Robinson et
al. 2001). Saccharomyces cerevisiae does have genes encoding metallothioneins,
however, their gene products are involved in the detoxification of copper and are
not Zn*"-regulated (Pena et al. 1998). The fact that S. cerevisiae has co-opted met-
allothionein function for copper homeostasis may reflect its unique evolutionary
history resulting from domestication. The distantly related fission yeast,
Schizosaccharomyces pombe, does have a Zn**-inducible system of metal toler-
ance that includes a Zn*"-binding metallothionein, Zym1 (Borrelly et al. 2002).
Taking this into account, S. pombe may represent a much better model system for
understanding eukaryotic zinc homeostasis than S. cerevisiae.

7 Zinc signals and other regulators of zinc homeostasis

There exists the possibility that Zn®" is not the only direct regulator of Zaplp, as is
demonstrated by the influence of Rim101p in Zn*"-replete conditions (Lamb et al.
2001). In addition, Zaplp is not the only transcription factor that regulates the ex-
pression of Zn** transporters. For example, ZRT1 is also regulated by the cell cy-
cle (Cho et al. 1998), nitrogen metabolism (Cox et al. 1999) and the Rpd3p his-
tone deacetylase (Bernstein et al. 2000). It is exciting to speculate that the
regulation of proteins and genes involved in zinc metabolism by other biochemical
systems points toward a larger role for Zn*" as a signaling molecule.
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The prospect that Zn*", like Ca®", acts as a second messenger has intrigued re-
searchers in the field for quite some time. Like Ca*", Zn*" is highly labile, redox
inert and fairly promiscuous regarding the ligand sets and geometries it will accept
(Vallee and Falchuk 1993; Bertini and Luchinat 1994). These properties allow
Zn** to transmit signals inside cells either by modulating the activity of Zn*'-
activated proteins or by binding to structural Zn®" sites. Indeed, Zn>" has many
pharmacological effects in eukaryotic cells, including the ability to alter signaling
pathways (Korichneva et al. 2002; Min et al. 2003).

Some mammalian tissues accumulate high levels of Zn®* in secretory vesicles
(Palmiter et al. 1996). Ample evidence suggests that, in some cases, this pool of
Zn*" functions in signaling (Cuajungco and Lees 1997). Localization of Zn*" with
fluorescent dyes has also indicated the existence of distinct vesicular compart-
ments, called 'zincosomes', filled with 'labile Zn>"' (Beyersmann and Haase 2001).
It remains to be seen whether or not these zincosomes are real and function in zinc
homeostasis or are merely artifactual. Zincosomes that transiently accumulate
Zn*" in response to influx have been visualized in yeast (Devirgiliis et al. 2004).
Since this pool of Zn®" is considered 'labile', it is tempting to postulate a role in
zinc signals, although this hypothesis remains to be tested.

Whether or not Zn®" acts as a direct messenger, it is clear that the expression of
hundreds of genes show altered expression in response to perturbations in zinc
homeostasis. Zn>*-deficiency, in particular, has a profound effect on transcription
(Lyons et al. 2000). The majority of transcriptional alterations caused by defi-
ciency are part of a generalized environmental stress response. Other changes,
such as the induction of the Unfolded Protein Response, are specifically caused by
the loss of Zn*" in critical sites (Ellis et al. 2004). The putative Zaplp regulon,
however, includes a variety of proteins that have no apparent role in zinc homeo-
stasis. NRG2, for example, encodes a transcriptional repressor involved in the
regulation of glucose metabolism. DPP/ encodes diacylglycerol pyrophosphate
(DAGPP) phosphatase, an enzyme involved in the generation of lipid molecules
that may act as second messengers (Han et al. 2001).

By comparison, the perturbation of zinc homeostasis by excess Zn** has far
fewer transcriptional consequences (Lyons et al. 2004). DNA microarrays re-
vealed that Zn*"-toxicity resulted in the induction of only two interconnected tran-
scriptional regulons: the Aftlp iron-responsive regulon and the Mga2p hypoxia-
responsive regulon. The CDF protein, Cotlp, is slightly induced under these con-
ditions as part of the Aftlp regulon. It is likely that Zn*" affects mitochondrial iron
metabolism which, in turn, affects the hypoxia regulon.

8 Conclusions

Saccharomyces cerevisiae affords the unique opportunity to characterize the proc-
ess of zinc homeostasis in its entirety. Much is known, yet much more remains to
be discovered. Several ZIP and CDF proteins remain uncharacterized. In addition,
improved structural data is needed to elucidate the chemical mechanisms by which
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Zn*" is transported or sensed. New avenues of research will include the complete
characterization of the zinc proteome and further studies on the transcriptional ef-
fects of imbalances in zinc homeostasis. New Zn*"-specific fluorescent probes will
be invaluable in defining the role of Zn®" as a signaling molecule. When appropri-
ate, extrapolation of the lessons learned from yeast will yield a better understand-
ing of zinc metabolism in humans.
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Iron in yeast: Mechanisms involved in
homeostasis

Ernest Kwok and Daniel Kosman

Abstract

Iron homeostasis results from matching iron uptake to cell growth and division in
the context of the overall cell requirement for iron. Fungi achieve this balance by
transcriptional regulation of the genes that encode iron uptake activities; post-
transcriptional regulation of the synthesis of proteins that use iron; and storage and
recycling of iron to meet short-term needs in times of iron deprivation. In the Fun-
gal Kingdom, both repression and activation mechanisms of transcriptional regula-
tion have been elucidated; both mechanisms rely on transcription factors that di-
rectly or indirectly are regulated by cell iron status. Among fungi, however, one or
the other transcriptional regulatory mechanism is used by a given organism but not
both. In contrast, of those fungi examined in detail, all employ at least two of the
four iron uptake mechanisms characterized in fungi in general: siderophore iron
uptake; direct ferrous iron permeation; coupled ferroxidase/permease uptake; and
heme/hemin uptake. All of these pathways rely on the activity of a metalloreduc-
tase enzyme at some point. The yeast vacuole serves as iron store while the mito-
chondrion, as the site of heme and Fe-S cluster biosynthesis, is the primary end-
user of cell iron. The recycling of iron from both organelles plays a role in the
maintenance of homeostasis both in terms of iron utilization and regulation of iron
uptake.

1 Introduction

There are six cellular compartments that are known to be involved in iron homeo-
stasis in yeast: plasma membrane, cytoplasm, vacuole, mitochondria, nucleus, and
lastly, the exocytoplasmic milieu. Indeed, in free-living organisms like yeasts and
other fungi, the iron status of the exocytoplasmic milieu determines the mecha-
nisms adopted to maintain cellular iron homeostasis. This review describes the
protein components and iron metabolic events that occur in each of these com-
partments and then summarizes current knowledge as to how these events are in-
tegrated so as to maintain the cell’s iron balance. Several other excellent reviews
that cover somewhat earlier literature and/or various aspects of fungal iron me-
tabolism in more depth are recommended complements to this one (Winkelmann
2002; Van Ho et al. 2002; Schroder et al. 2003; Nelson 1999; Kosman 2003; Kap-
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lan 2002; Howard 2004; De Luca and Wood 2000; Boukhalfa and Crumbliss
2002).

2 The plasma membrane and exocytoplasmic milieu

The iron metabolic process that dominates these two compartments is iron uptake.
Yeasts and fungi exhibit three primary mechanisms of iron accumulation: 1)
siderophore-mediated; 2) ferrous iron transporter-mediated; and 3) ferroxidase,
permease complex-mediated (Van Ho et al. 2002; Kosman 2003; Howard 2004).
All three mechanisms are metalloreductase-dependent with the Fe’*/Fe* redox re-
action catalyzed by this enzyme activity required either at the end of the accumu-
lation process (siderophore-mediated uptake) or at the beginning (the transporter
and permease pathways). De Luca and Wood have nicely contrasted the mecha-
nisms of iron accumulation via these two reductive pathways (De Luca and Wood
2000). Hemin/heme also is a source of iron for some pathogenic fungi including
Candida albicans (Santos et al. 2003; Weissman and Kornitzer 2004) and Histo-
plasma capsulatum (Foster 2002). The iron could be released from the organic
matrix in either case by ferrireduction in the exocytoplasmic space with the Fe*"
produced as substrate for subsequent uptake via any one of the three mechanisms
above (with an autooxidation to Fe’™ preceding siderophore binding). Timmerman
and Woods have characterized a glutathione-dependent extracellular reductase ac-
tivity produced by H. capsulatum that they suggest supports this particular mecha-
nism (Timmerman and Woods 1999, 2001). On the other hand, cell-surface heme-
binding proteins have been identified in C. albicans indicating that like
siderophore iron, Fe'* in heme/hemin also can be mobilized intracellularly by
metalloreduction following endocytic internalization (Santos et al. 2003). Follow-
ing, we briefly review the three most broadly used uptake mechanisms; these are
illustrated in Fig. 1 using as paradigm the yeast, S. cerevisiae.

2.1 Siderophore-mediated iron uptake

Although few yeasts (as distinct from fungi; see below) produce their own
siderophore(s), all are likely to express siderophore receptors and the means to re-
lease the iron exocytoplasmically and to process the siderophore-iron complex
once internalized. The S. cerevisiae genome encodes receptors that recognize
members of several classes of siderophores, e.g., FOB (SIT/) (Lesuisse et al.
1998); TAF (TAFI) (Heymann et al. 1999; Lesuisse et al. 2001); ferricrocin
(ARNI) (Heymann et al. 2000b); and FC (4RNI, TAFI). A fourth locus — ENBI —
encodes a facilitator that exhibits relative specificity for enterobactin (Heymann et
al. 2000a), but, as this brief summary indicates, one is better served to consider all
of these receptors to have, at best, limited specificity. Orthologs to some of these
four S. cerevisiae genes (also known generically as ARN loci since all are upregu-
lated by the iron-responsive transcription factor, Aftlp) (Yun et al. 2000) have
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Rbt proteins
¢ albicans

Fig. 1. The three dominant iron uptake pathways in yeasts and fungi. Metalloreductase ac-
tivity supplied by the Fre proteins is essential to all three pathways. In S. cerevisiae, there
are seven of these Fre proteins, Frel-7p. All are membrane proteins; Frel-3p have been lo-
calized directly or indirectly to the PM (plasma membrane). These proteins reductively la-
bilize Fe** from exocytoplasmic ferric complexes including siderophores. The Fe?* released
can enter the cell directly via the ferrous iron transporter, Fetdp, or via the multicopper fer-
roxidase (Fet3p), iron permease (Ftrlp) complex. Uptake by Ftrlp is directly coupled to the
oxidation (ferroxidation) by Fet3p of the Fe** produced by the action of the Fre proteins.
Fet3p is a multicopper oxidase and thus the activity of the Fet3p/Ftrlp pathway is strongly
dependent on copper repletion of the cell. The Fit proteins (Fitl1-3p) are bound to the yeast
cell wall via glycophosphatidylinositol anchors; they appear to bind siderophores thus in-
creasing their effective concentration as substrate for the Fre proteins. The Fetd4p and
Fet3p/Ftrlp uptake systems also work directly on added Fe*" or that produced by adventi-
tious reduction of exocytoplasmic Fe**, e.g., by ascorbic acid or any reductant secreted by
the yeast cell. The Rbt heme/hemin binding proteins in C. albicans illustrate a fourth iron
uptake mechanism that may be characteristic of pathogenic fungi.

been characterized in S. pombe (Pelletier et al. 2003), C. albicans (Heymann et al.
2002; Lesuisse et al. 2002; Ardon et al. 2001; Hu et al. 2002), 4. nidulans (Haas et
al. 2003), and N. crassa (Haas et al. 1999; Huschka et al. 1985). The latter two
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fungi differ from the yeasts (e.g. S. cerevisiae, S. pombe, C. albicans) in that they
are siderophore-producers indicating that for these fungi, at the least, siderophore-
mediated Fe-accumulation is a major and not an adventitious means of achieving
Fe-homeostasis (Winkelmann 2002; Philpott et al. 2002; Haas 2003).

The iron accumulation via the siderophore secretion and uptake pathway char-
acteristic of filamentous fungi and its control are best illustrated by the work on 4.
nidulans (Haas et al. 2003, 1999; Eisendle et al. 2004; Oberegger et al. 2001;
Oberegger et al. 2002a; Oberegger et al. 2002b). This fungus encodes three
siderophore receptors designated MIRA through MIRC (Haas et al. 2003). MIRA,
like the S. cerevisiae Enblp (Arndp), exhibits specificity towards the heterologous
siderophore enterobactin while MIRB transports the native siderophore fusarinine
C; it is thus functionally orthologous to Taflp (Arn2p). MIRC has not yet been
characterized in this fashion. Via a GATA-like transcription factor, the co-
repressor SREA (Haas et al. 1999; Oberegger et al. 2001, 2002b), iron regulates
the expression of a gene family whose members encode proteins involved in the
biosynthesis of siderophores (sid4-C), siderophore uptake (the mir loci) and a po-
tential ABC transporter that could play a role in mitochondrial iron handling in A4.
nidulans (atrH). In addition, a reductase-encoding gene, fred, is upregulated in
iron deficiency in an SREA-independent manner (Oberegger et al. 2002a). Regu-
latory circuits like these will be discussed more fully in the concluding section.

Siderophores specifically bind Fe’* (Boukhalfa and Crumbliss 2002; Neilands
1995); comparable to the reductive mobilization of Fe from transferrin in the
mammalian endosome, metalloreductase activity is required for yeasts to utilize
siderophore iron at the cell surface or from siderophores brought into the cell via
endocytosis (De Luca and Wood 2000; Haas 2003; Yun et al. 2001). S. cerevisiae
produces at least seven reductase proteins encoded by the FRE-7 genes (Martins
et al. 1998). Two of these reductases (Frelp and Fre2p) play essential roles in non-
siderophore iron uptake while at least two of the others (Fre3p and Fredp) appear
involved in cell accumulation of siderophore iron (Yun et al. 2001). Frelp and
Fre2p, nonetheless, exhibit reactivity towards siderophores of both the hydrox-
amate and catecholate types whereas Fre3p, which also localizes to the PM, re-
duces only members of the hydroxamate class (e.g. FOB, FC, TAF). Siderophore
Fe can be mobilized for cell utilization either at the PM or following endocytosis;
both mechanisms appear to obtain in fungi (Lesuisse et al. 2001; Philpott et al.
2002; Yun et al. 2001; Kim et al. 2002; Ardon et al. 1998). In regards to the first
of these mechanisms, the S. cerevisiae cell wall contains three Fit proteins (facili-
tator of iron transport) that appear to bind siderophores and thus functionally in-
crease their effective concentration as substrates for the PM reductases, Frel/2/3p
(Protchenko et al. 2001). In this mechanism, the Fe** released within the exocyto-
plasmic space from the bound siderophore is substrate for one of the ferrous iron
uptake systems described below, an uptake process independent of the siderophore
uptake receptor/facilitators noted above (Philpott et al. 2002). Fitp homologs are
strikingly absent in any of the archived fungal genomes with the exception of one
entry in Kluyveromyces lactis, a member also of the family Saccharomycetaceae.

The A. nidulans genome also encodes a protein that exhibits 24% identity to the
Fre2 protein from S. cerevisiae; the corresponding ORF has been designated freA.
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Although the role of FREA in iron accumulation in 4. nidulans has not been de-
lineated, as noted the expression of fre4 does increase under conditions of iron
limitation much as is the case for several of the FRE loci in S. cerevisiae
(Oberegger et al. 2002a). The C. albicans genome contains several ORFs with se-
quence homology to the Fre proteins from S. cerevisiae; the proteins encoded by
CFLI and CFL95 do support iron uptake in a S. cerevisiae frelA strain demon-
strating that both are functional reductases. S. pombe also produces a functional
reductase, frpl, required for iron uptake (Roman Dragos et al. 1993). Reductases
in N. crassa have not been characterized genetically or biochemically; there are
several candidates encoded in the Neurospora genome, however. Suffice to say
that reductase-dependent iron uptake is a feature of all fungi, indeed, of all organ-
isms living under air.

In general, there is a less detailed understanding of the mechanism of
siderophore iron uptake and mobilization in fungi than in bacteria. A number of E.
coli proteins involved in siderophore accumulation have been crystallographically
characterized including FhuA (Ferguson et al. 1998) and FepA (Buchanan et al.
1999) (both of which are siderophore receptors) and FhuD, a periplasmic
siderophore binding protein (Clarke et al. 2002). Other well-characterized proteins
include another receptor, FhuE (Sauer et al. 1990), and a cytoplasmic membrane-
associated reductase, FhuF, that likely contributes to the reductive release of Fe, as
Fe*', from the siderophore complexes, coprogen and ferrichrome (Matzanke et al.
2004). Many of the structure-function details of the interaction of siderophore with
these receptors have been reported in bacteria and, based on this work and the co-
ordination chemistry relevant to siderophores in general, much can be deduced
about the mechanism of iron release and utilization (Boukhalfa and Crumbliss
2002). These insights provide an excellent starting point for future studies on
siderophore iron utilization by fungi.

2.2 Ferrous iron uptake

In contrast to siderophore uptake, direct Fe*" transport function appears limited to
a relatively few yeast and fungi with Fetdp from Saccharomyces cerevisiae the
only characterized member of the small group of ferrous iron transporters
(Kosman 2003). Homologous proteins by sequence have been noted in the ar-
chived genomes of Schizosaccharomyces pombe (NP595134.1), Candida glabrata
(XP_445982.1), and Kluyveromyces lactis (XP_454604.1) but none of these puta-
tive ORFs has been further investigated. With such a limited gene cohort to con-
sider, it is speculative to consider whether this function is one lost by most yeast
and fungi but retained by baker’s yeast, for example; or, conversely, that this fer-
rous iron uptake process is a specialized function adapted to some environmental
condition peculiar to or, in fact, due to the selection process that has resulted in the
“wild type” yeast in laboratory use today.

In any event, ferrous iron uptake mediated by Fet4p plays only a limited role in
iron homeostasis, at least in S. cerevisiae. This is due to the relatively large value
for the Ky for Fe*" in the transport process of 35 uM (Dix et al. 1997, 1994). This
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kinetic value was determined using ***°Fe ferrous iron as substrate (either added
directly or derived from Fe’” in the presence of a large stoichiometric excess of
dihydroascorbic acid); under any reasonable physiologic condition under air there
is little likelihood that Fe*” would accumulate at the exocytoplasmic surface of the
yeast PM to this concentration. Therefore, the efficiency of this transporter would
be very low; at the more likely [Fe*] = 1 uM or less, the transporter would be
functioning at ~3% maximum efficiency or less. Nonetheless, Fetdp can supply
yeast with sufficient iron for normal respiratory growth in the absence of either of
the other two uptake functions (siderophore and ferroxidase/permease) in the pres-
ence of >50 uM medium iron.

The Fe** for Fetdp uptake is supplied by the PM-localized reductase Frelp with
a lesser contribution due to the homologous Fre2p (Georgatsou and Alexandraki
1994; Hassett and Kosman 1995). In most yeast, the former reductase accounts for
>90% PM Fe** generation; indeed, introduction of a fiel allele alone is sufficient
to suppress reductase-dependent iron uptake in S. cerevisiae (Georgatsou and Al-
exandraki 1994; Hassett and Kosman 1995; Dancis et al. 1992). Frelp and, most
likely, all of its paralogs in S. cerevisiae and orthologs in other yeasts and fungi,
exhibit a broad specificity for one-electron acceptors. These include both Fe'™ and
Cu*" as well as a number of organic oxidants often used as vital stains (e.g. for
respiratory activity) (Hassett and Kosman 1995). Based on sequence homology
and some biochemical analyses of Frelp, the fungal Fre proteins are probable fla-
voheme proteins; the flavin moiety couples the two-electron oxidation of
NAD(P)H to the one-electron reduction of the substrate, e.g., Fe**, via the heme
prosthetic group. The Fre proteins are predicted to have 7-9 transmembrane do-
mains but none of them have been localized, e.g., by indirect immunofluorescence
or visualization of fluorescent fusions in living cells (¢f- the GFP-fusion results ar-
chived by the SGD). All of the Fre proteins possess a recognizable signal se-
quence that directs their synthesis into the ER membrane, but none carry any addi-
tional signaling or sorting motifs, e.g., characteristic of ER retention. Only Frelp
contains the NPF sequence motif that has been correlated with internalization of
PM proteins from the cell surface and/or membrane trafficking (Tan et al. 1996).
This comment pertains to the role that reductases must play in the release of Fe
from siderophore complexes; to the ferrichrome-induced endosome to PM cycling
of Arnlp in S. cerevisiae (Kim et al. 2002); and to the fact that internalization of
siderophore prior to Fe-release has been demonstrated in the fungus, Ustilago
maydis, the causal agent of corn smut (Ardon et al. 1998). These diverse observa-
tions support the implication above that Frelp, which appears to have the broadest
substrate specificity of the Fre proteins, contributes to mobilization of Fe from
both hydroxamate and catecholate siderophore complexes either at the PM or
within an endosome during cytoplasm/PM cycling (Philpott et al. 2002; Kim et al.
2002). Note, however, that much the same reduction activity is exhibited by Fre2p
and Fre3p and, thus, these two PM reductases provide, at the least, redundancy in
regards to this function (Philpott et al. 2002; Yun et al. 2001).
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2.3 Ferroxidase, permease-mediated iron uptake

Under most laboratory growth conditions, the dominant mechanism by which
most yeasts and fungi accumulate iron is via the ferroxidase, permease protein
complex that resides in the plasma membrane. This high-affinity uptake system is
composed at the least of a multicopper oxidase that catalyzes the oxidation of Fe*"
to Fe’ (the ferroxidase reaction) and an iron permease that traffics the ferroxi-
dase-generated Fe'* across the PM. The best characterized members of these two
protein families are the Fet3p and Ftrlp proteins from S. cerevisiae (Askwith et al.
1994; de Silva et al. 1995; Hassett et al. 1998b; Stearman et al. 1996; Severance et
al. 2004; Wang et al. 2003). However, this uptake system has been firmly estab-
lished in at least two other yeasts - S. pombe (Askwith and Kaplan 1997) and C.
albicans (Eck et al. 1999; Knight et al. 2002; Ramanan and Wang 2000) - as well
as in plants (e.g. Chlamydomonas reinhardtii, (La Fontaine et al. 2002) and
paralogs exist in all archived fungal genomes.

The Fet3p, Ftrlp uptake system is high affinity in absolute terms; with a Ky, for
Fe*" of 0.2 uM, this complex can be expected to efficiently accumulate iron at
normonutrient levels of environmental iron (Dancis et al. 1992). This system is
high affinity in relative terms, also; this Ky value is 10-100 times more favorable
kinetically than either of the other two uptake processes (i.e. dependent on either
Fetdp or most siderophore receptors) (Philpott et al. 2002; Dix et al. 1997). Its
central role in physiologic iron homeostasis is also indicated by the fact that the
expression of FET3 and FTRI is tightly and coordinately linked to the iron status
of the cell (Van Ho et al. 2002; Rutherford and Bird 2004). While all iron han-
dling activities in S. cerevisiae are transcriptionally regulated, the regulation of
this high-affinity system is far more acute and quantitatively robust than is the
regulation of the other two iron accumulation pathway components. Furthermore,
yeasts in general (excluding many fungi), can’t rely on siderophore-iron since its
availability depends in turn on the presence of a co-habitant that is a siderophore-
producer. An interesting question of adaptation is whether yeasts out-sourced the
production of siderophores to fungi and other microorganisms or acquired the ap-
propriate receptors so that they could become scavengers of the iron being seques-
tered in siderophores produced by others.

Iron homeostasis in eukaryotes cannot be discussed without some comment on
its strict dependence on copper metabolism (discussed in detail in Chapter 2). This
is due to the essential role played by multicopper ferroxidases in either iron uptake
(as in fungi); in iron export (as in the intestinal epithelium); or in intracellular iron
trafficking (as in the fungal vacuole) (Askwith and Kaplan 1998). Thus, defects in
either copper nutritional status or copper handling will in most cases lead to a sec-
ondary dysfunction in iron homeostasis due to the failure to supply copper to the
apo-form of one or more of these ferroxidase enzymes. Those cell activities up-
stream from the copper binding to the multicopper oxidase are: 1) the high affin-
ity, plasma membrane Cu'* transporter, Ctrlp (and the metalloreductase that sup-
plies the Cu'"); 2) the copper chaperone, Atxlp in yeast (AtoxI/HAHI in
humans); and 3) the Cu-ATPase, Ccc2p in yeast (ATP7A or ATP7B in humans).
In vitro studies suggest that Cu'" translocated by Ctrlp exchanges into Axtlp at
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the cytoplasmic face of the plasma membrane (Xiao and Wedd 2002; Xiao et al.
2004). This Atx1p copper subsequently exchanges into the Ccc2p Cu-ATPase that
is located in the membrane of a Golgi- or post-Golgi compartment; this Cu-pump
concentrates the copper in the lumen of this compartment where it is available for
the metallation of apo-Fet3p, for example (Huffman and O'Halloran 2001). Addi-
tionally, CI" appears to synergize this vesicular Cu-uptake and/or metallation as
indicated by the failure to activate apo-Fet3p in a gefi A strain (Davis-Kaplan et al.
1998; Gaxiola et al. 1998). GEFI in S. cerevisiae encodes a homolog of the hu-
man CLC proteins that mediate the vectorial transport of CI" (Schwappach et al.
1998). Chloride ion is a positive effector of the Cu'" activation of apo-Fet3p in vi-
tro (Davis-Kaplan et al. 1998). In summary, there are numerous cell activities
upon which the accumulation and trafficking of iron via the ferroxidase-permease
pathways depend.

2.4 Heme/hemin uptake

Pathogenic bacteria appear to prefer heme as iron source (Rouault 2004); there is
some evidence that the same might be true for some opportunistic yeasts and
fungi. For example, Histoplasma capsulatum, of the phylum Ascomycota, can
cause severe respiratory infections in immunocompromised individuals (Foster
2002). In culture, growth of this fungus is modulated by the presence of heme
(added as hemin or heme, or hemoglobin) and not by reductase-accessible iron.
This uptake of heme iron was linked to the binding of heme to a protease-sensitive
site on the cell surface. This result suggests that H. capsulatum expresses a heme
receptor and that this organism’s virulence will be dependent on this iron uptake
pathway.

Heme utilization by C. albicans has been characterized in more detail, although
its relationship to the virulence of this yeast-like fungi has not been delineated.
One should note, however, that siderophore uptake is required for epithelial inva-
sion by this fungus (Heymann et al. 2002). The C. albicans RBTS gene is highly
induced by iron starvation and encodes a protein essential for robust fungal growth
on hemin or hemoglobin (Weissman and Kornitzer 2004). Immunologic screens
and sequence homology searches indicate that this cell-surface activity is con-
served in other members of the genus Candida suggesting that heme-utilization is
a relatively widely disseminated means of iron acquisition in fungi. Indeed, there
are possibly five RBTS paralogs in C. albicans, including RBT5 1. Of interest is the
fact that although S. cerevisiae is unable to utilize heme as a sole iron source, het-
erologous expression of RBT51 rescues the iron deficiency of an iron uptake S.
cerevisiae mutant in the presence of hemoglobin as the sole source of iron
(Weissman and Kornitzer 2004). This indicates that except for the putative cell
surface receptor for heme/hemoglobin encoded by RBT5] (and RBTS), S. cere-
visiae produces the other activities required for the subsequent mobilization and
trafficking essential to the utilization of any source of iron. One of these activities
is likely to be heme oxygenase. Santos et al. demonstrated that a CaHMX1 mutant
was unable to grow on hemin as the sole source of iron although hemin uptake per
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se was not impaired (Santos et al. 2003). This result is fully consistent with the
well-established role of heme oxygenase in heme breakdown that, in the end, re-
sults in the recycling of the iron.

3 The cytoplasm

Remarkably little is known about the state of iron in the cytoplasm of yeasts and
fungi. Unlike other organisms from both the Bacterial and Eukaryotic Superking-
doms, fungi do not encode a ferritin-like protein nor do they encode an iron re-
sponse element binding protein that regulates the translation of cytoplasmic mes-
sages. This lack of knowledge also contrasts with the well-studied copper
chaperone pathways in yeast and higher eukaryotes that serve to keep the “free”
[Cu] in the yeast cell diminishingly small (Rae et al. 1999). Copper chaperones
bind Cu'" and transfer this cargo to acceptor proteins via an associative mecha-
nism that precludes the equilibration of the bound metal ion with bulk solvent
(Huffman and O'Halloran 2001; Luk et al. 2003). There are no data that support
either the conclusion or inference that fungi (especially yeasts) contain protein
(genome-encoded) iron chaperones. Thus, the yeast cytoplasm is most fairly rep-
resented as a blank box in a cartoon depicting the six compartments involved in
yeast iron homeostasis.

On the other hand, there are data that indicate the yeast cell contains what has
been referred to generally as a “labile iron pool” or LIP. This fraction of cell iron
is so-called because it is accessible to membrane permeant iron chelating agents;
those most useful in this regard are ones that upon Fe-binding exhibit a spectral
change of some sort such that they report on the iron status of the LIP. The most
widely reported such agent is calcein whose native fluorescence is quenched upon
metal binding; in regards to metal binding and fluorescence quenching calcein is
relatively specific in reporting the cell level of chelatable iron in comparison to
other di- and trivalent metal ions (Ali et al. 2003; Thomas et al. 1999; Epsztejn et
al. 1997). There is some controversy as to whether calcein binds Fe*" in preference
to Fe'" (Thomas et al. 1999) but this question is not highly relevant to the objec-
tives of this review.

Another useful agent, one that is specific for Fe**, is 2, 2’-bipyridyl (BIP); the
(BIP);Fe(Il) complex absorbs strongly at 520 nm (e = 11,000 M cm™) and so can
also quantify the accessible Fe? (Hassett et al. 1998a). In as much as BIP is highly
membrane permeant, it has full access to all cell compartments; therefore, the
value of 10 pM of accessible Fe*" in the yeast cell includes iron throughout the
cell, not just the cytoplasm. Also, given the fact that the cell contains redox buff-
ers that can support the Fe*"/Fe*" equilibrium, BIP in any of these compartments
will shift this redox equilibrium towards the lower valent species due to the sig-
nificantly greater stability of the BIP*Fe*” complex in comparison to the BIPsFe’*
one. Because of these two caveats (which apply to much the same extent for any
chelating metal indicator) the precise cell locale and redox state of the iron quanti-
fied by BIP cannot be specified. Indeed, a ferric iron EPR signal has been ob-
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served in yeast cells treated with desferrioxamine (DFO), presumably of the
Fe***DFO complex (Srinivasan et al. 2000). Quantification of this DFO-chelatable
iron indicated that it accounted for ~5% of total cell iron, or 10 pM. This concen-
tration was the same as that estimated for the BIP-chelatable iron (Hassett et al.
1998a) suggesting, but not proving, that the Fe*" (BIP) and Fe*" (DFO) chelators
were accessing the same — and redox labile — iron pool.

Hassett and co-workers quantified the kinetics of transcriptional activation of
the FET3 and FTRI genes upon challenge of the yeast cell with the membrane-
impermeant Fe** chelator, bathophenanthroline disulfonic acid (BPS) in compari-
son to the treatment with BIP (Hassett et al. 1998a). In the first 30 minutes there
was only weak expression of these two loci with BPS compared to a >20-fold in-
crease in transcript abundance in those cells treated with BIP. Shifting the cells
from an anaerobic to an aerobic environment elicited a similar transcriptional
upregulation. This pattern suggests that a BIP-accessible, intracellular pool of Fe**
is what directly or indirectly downregulates Aftlp, the primary transcriptional ac-
tivator of the expression of the so-called ARN (Aftlp regulon) loci that include
FET3 and FTRI (Yamaguchi-Iwai et al. 1995, 1996). As noted above, these re-
sults do not demonstrate that this BIP- and oxygen-accessible iron pool is in any
specific compartment since both reagents have full access to all within the cell.
Also, they do not prove that it is Fe (regardless of valence state) that is sensed by
Aftlp; Fe*" chelation by BIP could trigger some downstream metabolic shift that
itself was the trigger for Aftlp activation. Other data (below) have suggested that
Fe-S clusters and/or heme might be involved in Aftlp regulation; the downstream
effect of reducing the cellular pool of Fe*" by chelation or oxidation could be on
the biosynthesis of these two iron-containing prosthetic groups.

The eukaryotic cytoplasm and the ER membrane do contain a family of en-
zymes characterized by having a diiron cluster as an essential redox center
(Broadwater et al. 1998). In yeasts and fungi these enzymes include the soluble ri-
bonucleotide reductase (the catalytic, diiron-containing subunit is encoded by the
RNR?2 locus) (Ge et al. 2001) and acyl- and sterol desaturases; the ER membrane
C-4 methyl sterol oxidase (encoded by the ERG25 locus) is an example of one of
the latter enzymes (Bard et al. 1996). The diiron clusters in these proteins must be
assembled in situ since their iron coordination spheres are composed of essentially
all protein ligands. Therefore, they must be presented with iron in some ligand-
exchangeable form, e.g., not in heme, an Fe-S cluster nor an essentially exchange
inert oxo-iron species as is likely to be found in the yeast vacuole (see below). As-
sembly and activation of the R2 subunit of ribonucleotide reductase in vitro re-
quires Fe(Ill), reducing equivalents and molecular oxygen (Stubbe and Riggs-
Gelasco 1998). In all likelihood reduced Fe is also needed to activate Erg25p
(Broadwater et al. 1998). All of this suggests that there is a pool of exchange-
able/chelatable iron (most likely ferrous) in both the cytoplasm (and, for small
solutes, in its continuous cell compartments like the nucleus) and the ER and the
downstream vesicular trafficking pathway. The mechanism(s) by which these pro-
teins obtain the iron essential to the assembly of their catalytic prosthetic groups
remains uncharacterized.
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This is not to say that there are no experimental data that at least define the is-
sue. S. cerevisiae expresses two genes that encode a diiron-like subunit of ribonu-
cleotide reductase, RNR2 and RNR4. Although the precise function of Rnrdp is not
known, it is strongly homologous to Rnr2p (Huang and Elledge 1997); it forms a
tight and specific complex with Rnr2p (Voegtli et al. 2001); and it is required for
the wild type assembly of the diiron cluster in Rnr2p (Nguyen et al. 1999). While
Rnrdp does contain some of the Fe-binding motifs characteristic of Rnr2p and
other similar diiron enzymes, it lacks three of them and no data indicate that it
binds iron. Therefore, whether it serves solely as a protein chaperone (for Rnr2p),
an iron chaperone or both remains undetermined. As for the membrane-bound, ER
diiron enzymes like Erg25p that catalyze fatty acyl and sterol desaturation
(Broadwater et al. 1998) there is an additional issue to consider and that is the to-
pology and orientation of the protein and the resulting orientation of the diiron
cluster in the active enzyme. For Erg25p and its homologs there is no experimen-
tal answer to this question, but work on a comparable bacterial enzyme, an acyl
desaturase from Bacillus subtilis, indicates that the His residues involved in Fe-
coordination are in the cytoplasm and at the cytoplasmic face of the ER membrane
(Diaz et al. 2002). It is reasonable to conclude that the diiron cluster in Erg25p,
which is where the substrate sterol binds and is oxidized (desaturated), would be
either in or adjacent to the membrane in which the substrate is partitioned. This
locale doesn’t preclude a simple activation mechanism in which the apo-protein
scavenges labile Fe*" from the cytoplasm, but given the increasing number of in-
stances of co-factor chaperoning — including the Rnr4p story above - we shouldn’t
discount the probability that Erg25p activation benefits from some assistance also.

4 The vacuole

The vacuole is a critical part of cellular iron homeostasis in yeast. This is indicated
by three broad facts: 1) the vacuolar membrane contains multiple activities that
genetically and functionally have been linked to iron homeostasis; 2) newly ar-
rived cell iron does accumulate in the vacuole; and 3) vacuolar iron appears to be
recycled to be used to support essential metabolic activities. The protein activities
in the yeast vacuole important to iron homeostasis are of three types: 1) iron trans-
porters/permeases; 2) proton-pumps, most predominantly, the vacuolar V-type
ATPase that serves to make the vacuole the yeast’s proton buffer; and 3) metal-
loreductase(s) activity required for the reductive labilization of the Fe,O, species
that likely accumulate in the relatively oxidizing, acidic environment of the vacuo-
lar lumen.

Iron does accumulate in the yeast vacuole. On a per milligram protein basis,
iron is enriched in the yeast vacuolar fraction by as much as 12-fold, and, unlike
the cytosol, for example, the vacuole concentrates iron under iron-replete growth
conditions (Raguzzi et al. 1988). This vacuolar accumulation depends on the
Ccclp protein (Li et al. 2001; Li and Kaplan 2004), at the least, as well as on the
correct targeting of vacuolar proteins (Bode et al. 1995). Ablation of either activity
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results in a decline in the steady-state level of iron in the yeast vacuole in growth
on standard laboratory media (synthetic or rich). Vacuolar acidification (vina) mu-
tants also exhibit defects in iron metabolism, e.g. poor or no respiratory growth,
and poor growth in low iron conditions (Greene et al. 1993). One may interpret
this to indicate that vacuolar iron handling is dependent on acidification, however,
these phenotypes are just as or even more likely the result of the failure to acidify
the Golgi- or post-Golgi compartments in which Fet3p is activated (cf. 1.3 above).
apo-Fet3p is found on the surface of yeast cells mutant in VMA loci, or in a locus
(VPS41) required for vacuolar protein trafficking (Radisky et al. 1997); such mu-
tants commonly exhibit weak or absent Fet3p/Ftrlp-dependent iron uptake which
alone can explain their iron-dependent growth and respiratory defects.

Importantly, however, vacuolar iron does appear to be metabolically active.
That is, in yeast switched from glucose (fermentable) to ethanol (respiratory) as
carbon source, vacuolar iron declines to 30% of its abundance at the time of the
change in carbon source (Raguzzi et al. 1988). This decline correlates to the 30-
fold increase in cytochrome oxidase activity induced by this nutrient shift. Respi-
ratory capacity is thus an easily scored phenotype that reflects the continued heme
and iron-sulfur cluster biosynthesis required by a yeast deriving its energy from
the oxidation of a non-fermentable carbon source. That vacuolar iron supports this
iron homeostasis is indicated by the observation that a yeast strain that lacks a pu-
tative vacuolar iron export complex lags behind WT in growth adaptation to a
non-fermentable carbon source (Urbanowski and Piper 1999).

Four iron-trafficking activities have been localized to the yeast vacuole (Fig. 2).
These include (in S. cerevisiae) the export complex noted above composed of the
Fet3p, Ftrlp orthologs, Fet5p and Fthlp; Ccclp; and Smf3p. The orientation of
FetSp/Fthlp is identical to that of Fet3p/Ftrlp; thus, the ferroxidase domain of
FetSp and a principal iron trafficking motif of Fthlp (Severance et al. 2004) are
located within the vacuolar lumen. In this orientation, the FetSp/Fthlp ferroxi-
dase/permease complex would function as an exporter of Fe from the vacuole as
was indicated by the growth experiments referenced above (Urbanowski and Piper
1999). Ccclp appears to support vacuolar iron uptake whereas Smf3p appears to
function as an exporter of vacuolar iron. For example, vacuolar iron in a ccclA
mutant is ~30% that of WT while overexpression of CCC/ leads to a fourfold in-
crease (Le et al. 2001). Smf3p is one of a family of three Smf proteins in S. cere-
visiae that are homologs of the mammalian Nramp divalent metal ion transporters
(Portnoy et al. 2000). Smf3p localizes to the vacuole and appears to specifically
support the cell’s utilization of iron. This is in contrast to its paralogs, Smflp and
Smf2p, that are required for the accumulation of manganese (Portnoy et al. 2000).
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Decreases in ccciA
Increases in smf3A, fetbA, and frebA

Cytoplasm
Vacuole

3
Fthlp, Fet5p

Increases in ccciA
Decreases in smf3A, fetbA, and frebA

Fig. 2. Vacuolar buffering of cytoplasmic iron. Iron is transported into the cell as Fe**. This
iron is transported into the vacuole via Ccclp and is likely stored there as a ferric hydroxide
(phosphate?) species. Recycling likely involves reductive labilization; Fre6p may be the
vacuolar reductase responsible for this step (Singh and Kosman, unpublished). The Fe®* re-
leased is effluxed from the vacuole via Smf3p and the FetSp/Fthlp complex. Smf3p is a di-
valent metal iron transporter while the latter complex is paralogous to the PM permease
complex described in Fig. 1. The effect of deletion of the corresponding gene loci on the
partitioning of iron between cytoplasm and vacuole is indicated.

The role that Smf3p — and Ccclp — plays in cell iron homeostasis has been
evaluated by use of a reporter gene (/acZ) under control of an iron-responsive
promoter. As discussed in more detail below, a dominant regulator of iron metabo-
lism in S. cerevisiae is the Aftl protein, a transcription activator that is repressed
in wild type cells at hyper-nutrient levels of iron (Yamaguchi-Iwai et al. 1995,
1996). The ARE (Aftlp response element) from an Aftlp-regulated locus (e.g.
FET3, FTRI) thus becomes a sensor of the iron status of the cell; to the extent that
the vacuole modulates this status the activity of an ARE thus reports on the effec-
tiveness of this modulation. Thus, in a ccclA strain in which Fe is not being se-
questered in the vacuole, Aftlp will be repressed as will the expression from the
ARE; in effect, the cell will “act” as if it is more iron replete than WT under the
same nutrient condition. In contrast, an smf3A strain will appear more iron defi-
cient in as much as iron that is pumped into the vacuole by Ccclp is, in effect,
permanently removed from the iron-regulatory circuit; thus, the ARE will sense a
functional iron-deficiency not seen in WT under the same condition. Indeed, this
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Table 1. List of proteins involved in iron homeostasis of mitochondria in S. cerevisiae
identified by SGD accession number. Homologs in other yeasts and fungi are identified by
NCBI Protein Accession numbers except for S. pombe members that are given by their sys-
tematic ORF identifiers. Similarity searches were conducted with mature protein sequences
derived from experimental data or predictions using MitoProt (Claros and Vincens 1996).

Protein Location Activity Homologs in other species®
Mmtl/YMR177TW Inner mem-  Fe importer ~ An(EAA60584) Ca(EAK91620)
Mmt2/YPL224C brane Nc(EAA33576) Sp(SPCC1020.03)
Mrs3/YJL133W Inner mem-  Fe importer ~ An(EAA59898) Ca(EAK97010)
Mrs4/YKR052C brane Nc(EAA30369)
Sp(SPAC8C9.12C)
Atm1/YMR301C Inner mem-  Fe-S ex- An(EAA62688) Ca(EAK92894)
brane porter Nc(EAA27101)
Sp(SPAC15A10.01)
Yhm1/Ggcl/Shm1l/  Inner mem-  GTP/GDP An(EAA62313) Ca(EAK94758)
YDL198C brane exchanger Nc(EAA26888)
Sp(SPCC1682.09C)
Erv1/YGR029W Intermem- Sulthydryl An(EAA63598) Ca(EAL02588)
brane space  oxidase Nc(EAA30480) Sp(SPAC3G6.08)
and Cytosol
Nfs1/YCLO17C Matrix and Cysteine An(EAA63993) Ca(EAL01528)
Nucleus desulfurase ~ Nc(EAA29943)
Sp(SPBC21D10.11C)
Yth1/YDL120W Matrix Fe chaper- An(EAA63887) Ca(EAK92316)
one Nc(EAA28958)
Sp(SPCC1183.03C)
Isul/YPL135W Matrix Fe-S scaf- An(EAA60457) Ca(EAL02584)
Isu2/YOR226C fold Nc(EAA30802) Sp(SPAC227.13C)
Yah1/YPL252C Matrix Ferredoxin An() Ca(EALO01312)
Nc(EAA28849)
Sp(SPAC22E12.10C)
Arh1/TDR376W Matrix Ferredoxin An(EAA58656) Ca(EAK92719)
(membrane  reductase Nc(EAA33439) Sp(SPBC3B8.01C)
associated)
Ssql/YLR369W Matrix Hsp70 An(EAAS57651) Ca(EAK96197)
chaperone Nc() Sp(SPAC664.11)
Jacl /YGLO18C Matrix J-type chap-  An(EAA64599) Ca(EAL00799)
erone Nc(EAA28897) Sp(SPAC144.08)
Grx5/YPLO59W Matrix Glutare- An(EAA60465) Ca(EAK92524)
doxin Nc(EAA31624) Sp(SPAPB2B4.02)
Heml15/YOR176W  Matrix Final step of An(EAA61540) Ca(EAK94066)

(membrane  heme syn- Nc(EAA33268) Sp(SPCC320.09)
associated) thesis

* Species abbreviations used: An, Aspergillus nidulans; Ca, Candida albicans; Nc, Neuro-
spora crassa; Sp, Schizosaccharomyces pombe.

transcriptional reporter assay using FET3p fused to lacZ has demonstrated just
these behaviors (Li et al. 2001; Portnoy et al. 2000). These phenotypes are por-
trayed in the cartoon shown in Fig. 2.
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5 Mitochondria

Mitochondria play a special role in iron homeostasis because they are the site of
the majority of the cell’s biosynthesis of iron-sulfur (Fe-S) clusters and the final
step of heme synthesis, the incorporation of ferrous iron into protoporphyrin IX
(Dailey 2002). While the demand for iron by mitochondria is high, free iron in the
mitochondrial matrix must be limited because the generation of free oxygen spe-
cies by the electron transport chain makes the organelles sensitive to oxidative
stress (Halliwell and Gutteridge 1992). Mitochondria therefore require stringent
controls on their iron status. The critical nature of this control is manifested in a
variety of human diseases that correlate with dysfunction in mitochondrial iron
handling, e.g., Friedrich’s ataxia and X-linked sideroblastic anemia with ataxia
(Napier et al. 2004). Genetic analysis of mitochondrial iron status in yeasts has led
to the identification of numerous proteins involved in iron homeostasis that are
conserved across kingdoms (Table 1). These proteins can be broken into two cate-
gories: iron transporters and proteins involved in Fe-S cluster or heme biosynthe-
sis.

5.1 Putative iron transporters

Studies with isolated mitochondria indicate that heme synthesis is dependent on
import of ferrous iron and requires a membrane potential, but not ATP
(Muhlenhoff et al. 2002). To date, however, no proteins have been convincingly
demonstrated to be mitochondrial iron importers or exporters. The S. cerevisiae
genome does contain a number of genes whose products are predicted to encode
transporters in the mitochondrial inner membrane. The majority of these proteins
are members of conserved families of transporters and as such, similar proteins
have been identified in a variety of fungal species.

The inner membrane proteins Mmtlp and Mmt2p (Fig. 3) show a high degree
of sequence similarity to each other and to transition metal transporters (Li and
Kaplan 1997). A number of experimental findings suggest Mmt1/2p are mito-
chondrial iron importers. mmti/2A strains grow slowly on low iron media (Foury
and Roganti 2002). Strains with upregulated MMT1/2 survive longer than WT af-
ter transfer from iron-replete to iron-free media (Foury and Roganti 2002), most
likely because the mutants store high levels of iron in their mitochondria (Li and
Kaplan 2004). However, the biochemical activities of Mmtlp and Mmt2p have
never been demonstrated, and indeed, there are some conflicting data regarding
their function. Analysis of Mmt1/2p activity in the yfh/A4 mutant (see below) sug-
gests the transporters may actually serve as exporters of mitochondrial iron. For
example, deletion of both MMTI and MMT?2 appears to exacerbate the high mito-
chondrial iron phenotype of yfi/A mutants leading to oxidative stress and loss of
mitochondrial DNA in the triple mutant (Foury and Roganti 2002). Also, over-
production of Mmt2p in a yfh/A mutant lowers mitochondrial iron and suppresses
iron sensitivity of the mutants (Li and Kaplan 2004). Both of these results would
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Fig. 3. Proteins involved in iron trafficking and utilization in S. cerevisiae mitochondria. A
simplified model of the initial steps in iron-sulfur cluster biosynthesis in the matrix is dia-
gramed. Note the role of the frataxin homolog, Ythlp, in both heme and Fe-S cluster bio-
synthesis. In the latter pathway, Yth1p supplies the Fe while Nfs1p supplies the S; assem-
bly takes place on a scaffold provided by Isul/2p. The Fe-S chaperones, Ssqlp and Jaclp,
transfer the newly assembled Fe-S clusters to recipient proteins. The exact functions of the
putative Fe-transporters indicated in the inner membrane are not known.

be expected of proteins whose function was export of iron from mitochondria,
rather than import.

Mrs3p and Mrsdp are a pair of solute carrier-like proteins that reside in the in-
ner membrane (Muhlenhoff et al. 2003b). Several lines of evidence suggest
Mrs3/4p function as iron importers. When grown on low iron media, mrs3/4A mu-
tants have low mitochondrial iron (Foury and Roganti 2002) which likely leads to
the reduced Fe-S and heme protein activity observed in the mutants (Muhlenhoff
et al. 2003b). Conversely, overexpression of MRS3/4 results in high mitochondrial
iron and promotes abnormally high Fe-S and heme protein activity (Muhlenhoff et
al. 2003b). When mrs3/4A mutants are grown on high iron media, cells show no
Fe-S or heme protein defects, suggesting a separate, low affinity import system
also exists (Foury and Roganti 2002).

Yhmlp (also referred to as Ggclp) is another member of the mitochondrial car-
rier protein group (Lesuisse et al. 2004). A deletion mutant at this locus has
upregulated cellular iron uptake and low cytosolic but high mitochondrial iron
levels (Lesuisse et al. 2004). The yham A mutant is similar to the Fe-S cluster syn-
thesis mutants (see below) in having low mitochondrial Fe-S and heme protein ac-
tivity (Lesuisse et al. 2004). Reconstitution of the protein in liposomes revealed it
to be a GTP/GDP anti-porter capable of importing GTP into the mitochondrial
matrix (Vozza et al. 2004). Whether this nucleotide exchange activity is necessary
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for iron homeostasis or whether the iron phenotypes observed in the deletion strain
are secondary effects of the loss of GTP entry into the matrix is unknown.

Atmlp is an ATP Binding Cassette (ABC) transporter located in the inner mi-
tochondrial membrane (Reviewed in Lill and Kispal 2001). In other organisms,
ABC transporters import glutathione-metal complexes into the vacuole. The
amino acid sequence of S. cerevisiae Atmlp indicates its ATPase domain resides
in the matrix space, suggesting the protein is an exporter. The nature of the ex-
ported molecule is as yet undefined. arm/A mutants accumulate high mitochon-
drial iron (Kispal et al. 1997) although the rate of iron uptake across the plasma
membrane is unchanged in these mutants (Kispal et al. 1999). When ATM1 ex-
pression is blocked, mutants exhibit reduced Fe-S enzyme activity in the cytosol,
but not in the mitochondria, suggesting that the protein exports factors required
specifically for Fe-S protein maturation in the cytosol (Kispal et al. 1999).

A close phenotypic relative of atmiA mutants are strains carrying deletions in
ERVI. Ervlp is a sulfhydryl oxidase that resides in the mitochondrial intermem-
brane space (Lee et al. 2000). At the restrictive temperature, ervI” mutants have
reduced cytosolic Fe-S protein activity and high mitochondrial iron (Lange et al.
2001). On the other hand, heme and cytochrome levels and mitochondrial Fe-S
protein activities are WT under these conditions. The precise function of Ervlp in
cytosolic Fe-S protein maturation remains uncharacterized.

5.2 Iron-sulfur cluster and heme biosynthesis

Mutants defective in mitochondrial iron homeostasis have also been found that are
associated with iron-sulfur cluster biosynthesis. The study of Fe-S cluster biosyn-
thesis in the mitochondrial matrix of yeast has been guided by knowledge derived
from prokaryotes (Frazzon et al. 2002). A simple model for Fe-S cluster biosyn-
thesis is illustrated in Fig. 3. Nfslp removes sulfur from cysteine and ligates it to
iron that is probably chaperoned by and transferred from Ythlp. The nascent Fe-S
clusters are formed on the scaffold proteins Isul/2p in a process requiring at the
least the action of a redox pair consisting of mitochondrial ferredoxin, Yahlp, and
ferredoxin reductase, Arhlp. The transfer of Fe-S clusters from the Isul/2p scaf-
folds to apo-Fe-S proteins is thought to require the chaperone pair Ssqlp and
Jaclp and the glutaredoxin, Grx5p. Mutation of the gene encoding any one of
these proteins results in a suite of common phenotypes that includes: high mito-
chondrial iron, high plasma membrane iron uptake, and reduced Fe-S and heme
protein activity in the mitochondria and cytosol. Of particular interest to this dis-
cussion are the proteins involved in the initial formation of Fe-S clusters.

Ythlp is the yeast homolog of human frataxin, a mitochondrial matrix protein.
Recent experiments have revealed Ythlp to play a central role in iron handling
within mitochondria. In humans, Fe-S cluster synthesis is initiated by the transfer
of iron from frataxin to the human homolog of Isul/2p (Yoon and Cowan 2003).
S. cerevisiae Ythlp appears to play a similar role, based on its interaction with
both Isulp and Nfslp (Ramazzotti et al. 2004; Gerber et al. 2003). yfh/A mutants
do retain some Fe-S protein activity suggesting the presence of a second Fe-S



76 Ernest Kwok and Daniel Kosman

cluster biosynthesis system. One candidate for this activity is Nfslp, which can
catalyze Fe-S cluster formation in vitro (Muhlenhoff et al. 2004). Ythlp also in-
teracts directly with ferrochelatase, at a site overlapping Ythlp’s iron-binding
domain, suggesting a role for Yfhl in heme synthesis (Lesuisse et al. 2003; He et
al. 2004). This theory is supported by the observation that yfi/4 mutants have re-
duced ferrochelatase activity (Lesuisse et al. 2003). Finally, Ythlp interacts di-
rectly with aconitase (a mitochondrial Fe-S protein) in the presence of citrate and
activates aconitase by donating Fe'? to aconitase’s [4Fe-4S] cluster indicating that
Yfthlp can modulate the activity of mature Fe-S proteins (Bulteau et al. 2004).
Thus, the yeast homolog of frataxin is central to the formation of heme and the
formation and maintenance of Fe-S cluster proteins.

Other prominent players in Fe-S cluster biosynthesis include the scaffold pro-
teins Isul/2p and the chaperone system, Jac1p/Ssqlp. Isulp and Isu2p are a pair of
similar proteins that serve as scaffolds for the synthesis of [2Fe-2S] clusters.
These proteins bind iron in vitro in the presence of Nfslp and sulfur (Muhlenhoff
et al. 2003a). Isul/2p also interact in an iron-dependent manner with Ythlp and
Nfslp (Gerber et al. 2003). Mitochondrial Isul/2p are required for both mitochon-
drial and cytosolic Fe-S protein activity, indicating they are necessary for genera-
tion of all cellular Fe-S proteins (Gerber et al. 2004). Isul/2p interact with both
Jaclp and Ssqlp independently; binding of Jaclp to Isul/2p is believed to target
the Isul/2-Jaclp complex to Ssqlp (Dutkiewicz et al. 2004). Ssqlp and Jaclp are
a chaperone pair in the mitochondrial matrix thought to mediate the transfer of Fe-
S clusters from Isul/2p to Fe-S apo-proteins. Ssqlp shows similarity to Hsp70
(Knight et al. 1998), while Jaclp is similar to J-type chaperones (Voisine et al.
2001). Deleting either protein results in the accumulation of Fe-S clusters on
Isul/2p and the loss of Fe-S protein activity in mitochondria and the cytosol
(Muhlenhoff et al. 2003a). These data fit a model in which Ssqlp and Jaclp pro-
mote the transfer of Fe-S clusters from Isul/2p to either mitochondrial Fe-S apo-
proteins or to a molecule that is then exported for activation of cytosolic Fe-S pro-
teins.

Heme biosynthesis is the other mitochondrial activity that consumes iron. The
final step of heme biosynthesis is catalyzed by ferrochelatase (product of the
HEM]15 gene), which is associated with the matrix side of the mitochondrial inner
membrane (Labbe-Bois 1990; Dailey et al. 2000). Ferrous iron from the matrix is
inserted into protoporphyrin IX that has been formed in the intermembrane space;
the heme produced is likely released into the inner membrane (c¢f. Fig. 3). In vitro
work suggests that only iron that arrives via the intermembrane space is competent
for incorporation into heme. That is, iron preloaded into the matrix by incubating
mitochondria in ferrous iron followed by removal of exomitochondrial iron by
EDTA is not incorporated into heme. This indicates that catalysis of iron insertion
by ferrochelatase is probably tied to transport across the inner membrane (Lange
et al. 1999). Deletion of MMT1/2 does not affect heme synthesis, so iron for heme
synthesis is likely imported via some other route. Surface plasmon resonance ex-
periments indicate Ythlp binds to ferrochelatase (Lesuisse et al. 2003). Hence,
Ythlp, with roles in both Fe-S cluster biogenesis and heme synthesis may act as a
regulatory point between the two major iron-utilizing processes. In support of this
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inference, iron has been observed to be unavailable for use by ferrochelatase in
yfhiA mutants (Lesuisse et al. 2003). In contrast, in another study, yfh/A mutants
showed no change in ferrochelatase activity (Lange et al. 2004). Human frataxin
has a higher binding affinity for ferrochelatase than for the human Isul/2p ho-
molog, so heme is probably made at the expense of Fe-S clusters when iron be-
comes limiting (Yoon and Cowan 2004). In yeast, however, when Fe-S cluster
synthesis is limited, an inhibition of ferrochelatase activity is observed as well
(Lange et al. 2004). Mutations that depress activation of cytosolic Fe-S proteins do
not also correlate with this inhibition of ferrochelatase activity suggesting that this
latter activity (heme synthesis) is dependent on mitochondrial Fe-S status alone.
Animal ferrochelatases are distinguished from their bacterial homologs by the
presence of a carboxy-terminus extension that binds a [2Fe-2S] cluster (Dailey et
al. 2000). S. pombe ferrochelatase contains an Fe-S cluster, while the S. cerevisiae
enzyme contains a carboxy-terminal extension, but no Fe-S cluster (Dailey et al.
1994). The [2Fe-2S] cluster is not essential for catalytic activity (Medlock and
Dailey 2000). Nevertheless, a role for Fe-S clusters in ferrochelatase activity
would explain the inhibition of this activity observed in mitiochondrial Fe-S clus-
ter synthesis mutants; by inference, S. cerevisiae ferrochelatase activity may be
modulated by a molecule associated with Fe-S cluster biosynthesis (Lange et al.
2004).

5.3 Mitochondrial iron homeostasis with respect to the cell

Mitochondria are expected to exert special influence on cellular iron homeostasis
because they are the primary users of cellular iron. Research has shown strong
connections between mitochondrial iron status and the activity of both the plasma
membrane and vacuolar iron uptake systems. Of primary interest is the relation-
ship of iron-associated mitochondrial proteins and the Aft1/2p system (Table 2).
Expression of the putative mitochondrial iron transporters Mmt2p and Mrs4p is
upregulated by Aftl/2p as part of the iron regulon (Foury and Roganti 2002). This
co-induction of plasma membrane and mitochondrial uptake systems ensures that
mitochondria have access to iron under iron-limiting conditions, especially in light
of the fact that Aftlp also induces vacuolar iron-export via FetSp/Fthlp and
Smf3p. Hence Aftl/2p upregulation appears to provide iron for mitochondrial im-
port from both the environment and vacuolar stores. /SU! has also been reported
to be upregulated by Aft2p (Rutherford et al. 2003). This suggests that Aft1/2p
also enhances the Fe-S cluster synthesis activity of mitochondria in low-iron con-
ditions. Similarly, deletion of any one of a number of Fe-S cluster synthesis genes
results in upregulation of the iron regulon via the activation of Aft1/2p reinforcing
the connection between plasma membrane iron uptake and Fe-S cluster synthesis.
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Table 2. Interaction between mitochondrial iron status and the Aft1/2p iron regulon

Action Genes Targeted

Expression induced by Aftlp and/or Aft2p MMT2, MRS4, ISU1

Deletion or repression induces Aftlp ERVI1, MRS3/4, YMH1/GGC1, NFSI1,
and/or Aft2p YFHI, ISU1/2, JAC1, GRXS

Overexpression induces Aftlp and/or Aft2p MRS3/4

A recent report from Kaplan and his colleagues suggests that control of cellular
iron status via Aftl/2p is signaled from the mitochondria, at least in part (Chen et
al. 2004). These investigators monitored cytosolic iron by measuring the activity
of Erg25-2p. As noted above, Erg25p is an ER diiron enzyme required for ergos-
terol biosynthesis. ERG25-2 is a mutant allele that fails to activate under condi-
tions of low cytosolic iron. In yfh/A mutants, the iron regulon is upregulated (by
Aft1/2p) even though cytosolic iron is apparently unchanged as indicated by
Erg25-2p activity. In addition, nfs/ mutants that exhibit a strongly reduced Fe-S
protein assembly, also exhibit an iron regulon hyper-activity. This work demon-
strated also that in the face of this reduced Fe-S protein activity, loading the cyto-
sol with iron by growth in high-iron media did not downregulate the iron regulon.
This challenges the alternative model that Aft1/2p activity is dependent on cytoso-
lic iron status per se. The model is important to this discussion because Fe-S pro-
tein activity, whether in the cytosol or the mitochondria, is dependent on mito-
chondrial iron. Therefore, the model proposed by Chen et al holds that
mitochondrial iron status is the key regulator of iron homeostasis at the plasma,
vacuolar, and mitochondrial membranes.

Support for a model in which Fe-S cluster synthesis regulates cellular iron up-
take can also be inferred from mutants in the putative mitochondrial iron trans-
porters. mrs3/44 mutants have low mitochondrial iron and high plasma membrane
iron uptake while cells overexpressing MRS3/4 exhibit the opposite phenotypes.
These data reinforce the idea that iron uptake at the plasma membrane responds to
mitochondrial iron levels. Furthermore, deletion of the ATM1 and ERVI genes,
thought to mediate Fe-S export from mitochondria, results in high mitochondrial
iron and upregulated plasma membrane iron uptake, reinforcing the inference that
cytosolic Fe-S cluster level/activity is what determines uptake at the cellular level.

Recent results have highlighted also the interaction between mitochondrial and
vacuolar iron status. As noted, deletion of the vacuolar iron importer CCC/ results
in accumulation of iron in the cytoplasm and growth sensitivity on high iron me-
dia (Li et al. 2001). Overexpression of MRS3/4 in a ccclA mutant rescues this
growth defect and reduces cytosolic iron levels, presumably by pumping iron out
of the cytosol and into mitochondria (Li and Kaplan 2004). Thus Mrs3/4p, the pu-
tative mitochondrial iron importers, operate on the same pool of cytosolic iron that
is imported by Ccclp. Another example of the interdependence of vacuolar and
mitochondrial iron status is observed in yfh /A mutants. Over-production of Ccclp
can suppress the respiration defect of a yfi/A mutant, apparently by reducing the
mitochondrial iron levels in the latter mutant (Chen and Kaplan 2000). Ceclp,
presumably by sequestering iron in the vacuole, appears to limit the amount of
iron available for absorption by mitochondria so as to prophylactically deal with
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iron-dependent mitochondrial damage. These results are consistent with a model
of iron homeostasis in which mitochondria and the vacuole import iron from a
common cytosolic pool and that altered activity in one compartment has a direct
and compensatory effect on the other.

6 The nucleus

The expression of most iron metabolic functions in yeasts are regulated at the
level of the transcription of genes encoding the proteins involved in yeast iron me-
tabolism. Therefore, at least as the site of this regulation, the nucleus is an impor-
tant organelle to consider in the delineation of cellular iron homeostasis. As much
as is known about the transcription factors responsible for this regulation, as much
is not known about the extent to which the nucleus is part of the overall iron traf-
ficking pathway in the yeast cell. Specifically, do iron-responsive regulators sense
iron in the nucleus or do they do so in some extra-nuclear compartment and then
traffic the signal back to the promoter(s) they are responsible for modulating? As
discussed more fully below, in the kingdom Fungi both general mechanisms of
transcriptional regulation are employed, repression and activation. In Ascomycota,
regulation of iron metabolism has been investigated in the orders Saccharomy-
cetales (S. cerevisiae), Schizosaccharomycetales (S. pombe), Sordariales (N.
crassa), and Eurotiales (A. nidulans); in Basidiomycetes, iron metabolism has
been studied in U. maydis (order Ustilaginales). Ascomycota species exhibit both
mechanisms that balance the expression of iron handling activities with environ-
mental iron availability. The iron content of a fungal nucleus is not known, but,
given the pro-oxidant potential of iron, particularly Fe*, teleologically this value
should be very small and likely correspond only to protein-associated metal. In
short, although the nucleus is at the center of the known regulatory mechanisms
that control iron metabolism in Fungi, it is likely that nuclear-cytoplasmic com-
munication in regards to this regulation is serviced by proteins and not by iron it-
self. This inference remains to be substantiated.

7 Regulation and integration

In as much as control of yeast iron metabolism results primarily from transcrip-
tional regulation of genes encoding iron handling proteins, iron homeostasis ulti-
mately depends on the activity of the transcriptional regulators involved (but not
entirely, see below). As sound as this statement may be, it can be applied know-
ledgably to five yeasts and fungi (moulds) at the most as noted above. In fact, only
in S. cerevisiae are the relationships between cell iron status and transcriptional
controls on iron handling activities relatively well understood in terms of the cell
conditions that lead to up or downregulation of the corresponding transcription
factors. Certainly one of the reasons for this relative dearth of mechanistic insight
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into these control processes is the fact that the homology among proteins linked to
iron-dependent control of iron trafficking activities encoded in fungal genomes is
not informative. For example, the two iron-responsive transcription factors found
in S. cerevisiae, Aftlp and Aft2p, have little if any homology with fepl, a S.
pombe protein that regulates expression of the Fet3p, Ftrlp orthologs, fiol and
fipl. Furthermore, BLAST searches using either of the Aft proteins as query se-
quence identified only two possible homologs: the protein encoded by the
CAG59681 locus in Candida glabrata and the one encoded by the XP_453211 lo-
cus in Kluveromyces lactis both again of the order Saccharomycetales. The func-
tion of neither of the proteins encoded by these genes has been elucidated. Also,
there are at least two totally different strategies of regulating iron uptake activities
at the transcriptional level found in fungal species: activation via Aftl-like pro-
teins, and repression via GATA-like factors, of which Fep1 is one example. While
hindering understanding to some extent, this complexity does have the potential to
yield exciting new insight into the integration of iron metabolism in fungi.

7.1 Iron regulation via GATA factors

Irrespective of mechanism, iron handling activities in S. cerevisiae, S. pombe, C.
albicans, A. nidulans, and N. crassa appear to be or most clearly are regulated at
the level of transcription by proteins whose activity as modulators of gene expres-
sion are responsive to the level of bioavailable iron. The principal transcription
factor characterized in each one of the latter four organisms linked to regulation of
iron-handling activities is a member of the GATA family of DNA-binding pro-
teins (Lowry and Atchley 2000): Fepl (S. pombe) (Pelletier et al. 2003, 2002),
Stulp (C. albicans) (Lan et al. 2004); SREA (4. nidulans) (Haas et al. 1999;
Oberegger et al. 2001, 2002b); and SRE (V. crassa) (Harrison and Marzluf 2002;
Zhou et al. 1998; Zhou and Marzluf 1999). All four are homologs of the first of
these regulators to be identified, the Urbs1 protein in the Basidiomycetes, Ustilago
maydis (Voisard et al. 1993). These proteins all have a pair of Zn-finger motifs
that are required for binding to their HGATAR cis-elements (where H stands for
A, T or C and R stands for any purine). For example, in S. pombe Fepl binds to
5’-(A/T)GATAA-3’ sequences in the 5’-untranscribed regions of all of the known
genes that encode iron uptake activities in this yeast: frp/ (reductase), fiol (fer-
roxidase), fip! (permease), and the siderophore receptor genes, str/-3 (Pelletier et
al. 2003, 2002). A cartoon that illustrates a possible model for how Fepl modu-
lates the expression of these genes is given in Fig. 4.

How the DNA-binding (or protein binding) activity of these GATA factors is
modulated by cell iron level is not known. Models are portrayed in the literature
with Fe in some undefined association with the factor in the DNA-bound (repress-
ing) form of the protein (c¢f. Pelletier et al. 2002). Electrophoretic mobility shift as-
says do indicate that recombinant Fepl produced and purified in the presence of
an iron chelator does not bind to its cis-eclement (Pelletier et al. 2002). This sug-
gests that DNA-binding by Fepl, for example, is dependent on iron in some
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Fig. 4. Model for the mechanism of transcription regulation via the GATA protein, Fepl.
Fepl is a co-repressor of transcription of genes in Schizosaccharomyces pombe that encode
Fe-handling activities such as the high affinity iron uptake complex of Fiol and Fipl. Fepl
and its orthologs in other fungi bind to specific cis elements via a pair of Zn-finger motifs
and recruit a repressor complex that in S. pombe includes Tup11/12. Tup11/12 in turn bind
to the amino-terminii of histones H3 and H4 and thereby stabilize adjacent nucleosomes. In
this model Fepl binding (and transcriptional repression) occurs under a condition of iron
hyperabundance, while debinding and transcription initiation occur in a condition of iron
deficiency. The sensing mechanism that links cell iron status to GATA element binding by
Fep1 and its orthologs has not been fully delineated.

fashion but there are no data that show unequivocally that any one of these factors
actually binds iron, or that the chelator-treated form has stoichiometrically less
iron than the DNA-binding species. On the other hand, there are some intriguing
results that support the possibility that these specialized GATA factors bind some
metal species, most likely iron or an iron-containing complex.

Marzluf and his co-workers have been investigating the function of the Neuro-
spora GATA factor, SRE (Harrison and Marzluf 2002; Zhou et al. 1998; Zhou and
Marzluf 1999). In their more recent work they targeted a Cys-containing motif for
mutagenesis specifically to test whether it played a role in the iron-dependent tran-
scriptional repression due to this protein. This motif (***Cys-Xs-Cys,)o) resides be-
tween the two Zn-finger elements that bind to the DNA; the C204S/C210S double
mutant exhibited weak repressor activity in vivo and weaker DNA binding in the
in vitro EMSA analysis. A compositional difference between the wild type and
mutant recombinant protein was observed also, namely, the latter lacked the dis-
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tinct absorbance envelope in the near UV (peak at 340 nm) and visible (peak at
440, shoulder at 540 nm) characteristic of the wild type SRE (Harrison and
Marzluf 2002). Metal/prosthetic group analyses were not performed on these sam-
ples; the spectrum has features of both protein-heme and protein Fe-S complexes
and so couldn’t be assigned without some compositional data. Purification in the
presence of an iron chelator was not performed in this case (as above) and so this
correlation can’t be used in determining what the WT protein has that the Cys mu-
tant does not.

However, this Cys-motif most likely is critical to the iron regulation of this sub-
family of GATA factors. The consensus amino acid sequence based on the five
members discussed here (fepl, SRE, SREA, Urbsl, and Sful) is
G(S/T)CPG(D/G)GXCNTGG. A BLAST secarch using the core element,
GSCPGDGLCNGTGG, as query returned eleven subjects that included the five
noted here; two orthologs (in Candida and Ustilago); and four additional candi-
dates in four other fungi. Importantly, this query returned no other GATA factors;
returned no subjects that weren’t GATA factors; returned subject motifs that were
complete in all cases; and returned sequences in which this motif fell between the
two Zn-finger domains in the subject indicating that this is a conserved motif spe-
cific to those GATA proteins associated with fungal iron-dependent transcription
repression.

At least in some cases, this protein functions along with a co-repressor or rep-
ressors, that is, these (and other) GATA factors function as part of a multi-protein
complex supported by specific protein-protein interactions. In S. pombe, deletion
of both tup11 and tup12 ablates iron-dependent, Fepl-mediated repression of fiol
transcription (Pelletier et al. 2002). A similar result was reported for the Candida
TUP]I deletion mutant; transcript abundance for the ferric reductase (CFL95) and
permease (CaFTRI) that in WT was strongly depressed at 3 pM culture iron, in
the mutant remained unchanged at even 30 uM iron (Knight et al. 2002). Tupll
and Tup12, like the Tup1 protein in S. cerevisiae, together with Ssn6p bind to his-
tones H3 and H4, recruit histone deacetylases and as a result of the resulting
chromatin remodeling prevent the assembly of a transcription pre-initiation com-
plex (Davie et al. 2003; Fagerstrom-Billai and Wright 2005; Smith and Johnson
2000). This multi-protein complex is itself recruited to the promoter region of the
target gene by the trans-factor, in this case the GATA protein whose DNA binding
is triggered by iron. These facts are represented in the model shown in Fig. 4.

The GATA protein, Cys-element Blast search noted above found no subjects in
S. cerevisiae, nor in C. glabrata or K. lactis, the two fungi in which putative
Aft1/2p homologs were identified. Consequently, fungi appear to use either the
Aftlp or GATA protein mechanism of regulation of iron handling activities but
not both. What is interesting about this choice is that Aftl/2p are transcriptional
activators, not trans-factors that recruit the Tuplp/Ssn6p repressor complex, and
so the choice of mechanism is quite fundamental. Silencing, which is what the
GATA factor is doing under high iron, is strongly linked to differentiation, even in
fungi, as in growth as a filamentous rather than a “budding” yeast; activation is
more commonly geared towards response to an acute environmental and/or nutri-
ent shift, although certainly the latter can induce a shift in fungal growth habit as
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well. The Tuplp/Ssn6p complex is highly active in S. cerevisiae, targeting (re-
pressing) >150 loci at last count (Gagiano et al. 2002). In other words, the repres-
sive GATA mechanism serves fungi very well as a means of maintaining iron ho-
meostasis. So an intriguing question is: Why Aftlp/Aft2p?

7.2 Iron regulation via Aft1 proteins

There are no data that demonstrate that Aftlp binding to DNA or its transcrip-
tional activity is directly altered by iron as is the case for the copper-dependent
transcription factor in S. cerevisiae, Maclp (Yamaguchi-Iwai et al. 1997) and its
homologs in S. pombe, Cufl (Labbe et al. 1999) and in C. albicans, CaMacl
(Marvin et al. 2004). Aftlp occupancy of its consensus cis-element, YRCACCCR,
and, therefore, its transcriptional activity, appears to be controlled solely by its lo-
calization: in Fe-replete cells, Aftlp is cytoplasmic whereas in Fe-deficient ones it
becomes localized in the nucleus (Yamaguchi-Iwai et al. 2002). How this traffick-
ing is mediated by iron is not known, nor are there any data that indicate whether
Aftlp binds iron or any iron species. Like the GATA factors, Aftlp contains a
Cys-motif (**’CDC,;) that would be of little interest except that a point mutant
that yields C291F renders Aftlp insensitive to cell iron giving the cell what is re-
ferred to as an Aft1"" phenotype. In such a strain, transcripts from the FREI,
FET3, and FTRI loci remain elevated at 100 uM Fe (Yamaguchi-Iwai et al. 1996)
much as the homologous transcripts in the fep  S. pombe strain do (Pelletier et al.
2002). This disregulation correlates with the iron-independent localization of
Aft1"" to the nucleus (Yamaguchi-Iwai et al. 2002) and DNA cis-element occu-
pancy (Yamaguchi-Iwai et al. 1996).

The Aft2p paralog, although significantly different in overall sequence, exhibits
much the same features characteristic of Aftlp: CDC motif and Aft2"" allele phe-
notypes; recognition of the same or similar FeREs (for iron response element); and
activation of numerous Aftlp-dependent loci (Rutherford et al. 2003, 2001). How-
ever, in addition to the latter gene profile are groups of loci activated solely or
predominantly by Aftlp and those activated solely or predominantly by Aft2p
(Rutherford et al. 2003). For example, Aftlp activates all seven of the FRE loci
whereas Aft2p activates transcription only from FREI. Aftlp appears to be the ac-
tivator of choice for the siderophore receptors in S. cerevisiae (the ARN loci)
whereas Aft2p is a more robust activator of the FI7 loci that encode the cell wall
proteins that bind siderophores thus increasing their effective concentration at the
cell surface (above). How this transcriptional discretion is achieved is not alto-
gether clear although it is likely due to a combination of slightly different affini-
ties for variants of the canonical Aft cis-element and differential protein-protein
interactions with as yet unidentified co-activators of the gene targets (Rutherford
et al. 2003). One can appreciate that this discretion, whatever its molecular basis,
is the answer to our Why Aftlp/Aft2p? question above: it appears to be a tran-
scriptional activation mechanism that is both robust and selective, fitting the cell’s
response to a nutrient (iron) shift that allows for increase in one uptake system and
not another; storage of iron in one compartment and not another; or the use of iron
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for the assembly of one type of iron-containing prosthetic group and not another.
Integrating this pattern of differential activation is what results in cellular iron
homeostasis.

Indeed, S. cerevisiae regulates iron-handling and iron-dependent activities post-
transcriptionally as well. Thiele and his co-workers have demonstrated that the
Cth2 protein stimulates the turnover of as many as 84 transcripts under iron-
limiting conditions, that is, under conditions of Aftl/2p activation (Puig et al.
2005). CTH?2 itself is a target of this activation indicating that the protein’s func-
tion is to post-transcriptionally suppress the synthesis of proteins that utilize the
iron that is limiting in the cell under these conditions. Consistent with this infer-
ence, of the 45 targeted transcripts encoding iron-related proteins, most encoded
iron-utilizing enzymes or subunits of such enzymes, e.g., many of the cytochrome
¢ oxidase subunits, the diiron enzymes Erg25p and ribonucleotide reductase
(Rnr2p and Rnr4p, above) and members of the Fe-S cluster biosynthetic pathway.
Cth2p recognizes and binds to 5'-UUAUUUAU-3" and/or 5'-UAUUUAUU-3’ se-
quences in the 3’-untranslated regions of these several transcripts typically dou-
bling their turnover rate. Although this fold-change is far less robust than the in-
crease in FET3 or FTRI transcripts due to the transcriptional activation afforded
by Aftl/2p, one can readily appreciate that a 50% reduction in iron-utilizing ac-
tivities globally would significantly reduce the cell’s overall iron requirement and
thus make an important, albeit indirect, contribution to the maintenance of cellular
iron homeostasis.

7.3 Sensing cellular iron status

Simply because what we know about iron uptake, intracellular compartmentaliza-
tion, iron prosthetic group biosynthesis and regulation derives principally from
studies in S. cerevisiae, here we assess how fungi sense their iron status by review
of these data alone. The unique observations concerning mRNA turnover re-
viewed directly above are only one example of this fact. Iron homeostasis is
achieved by balancing the uptake of the metal with the capacity of the intracellular
milieu to store and or detoxify it while at the same time ensuring that there is suf-
ficient metal in the right form in the right cell compartment for the assembly of
iron-containing (enzyme) prosthetic groups. In this context, the cell’s iron-
handling or utilizing activities can be represented by five functional classes: 1)
iron uptake; 2) iron storage and recycling; 3) iron import and trafficking; 4) iron
prosthetic group assembly; and 5) iron end-users. Since the cell needs the latter ac-
tivities irrespective of nutrient iron level, their expression (at the transcriptional
level) is not likely to be regulated by iron; this does appear to be the case, e.g.,
RNR?2 (ribonucleotide reductase) or COX loci (cytochrome oxidase) expression is
not strongly iron-dependent (Shakoury-Elizeh et al. 2004; Foury and Talibi 2001).
Therefore, the last, end-user group is what depends on iron homeostasis rather
than playing a role in maintaining it. Similarly, one might expect heme synthesis
or Fe-S cluster assembly to be relatively insensitive to iron status or to the activity
of the iron-dependent regulators, Aftl/2p (in S. cerevisiae). This is true, but with
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Fig. 5. Integrating iron metabolism in Saccharomyces cerevisiae. This figure assembles the
specific Fe-handling activities associated with the various cell compartments found in this
yeast and indicates their relationship to each other and to the iron-dependent regulator(s) of
the expression of these activities, Aftl/2p. Newly-arrived iron likely enters a ferrous iron
pool that is partitioned to either the mitochondrion for assembly of heme and Fe-S clusters,
or to the vacuole for storage. Data with Fe** and Fe®* chelators indicate that this cytoplas-
mic iron pool is redox labile as indicated. There is no evidence that Fe(II/III), per se, ef-
fluxes from the mitochondrion; rather, iron exits this organelle in either heme or Fe-S clus-
ters. Iron uptake by the mitochondrion requires the activity of the Mrs3/4 protein pair while
Fe-S cluster assembly (Ythlp, Nfslp) and export (Atm1p, Ervlp) depend on a host of gene
products; mutation in any of these genes results in a deficit in cytoplasmic Fe-S cluster
level. However, only mutations in genes encoding mitochondrial Fe-uptake (Mrs3/4p) or
Fe-utilization (Ythlp, Nfslp) activities result in an apparent Fe-hyperabundance in the cell
(cytoplasm). In parallel, loss of Ccclp activity results in a deficit in Fe-accumulation in the
vacuole and a corresponding apparent increase in cytoplasmic iron. In both of these cases,
the Fe-hyperabundance in the cytoplasm is marked by a suppression of the transcriptional
activation from the ARN loci, or Aftlp Regulon; this regulon is indicated generically in the
figure by the ARE cis-element (Aftlp Response Element). Although the sensing mecha-
nism that regulates the cytoplasmic-nuclear partitioning of Aftlp is not known (chaperoned
by the Pselp import receptor), data at this point indicate that iron in some form other than
Fe-S is the likely signal.
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exceptions: only ISUI/2, genes that encode the Fe-S cluster scaffolding proteins
(above) are strongly induced under conditions that replicate cytoplasmic iron defi-
ciency (Rutherford et al. 2003; Foury and Talibi 2001); this activation appears due
to Aft2p alone (Rutherford et al. 2003).

On the other hand, genes encoding proteins involved in the transport of iron
within the mitochondria (MRS4); or in the recycling of iron from the vacuole
(SMF3) or from heme (HMXI); or in uptake of iron at the plasma membrane
(above) are regulated by Aftlp, or Aft2p, or both (Rutherford et al. 2003, 2001;
Shakoury-Elizeh et al. 2004; Foury and Talibi 2001). HMX1 encodes a heme oxy-
genase homolog, an ER protein that facilitates the cell’s use of heme as a source of
iron (Protchenko and Philpott 2003). The Aft1/2p activation of genes encoding
protein metabolism activities (ubiquitin conjugating enzymes, vacuolar proteases)
is consistent with the notion that in conditions of low iron, the cell mobilizes to re-
cycle (by degredation) what iron it can from endogenous iron-containing proteins
and prosthetic groups (Foury and Talibi 2001; Shakoury-Elizeh et al. 2004).

This pattern of regulation does not explain the mechanism by which the activi-
ties of the trans-factors are modulated by iron status so as to maintain iron homeo-
stasis, i.e. the mechanism by which the cytoplasmic-nuclear trafficking of Aftlp
(and presumably, of Aft2p) is regulated. The context for this trafficking and its
regulation is illustrated in Fig. 5. Obviously, understanding this mechanism is the
key to an overall elucidation of iron homeostasis in S. cerevisiae. There are two
general schemes: 1) a direct effect on the structure-function in Aftl/2p by associa-
tion with iron or an iron-containing species; 2) a direct effect by such species on
some accessory protein (an Aftl/2p chaperone or kinase, for example) whose ac-
tivity modulates Aft protein localization. The latter mechanism would most rea-
sonably involve a physical interaction of the modulator proteins with Aftlp; there
are four reports that show or imply such a protein-protein interaction, two of
which appear to bear on the question of Aftlp trafficking. Fragiadakis et al. have
shown that an interaction between Aftlp and the structural protein, Nhp6p, re-
cruits the co-repressor, Ssn6p, to the FRE2 promoter. The assembly of this com-
plex appears to lead to the full activation of this promoter under iron-limiting con-
ditions (Fragiadakis et al. 2004). Expression from the ARN2 locus also exhibits
this Nhp6p, Ssn6p dependence. Rather than clarifying the mechanism of Aftlp
trafficking, these observations only demonstrate another layer of complexity in re-
gards to overall Aftlp-dependent gene regulation. Similarly, the report by Puig et
al. that a Rpd3p-Sin3p histone deacetylase-associated protein, Cti6p, is required
for growth of S. cerevisiae under iron-limited conditions only indicates the likely
role for chromatin remodeling during the activation of Aftl/2p-dependent genes
(Puig et al. 2004). This is not to discount these interesting results but rather to note
that they do not address the specific question at hand.

Of more interest in this respect is the work of Casas et al. who observed that
under some conditions a fraction of Aftl protein in the cell was phosphorylated
(Casas et al. 1997). Although this modification was not correlated with iron-
dependent changes in the transcriptional activity, the data do indicate that Aftlp is
substrate for some kinase(s) that itself is under metabolic control. This kinase has
not been identified; however, data show that it is no# Snflp nor yeast PKA (Casas
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et al. 1997). Yamaguchi-Iwai and her co-workers have presented data on the
mechanisms that regulate the nucleo-cytoplasmic partitioning of Aftlp. Following
up on their original report of this trafficking (Yamaguchi-Iwai et al. 2002), they
demonstrated subsequently that with WT Aftlp, nuclear localization was associ-
ated with an interaction with the non-classical import receptor Pselp (Kap121p),
an association that was disrupted by Ran-GTP in vitro (Ueta et al. 2003). The traf-
ficking into the nucleus was associated with a pair of nuclear localization se-
quences (NLS) in Aftlp each of which were recognized by the Pselp receptor.
This interaction was not directly iron-sensitive; however, and thus is not at the
heart of the signal transduction mechanism that links iron status to Aftlp localiza-
tion and gene activation.

There were two other facts in these papers that are significant. First, Casas et al.
examined the transcriptional activity of GALI-HIS3 and GALI-lacZ reporter loci
in response to a fusion protein consisting of Aftlp and the DNA binding domain
of Gal4p (Casas et al. 1997). They showed that this activity was iron-independent
consistent with the inference that Aftlp-dependent transcription is regulated solely
by the cytoplasmic-nuclear localization of this transcriptional activator. Second,
Yamaguchi and co-workers also identified a nuclear export sequence (NES) in
Aftlp; mutation of this sequence led to an Aft1"" phenotype like that observed
with the CysXCys mutant reviewed above. This result suggests the possibility that
Aftlp localization and hence its trans-activation is regulated at the level of nuclear
export, but still doesn’t address the question as to how this export activity might
be modulated by iron status.

Put another way, what species/signal is this Aftlp system actually sensing (by
“system,” we emphasize not necessarily by Aftlp alone)? The possibilities are: 1)
free, labile iron as described above; 2) a relatively stable iron chelate, e.g., an Fe-S
cluster or heme; or 3) cell redox status of which the Fe*"/Fe’™ couple would be a
part. These mechanisms, illustrated in Fig. 5, are not necessarily mutually exclu-
sive signals; in any event, they would be found in the cytoplasm and/or nucleus
which for small solutes like these are continuous compartments. The focus to date
has been on the role of the CysXCys motif in a direct mechanism in which the
signal is sensed by Aftlp (and a comparable role for the Cys-motif in the GATA
factors discussed). This is a reasonable hypothesis in that it takes as paradigm the
known transcription factors that respond directly to metal status by binding to the
metal, e.g., Maclp and Acelp, that bind and are regulated by Cu; Zaplp, a Zn
sensor; and Haplp that binds and is regulated by heme (Rutherford and Bird
2004). Addressing only the question of what species or cell state is sensed by
Aftlp and not the question of how this signal alters the protein so as to cause its
cellular redistribution, we have data that relate to all three of the possibilities listed
above. First, the oxygen- and Fe*"-chelator effects described by Hassett ez al. (de-
scribed above) suggested that Aft]p responded to Fe*" and/or redox status (Hassett
et al. 1998a). The key feature of these responses was that they were observed
within 5 minutes, a time-frame consistent with a simple, direct binding/debinding
mechanism and, given that a ferrous iron chelator, 2,2’-bipyridyl activated while
oxygen inactivated transcription, the species involved certainly could be Fe*". This
inference is consistent with the fact that the iron that recycles from the vacuole is
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also likely to be Fe*" since the Smf3 transporter and the Fet5p/Fthlp complex re-
sponsible for this efflux use Fe*" as substrate (Portnoy et al. 2000) (Figs. 2 and 5).

On the other hand, Winge, Kaplan, and co-workers observed that in cells lack-
ing Nfslp (the mitochondrial cysteine desulfurase that supplies the sulfur used in
Fe-S cluster biosynthesis, above) the Aftlp regulon was upregulated as in an
Aft1"" strain (Chen et al. 2004). They inferred from this phenotype that Aftlp
senses Fe-S clusters or a signal arising from an Fe-S cluster enzyme; given the cy-
toplasmic/nuclear locale, this would refer to non-mitochondrial species. This
brings into play the Narl protein that Lill and his co-workers have shown is re-
quired for maturation of cytosolic/nuclear Fe-S proteins (Balk et al. 2004). An Fe-
S protein itself, Narlp is downstream from the de novo synthesis of Fe-S clusters
that is reserved to the mitochondria; in other words, Narlp functions as a cytosolic
Fe-S cluster chaperone much as Ssqlp/Jaclp act as Fe-S chaperone in the matura-
tion of mitochondrial Fe-S proteins (Muhlenhoff et al. 2003a; Voisine et al. 2001).
As a result of this interdependence, depletion of Narlp should result in an increase
in un-chaperoned cytosolic Fe-S clusters; a decrease in cytosolic/nuclear Fe-S pro-
teins; and a decrease in Narlp (which is itself an Fe-S protein). One would expect
that Narlp would sample the same Fe-S cluster pool that Kaplan et al. propose is
sensed by Aftlp, or be responsible for the maturation of the Fe-S proteins that
regulate Aftlp if this is the mechanism. Thus, according to the model proposed
(Chen et al. 2004) depletion of Narlp should decrease Aftlp transcription if the
trans-factor sensed accessible (un-chaperoned) Fe-S clusters, or increased its ac-
tivity if it sensed (was downregulated) by either Fe-S proteins in general or in spe-
cific, e.g., by Narlp. In fact, depletion of Narlp elicited no change in iron han-
dling activities including iron uptake into the cell and mitochondrial iron
homeostasis (Balk et al. 2004). Lastly, deletion of CFD/ and NBP35, genes that
encode proteins required for assembly of cytosolic Fe-S cluster-containing en-
zymes also, has no effect on expression from the Aftl/Aft2p regulon. Based on
these finding, Lill and co-workers conclude that iron sensing by the Aft proteins is
not linked to assembly of cytosolic Fe-S clusters; they do not and cannot exclude
the possibility that the regulation of the iron regulon is linked to mitochondrially-
generated clusters, however (Rutherford et al. 2005). In summary, the question
mark on the role of Fe-S clusters in yeast iron homeostasis remains, as is indicated
in Fig. 5.

Another observation of interest is that the Aft1""-dependent hyperactivation of
the iron regulon is suppressed by deletion of HEM1, the gene encoding the first
step in porphyrin (heme) biosynthesis (Crisp et al. 2003). In the hemIA strain,
Aftlp nuclear localization and DNA binding are not effected, however, indicating
that the defect in its transcriptional activity is due to the absence or inactivation of
some other factor required for Aftlp function that itself is heme-dependent in
some fashion. The work by the Alexandraki lab that demonstrated an essential in-
teraction between Ssn6p and Aftlp while not obviously connected to this heme-
dependence does lend some support to the idea that Aftlp relies on other co-
activators (Fragiadakis et al. 2004). A complication in understanding the Aftlp
phenotype in the iemIA background is the relatively well-characterized link be-
tween heme and Fe-S cluster biosynthesis (Lange et al. 2004). Again, rather than
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illuminating the mechanism of Aftlp regulation, these results illustrate the pro-
scription that a cell needs a relatively complex system in order to regulate a highly
interdependent metabolic pathway — in this case, iron uptake, trafficking and utili-
zation — and, at this point, we have yet to fully comprehend how this system
works.

7.4 Achieving iron homeostasis

Since fungal cells don’t efflux iron, cell iron homeostasis is achieved by matching
the rate of cell growth and division with the rate of iron uptake. Calculations have
indicated that the total iron in a yeast cell (S. cerevisiae) is ~60 pM assuming a
cell volume of 60 um® (Hassett et al. 1998a). This corresponds to ~3 pmol Fe/10°
cells. Although the Fe uptake velocity depends on the growth conditions and exo-
cytoplasmic [Fe], typical uptake of iron via the Fet3p/Ftrlp high-affinity transport
system provides ~5 pmol Fe/10°h. Given that the doubling time of a wild type
yeast strain in a complete medium is ~1 h, one can conclude that under these con-
ditions the kinetic efficiency (Ky and k) of this uptake system; its level of ex-
pression (its V,.,); and the regulatory set-point in relationship to exocytoplasmic
[Fe] and corresponding degree of transporter saturation are together matching Fe
uptake with cell volume increase so as to maintain a constant total intracellular
[Fe].

A similar balancing is on-going within the cell. Arguably, the most dramatic
example of this is the subtle but in the aggregate quantitatively significant reduc-
tion in the cell’s demand for Fe under conditions of iron limitation as a result of
the twofold increase in the rate of degradation of nearly 100 transcripts recognized
by Cthlp (Puig et al. 2005). The cross-talk between heme and Fe-S cluster biosyn-
thesis is another example. A third example is the recycling of cell components in-
cluding heme as a means of scavenging iron for maintenance of presumably the
most essential iron-dependent functions. Lastly, the vacuole-cytoplasmic and mi-
tochondrial-cytoplasmic Fe-cycling apparent in yeast represents what is likely to
be the quantitatively most significant example of the intracellular mechanisms of
iron homeostasis that supplement, if only on a short-term basis, the eventual in-
crease in iron accumulation from the environment due to the frans-activation of
iron uptake activities. An important aspect of this cellular reprogramming upon a
shift from normo- to hyponutrient levels of iron is the transient cell cycle arrest in
G, commonly seen as a first-line response to stressors in yeast. In terms of intra-
cellular [Fe], slowing the rate of cell volume increase is equivalent to increasing
the rate of iron uptake.

We are certainly far from knowing all of the details of this intricate but extraor-
dinarily exact balancing act, but from what has been reviewed here the reader can
appreciate what the significant unknowns are. Hopefully, this review of our cur-
rent understanding of iron homeostasis in fungi will provide the spring-board for
the future experiments that eventually will fully elucidate the mechanisms by
which these and other eukaryotes match environmental iron availability to organ-
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ismal iron requirement. As has been the case so far, what we learn from fungi will
undoubtedly serve as a paradigm for what we ultimately know about ourselves.
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Copper in mammals: mechanisms of
homeostasis and pathophysiology

Michael A. Cater and Julian F.B. Mercer

Abstract

The ability of mammals to tightly regulate systemic copper levels is vital for
health as demonstrated by the severity of the genetic copper deficiency and copper
toxicity disorders, Menkes disease and Wilson disease, respectively. Analysis of
these genetic disorders has led to a substantial increase in the understanding of the
role of copper in health and disease. The isolation of the genes involved in these
diseases and use of yeast mutants with altered copper and iron homeostasis has re-
vealed a range of molecular mechanisms governing copper homeostasis. These
mechanisms include regulation of cellular copper uptake and efflux and involve
the use of chaperones for safe intracellular copper distribution. Here we provide
an overview of the physiological role of copper and the molecular mechanisms
regulating systemic and cellular copper levels in mammals. Furthermore, we dis-
cuss the pathophysiological mechanisms and consequences of copper defi-
ciency/overload in relation to disease.

1 The biochemical properties of copper

Copper exists physiologically in two redox states, as cuprous Cu'* (reduced) or
cupric Cu”™ (oxidized) and can interchange between these forms by accepting or
donating an electron. This allows the cation to participate in biochemical reactions
as a reducing or oxidizing agent (Alberts et al. 1995). In mammals there are over
30 known proteins that bind copper (Solioz 1998), and many of these proteins are
enzymes that utilize copper as a cofactor in single-electron-reactions. Several of
the important copper dependent enzymes are shown in Table 1. Despite the oxida-
tive capacity of copper being essential for various enzymatic reactions, this prop-
erty also makes the cation potentially toxic. Ionic copper can catalyse the produc-
tion of free radicals, in particular, the highly reactive hydroxyl radical through
Fenton chemistry, which subsequently can damage lipids, proteins, DNA and
other biomolecules (Yoshida et al. 1993). Therefore, it is imperative that the level
of copper in the body is strictly regulated and that the delivery of copper to en-
zymes that require the cation occurs in a manner that avoids oxidative damage.
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Table 1. Mammalian copper-dependent proteins

Common Major local- Enzymatic function Consequence of defi-
name ization ciency/defect
Ceruloplasmin  Plasma Converts ferrous iron Defective iron transport
(Fe*") to ferric iron and metabolism, anemia,
(Fe*") through ferroxi- haemosiderosis
dase activity
Lysyl Oxidase  Extracellular Connective tissue syn- Connective and skeletal
fluid, carti- thesis (cross-linking of  tissue defects resulting in
lage, bone and  collagen and elastin) arterial weakness, bladder
blood diverticulae, loose skin
and joints, osteoporosis,
emphysema
Tyrosinase Melanocytes Pigment (melanin) syn-  Depigmentation
of eye and thesis
skin
Dopamine-p-  Catechola- Neurotransmitter syn- Hypothalamic imbalance
hydroxylase mine storage thesis, conversion of resulting in hypothermia,
vesicles in dopamine to acetylcho-  anorexia, respiratory fail-
neuron syn- line (noradrenaline) ure, somnolence, dehy-
apses dration, ataxia
Cu/Zn super- The cyto- Free radical detoxifica-  Oxidative stress to cellu-
oxide dismu- plasm and mi-  tion, dismutation of su-  lar component resulting
tase (SOD) tochondria peroxide radicals in central nervous system
degeneration and mito-
chondrial defects
Cytochrome ¢ Inner mito- Electron-transport en- Deficient energy (ATP)
oxidase chondrial zyme production, altered nerve
membrane conduction, myopathy,

ataxia, seizures

Adapted from ( Pena et al., 1999)

2 Physiological copper homeostasis

The extensive early literature on the physiology of copper can now begin to be in-
terpreted given the recent discoveries of the molecular components of the copper
homeostatic mechanisms. Here we present only a summary of the overall process
of copper transport, for more detailed information, the early work is well summa-
rized in a number of reviews (Evans 1973; Linder 1991; Danks 1995). More re-
cently, reviews incorporating the molecular advances have appeared (Vulpe and
Packman 1995; Pena et al. 1999; Harris 2000).
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2.1 Copper absorption from the diet

The copper content of the human body ranges from 50-120mg (Sass-Kortsak
1965) with the average adult containing 75mg (Tipton and Cook 1963). Copper
balance studies in volunteer human subjects have indicated a minimum require-
ment of 1.5-2mg per day (Lonnerdal 1996). The absorption of dietary copper oc-
curs predominantly in the duodenum where the cation is transferred across the
brush border into the cells of the intestinal mucosa (enterocytes) (Van Campen
1971). The bioavailability of copper from the diet depends on a variety of factors
including the presence of other metals and dietary components (Linder et al.
1999). The amount of copper absorbed from the diet is regulated to a limited ex-
tent by absorption increasing when copper ingestion is low and decreasing with
high dietary intakes (Turnlund et al. 1998). The mechanism of uptake across the
apical surface of the enterocyte (from intestinal lumen) has not been established.
One candidate molecule in mammals is Ctrl, a ubiquitously expressed transmem-
brane protein, which is known to be involved in copper uptake in a range of cells
(Moller et al. 2000; Kuo et al. 2001). Another candidate transporter in the brush
border is DMT1 (Nramp2), a divalent metal transporter that has been shown to
mediate the cellular uptake of Cu®’, Fe**, Zn**, and Mn?>" (Gunshin et al. 1997).
However, DMT1 has been reported to mediate copper uptake only when sufficient
amounts of the cation are present and/or when other metal cations are absent. Re-
cent data from Knopfel and colleagues however, provide evidence that DMTT is
an ATP-dependent high affinity copper transporter in rat intestines and these au-
thors suggest this may be the primary uptake mechanism (Knopfel et al. 2005).
Copper that enters the intestinal mucosal cells is transferred across the basolateral
membrane into the hepatic-portal circulation for systemic uptake. This step re-
quires energy and is mediated by ATP7A, the protein affected in the X-linked
copper deficiency disorder, Menkes disease (see Section 4.1).

2.2 Copper in the general circulation

The level of copper in the serum of adults is maintained at approximately 17-
27uM (Versieck and Cornelis 1980). Plasma copper is bound to albumin, a
macroglobulin termed transcuprein, and ceruloplasmin (Owen 1965; Harris and
Sass-Kortsak 1967; Goode et al. 1989; Linder et al. 1998). Although albumin is by
far the most abundant protein, the majority of serum copper is coordinated with
ceruloplasmin (~70%) (Wirth and Linder 1985). Only 12% of serum copper is
bound to albumin and transcuprein and traces are associated with a variety of en-
zymes, such as clotting factors, and low-molecular-weight proteins. The liver is
the initial repository for newly absorbed copper and most of this copper is either
secreted into plasma bound to ceruloplasmin or excreted in bile (Section 2.3). The
role of ceruloplasmin in copper homeostasis is controversial. Given that the major-
ity of plasma copper is bound to ceruloplasmin and that specific receptors for ce-
ruloplasmin have been identified on the plasma membranes of various non-hepatic
cell types, suggests that ceruloplasmin may play a role in the distribution of cop-
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per to peripheral tissue (Barnes and Frieden 1984; Kataoka and Tavassoli 1985;
Orena et al. 1986). There is also evidence that ceruloplasmin plays a role in copper
delivery to the rat fetus (Lee et al. 1993). However, aceruloplasminemia patients
display an iron accumulation phenotype and do not show any symptoms of dis-
turbed copper homeostasis, which is strong evidence that ceruloplasmin is not an
essential copper transport protein (Harris et al. 1995; Yoshida et al. 1995; Meyer
et al. 2001). Furthermore, a ceruloplasmin knockout mouse also manifest defects
in iron and not copper homeostasis (Harris et al. 1999). Therefore, the role of ce-
ruloplasmin as a copper transporter is unclear and if indeed involved then its func-
tion seems redundant. Similarly, systemic copper distribution in patients with
analbuminemia and in Nagase rats lacking albumin is not compromised (Vargas et
al. 1994; Watkins et al. 1994), indicating that albumin is also not an essential
component for copper transportation in the blood. Thus, it appears that the distri-
bution of copper to extrahepatic tissues involves a number of molecules, which
may play complementary roles to provide effective copper distribution.

2.3 Copper excretion

The liver maintains copper balance in the body by regulating the amount of copper
released in the bile. About 50% of newly absorbed dietary copper is taken up by
the liver within 10 minutes of entry into the hepatic-portal circulation (Sass-
Kortsak 1965). Copper uptake by hepatocytes is a carrier-mediated process not
dependent on metabolic energy (Schmitt et al. 1983). If the uptake of copper is ex-
cessive, the surplus is secreted in the bile. Of all the body fluids, the bile has the
highest copper concentration and it has been estimated that between 0.5mg to
1.5mg of copper is eliminated daily into the gastrointestinal tract (Winge and Me-
hra 1990). Copper excreted into bile is in a non-absorbable form, preventing reup-
take by intestinal enterocytes (Gross et al. 1989; Danks 1995). The key molecule
that regulates copper excretion into bile is ATP7B, the protein affected in the cop-
per toxicosis disorder, Wilson disease (see Section 4.3). The importance of the bil-
iary excretion pathway for copper elimination is demonstrated by the massive ac-
cumulation of copper in the liver of Wilson disease patients. This excess copper is
bound principally to metallothioneins and also accumulates in lysosomes (Cox
1995). Copper is also eliminated in sweat and urine, but under normal circum-
stances the amounts are too small to contribute significantly to copper homeosta-
sis. Therefore, the body is reliant on the processes of dietary uptake and biliary
excretion to maintain homeostatic copper levels (Turnlund et al. 1998).

3 Cellular copper homeostasis

All organisms have developed mechanisms to supply copper to dependent en-
zymes without damaging cellular constituents. An elegant and intricate network of
proteins involved in moving copper into and out of cells and between subcellular



Copper in mammals: mechanisms of homeostasis and pathophysiology 105

compartments has been identified. Yeast, in particular Saccharomyces cerevisiae,
has been used extensively to study and identify key proteins involved in cellular
copper transport and because copper transport mechanisms have been conserved
throughout evolution, the identification of proteins important in yeast copper ho-
meostasis has been followed rapidly by the isolation of the mammalian
orthologues. In most cases the mammalian orthologue when expressed in yeast
can functionally replace the yeast protein, providing a useful system for functional
studies on human proteins involved in copper metabolism. Details of the yeast in-
tracellular copper transport system are provided in Chapter 2.

The current knowledge of intracellular copper transport in mammalian cells is
summarized in Figure 1. Copper entry into the cell across the plasma membrane is
mediated by the Ctrl protein (Zhou and Gitschier 1997). Cytoplasmic copper is
thought to be in the Cu'" state and a reductase (copper reductases have been iden-
tified in rat hepatocytes and yeast) may be required with Ctrl for cellular copper
uptake (Dancis et al. 1994; Knight et al. 1996). Topological studies have revealed
that human Ctrl (hCtrl) has three transmembrane regions with a hydrophilic, his-
tidine and methionine-rich N-terminal domain exofacial to the cell (Klomp et al.
2003). Histidines and methionines can readily bind copper and there is evidence
that hCtrl forms a channel by existing in a trimeric state, through which copper is
thought to traverse the membrane (Eisses and Kaplan 2002; Klomp et al. 2002;
Lee et al. 2002). When cells are exposed to excessive amounts of copper, hCtrl
internalises from the plasma membrane and is degraded in endosomal compart-
ments, consistent with a mechanism that regulates copper intake (Petris et al
2003). The hCtrl gene is expressed in all tissues so far examined with the highest
level found in the liver where it may be responsible for the rapid uptake of dietary
copper (Zhou and Gitschier 1997). The importance of Ctrl in mammalian devel-
opment is illustrated by the embryonic death of mice homozygous for a Ctr/
knockout (Lee et al. 2001). A second potential copper-importer, hCtr2 was identi-
fied through sequence homology with hCtrl. The sequence of hCtr2 is more simi-
lar to yeast Ctr2p, suggesting that it may function as a low-affinity copper im-
porter like the yeast counterpart. In support of this hypothesis, hCtr2 was found
insufficient to complement the functional defects in a yeast ctrl ctr3 double
knockout mutant strain, whereas hCtrl being a high-affinity copper importer can
rescue copper uptake when expressed in the same strain (Zhou and Gitschier
1997).

Copper imported by Ctrl is delivered to specific destinations within the cell by
small chaperone proteins. The literature on chaperones has been thoroughly re-
viewed by Field and colleagues (Field et al. 2002). Three such chaperones have so
far been identified and are orthologues of those previously discovered in yeast (see
Chapter 2). Nothing is known about how copper is transferred from Ctrl to the
chaperones, but this step is a potential regulation point, i.e. one that determines the
pattern of distribution of copper within the cell. The COX17 chaperone (Cox17p
in yeast) transports copper to the mitochondria for incorporation into cytochrome
¢ oxidase (Srinivasan et al. 1998). The mammalian COX17 has been shown to
dock in the mitochondrial intermembrane space, suggesting the direct copper
transfer between chaperone and cytochrome c oxidase (Maxfield et al. 2004). The
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Fig. 1. The copper transport pathway in mammalian cells. Copper enters the cell via the
plasma membrane copper importer Ctrl; Cu?" is thought to be reduced to Cu'" by mem-
brane reductases. Upon entry into the cell, copper is distributed to three copper chaperones,
CCS, COX17, and ATOX, that deliver the cation to Cu/Zn superoxide dismutase (SOD),
cytochrome ¢ oxidase at the mitochondria or to the copper-ATPases (ATP7A or ATP7B
depending on cell type) at the trans-Golgi network (TGN). The copper-ATPases pump
copper into the TGN, where the cation is incorporated into secreted cuproenzymes, such as
lysyl oxidase. ATP7A traffics between the TGN and the plasma membrane, and ATP7B
traffics between the TGN and post-Golgi vesicular compartments (not shown). If intracellu-
lar copper levels increase, the copper-ATPases are predominantly found at their post-Golgi
localization, allowing cellular efflux or vesicular sequestration of the excess copper cations.
If copper-ATPase mediated efflux is insufficient to maintain low cytoplasmic copper levels,
metallothioneins (MT) are induced and bind the excess copper.

second cytosolic copper chaperone CCS (known as either CCS or LYS7 in yeast),
transports copper to copper/zinc superoxide dismutase (SOD). A direct interaction
between CCS and SOD has been demonstrated and their intracellular localization
is identical, with a nuclear and cytoplasmic distribution (Casareno et al. 1998).
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Mutation of the copper binding site in SOD (H48F) prevents copper incorporation
and abrogates the interaction with CCS (Torres et al. 2001). CCS knockout mice
have a marked reduction in SOD activity and their phenotype is similar to the sod!
knockout animals in that they display increased sensitivity to oxidant challenge
(Wong et al. 2000). The third copper chaperone, Atox1 (also called HAH1) deliv-
ers copper to the Menkes (ATP7A) and Wilson (ATP7B) proteins through direct
interaction. These interactions occur through homologous copper binding sites on
the donor (Atox1) and recipient (ATP7A or ATP7B) proteins and are dependent
on copper (Larin et al. 1999; Walker et al. 2002). The phenotype of the Afox! null
mice is consistent with its role in delivery of copper to the copper-ATPases. The
mutant mice display about a 50% reduction in liver and brain copper levels and
die soon after birth (Hamza et al. 2001). They are also hypopigmented, suggesting
that Atox1 is required for delivery of copper to tyrosinase, a step that also requires
Atp7A (Petris et al. 2000).

The ATP7A and ATP7B proteins are closely related copper-transporting P-type
ATPases that have both biosynthetic and protective roles in cellular copper ho-
meostasis (see Section 5.2). Under normal copper conditions, both copper-
ATPases reside at the frans-Golgi network (TGN) of the cell, where the cation is
incorporated into various copper-dependent enzymes such as lysyl oxidase in fi-
broblasts (mediated by ATP7A) or ceruloplasmin in hepatocytes (mediated by
ATP7B). When copper levels in the cell start to rise, a protective mechanism is ac-
tivated that enables the cell to reduce and maintain safe intracellular copper levels.
This mechanism involves the copper-induced redistribution of the copper-
ATPases to the plasma membrane (as is the case for ATP7A) or to vesicular com-
partments (as is the case for ATP7B) of the cell. In these locations, the excess
copper can be expelled directly across the membrane or sequestered into vesicles
for detoxification. If the intracellular copper levels exceed the efflux capacity of
the cell, expression of metallothioneins is induced and these small cysteine-rich
proteins sequester the excess copper (Mercer et al. 2003). The effects of copper
imbalance are dramatically illustrated in two human genetic disorders, Menkes
and Wilson disease, in which ATP7A and ATP7B respectively are affected (see
Section 4.1 and 4.3).

An enigmatic, yet apparently important, intracellular participant in copper ho-
meostasis was revealed by analysis of the Bedlington terrier, a dog breed in which
an autosomal recessive copper toxicosis is common. Affected dogs accumulate
massive amounts of copper in their livers, in a manner reminiscent of Wilson dis-
ease. The affected gene (MURRI, or COMMDYI) was isolated by positional clon-
ing (Klomp et al. 2003) and has been shown to interact with ATP7B (Tao et al.
2003), but its function in copper homeostasis remains elusive as it has no obvious
copper binding sites. MURRI is in fact a multifunctional protein and it has been
shown to inhibit nuclear factor kB, a transcription factor involved in immunity,
apoptosis, cell cycle regulation and oncogenesis (Burstein et al. 2005). Why muta-
tion of this molecule produces a copper-specific disease in dogs remains a mys-

tery.
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4 Genetic diseases of copper homeostasis

As with genetic studies in yeast, the analysis of the human genetic disorders of
copper homeostasis allowed the identification of the copper ATPases, ATP7A,
and ATP7B that are pivotal players in the maintenance of systemic copper bal-
ance. Establishing that Menkes and Wilson disease were disorders of copper ho-
meostasis revealed for the first time the importance of copper in human health and
the necessity for tight regulation of copper status.

4.1 Menkes disease

Menkes disease (MD) is an X-linked recessive disorder of copper metabolism first
described as a degenerative condition of the central nervous system by John Men-
kes in 1962 (Menkes et al. 1962), but the link with copper was not discovered un-
til 1972 (Danks et al. 1972a; Danks et al. 1972b). The incidence of MD is esti-
mated at being between 1/100,000 and 1/298,000 in the total population (Kaler
1994). Classical MD symptoms include severe neurological degeneration (mental
retardation), skeletal and connective tissue defects, pili torti (twisting of hair
shafts) and hypopigmentation (Menkes et al. 1962; Kaler 1994). Severe neurologi-
cal abnormalities cause affected individuals to suffer seizures, the frequency of
which increase until death occurs usually between three and four years of age
(Danks 1995).

The recognition that MD was a copper deficiency condition eventuated by the
realization that patients abnormal hair (pili torti) was similar to that seen in cop-
per-deficient sheep (‘Steely-wool’) and arterial abnormalities resembled that seen
in copper-deficient pigs (Danks et al. 1972a). MD was first referred to in the lit-
erature as ‘Kinky hair syndrome’ because of the unusual hair (Menkes et al.
1962). The analysis of the copper level in the liver and serum of seven affected in-
dividuals confirmed copper deficiency and the cause was recognized as being an
impairment of intestinal copper absorption and subsequent transportation around
the body (Danks et al. 1972a). Despite the overall copper deficiency, copper ac-
cumulates in intestinal and kidney cells, suggesting that the defective product in
MD patients would normally facilitate the transport of this trapped copper to other
tissues.

The affected gene in MD patients was isolated by positional cloning in 1993 by
three independent groups; all used an X:2 translocation found in a rare female to
track the gene. The translocation actually disrupted the Menkes gene. The gene is
referred to as ATP7A4 or MNK (Chelly et al. 1993; Mercer et al. 1993; Vulpe et al.
1993). The protein encoded by ATP7A4 shows significant homology with a family
of transmembrane cation pumps, known as P-type ATPases (see Section 5.1).
Given that P-type ATPases are involved in the transport of cations across mem-
branes, the ATP7B protein was proposed to encode a copper transporter required
for the efflux of copper from cells (Vulpe et al. 1993). This copper efflux role is
consistent with the abnormally low copper efflux capacity found in Menkes pa-
tient fibroblasts (Camakaris et al. 1980) and the enhanced copper efflux capacity
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due to amplification of the Menkes gene found in copper-resistant Chinese ham-
ster ovary cells (Camakaris et al. 1995).

The clinical features of MD can be explained by the reduced activity of copper-
dependent enzymes as described in Table 1. However, the extent of copper depri-
vation on the brain is most devastating. The brain is severely copper deficient in
Menkes patients due to the requirement for ATP7A for passage of copper across
the blood-brain barrier, which compounds the overall deficiency due to reduced
intestinal absorption of copper (Kodama 1993). Abnormalities in arterial devel-
opment, including elongation and irregularities in wall thickness, due to lysyl oxi-
dase deficiency sometimes lead to fatal arterial aneurisms (Danks 1995). Milder
variants of the MD have been reported, including occipital horn syndrome (OHS)
and mild-Menkes. OHS patients are not significantly mentally retarded and have
pronounced connective and skeletal tissue defects; fatal aneurisms are common in
this group. The skeletal defects produce occipital exostoses which give rise to the
syndrome’s name and are due to lysyl oxidase deficiency. Mild-Menkes patients
have less severe symptoms than those with the classical form, with cerebellar
ataxia and moderate developmental delay being the predominant features
(Procopis et al. 1981). Both disease variants are caused by mutations in ATP74. In
the case of OHS, splice site mutations which allow production of a small amount
of normal protein appear to be the consistent mutation type (Das et al. 1994).
Mild- Menkes disease in one case has been shown to be due to a missense muta-
tion that is predicted to reduce but not abolish the activity of ATP7A (Ambrosini
and Mercer 1999). The distinct clinical presentations between classical MD, OHS,
mild-Menkes can been explained by a combination between the effect of the
ATP7A mutation on the copper transport activity, the amount of residual protein
and the intracellular location of ATP7A (Mercer 2001).

Treatment of Menkes disease by administration of copper salts or complexes
(copper-histidine) has not been very successful. Although four patients have sur-
vived longer following treatment, none have their symptoms completely corrected,
and in most cases the connective tissue defects become predominant
(Christodoulou et al. 1998). Many patients succumb despite early treatment, and it
has been proposed by Kaler that the responding patients must have some residual
ATP7A activity to allow copper delivery to the brain when the small intestine is
bypassed (Kaler 1996).

4.2 Mouse models of Menkes disease

The mottled mouse mutants were first identified by the mottled coat of the female
heterozygotes, and were used by Mary Lyon in formulating her model of X-
inactivation in females (Lyon 1962). These mice were proposed to be models for
MD, when they were shown to have a similar defect in copper distribution to hu-
man patient babies and this resulted in severe neurological abnormalities (Hunt
1974). The validity of the mottled mice as Menkes models was confirmed when
abnormalities in murine Azp7a gene were described in several different mottled
mutants (Levinson et al. 1994; Mercer et al. 1994). The range of phenotypes dis-
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played by males carrying various mutant alleles is even more diverse than the alle-
lic variation in human patients. Most notably there is a class of Afp7a mutants in
mice that die in utero, which is not the case in humans; these are all predicted to
be due to null mutations in A¢p7a. The same type of mutation does not cause pre-
natal death in humans; instead classical Menkes disease is the result. This differ-
ence suggests that mice have a more critical need for copper during development
than humans, or that humans have alternative sources of transporting copper
across the placenta (Mercer et al. 1999). The latter hypothesis appears unlikely as
the placenta from Menkes babies show a similar copper accumulation phenotype
to that of the brindled mouse placenta (Horn et al. 1978; Mann et al. 1980).

The brindled mouse is the closest model to Menkes disease, affected males are
hypopigmented and die around fifteen days postnatal. A six base pair deletion was
found in A#p7a in this mouse, but as there is no frame shift normal amounts of
Atp7a are produced, but the loss of two amino acids has a severe effect on the
function of the protein (Grimes et al. 1997). Interestingly the brindled mouse re-
sponds to copper therapy provided that copper is administered prior to 10 days of
life (Mann et al. 1979). This observation may support Kaler’s contention that
some residual ATP7A activity is needed for a Menkes patient to respond to copper
therapy (Kaler 1996).

The blotchy mouse is a good model for occipital horn syndrome and like the
human disease the mutation is a mild splice site variant (Das et al. 1995) that al-
lows some normal splicing and presumably some normal protein is produced (La
Fontaine et al. 1999). The viable brindled mouse has very similar features to mild-
Menkes patients and a missense mutation that is predicted to reduce the rate of
protein catalytic activation (copper translocation) (see Section 5) has been de-
scribed, which is the type of mutation that might be expected to produce a mild
phenotype (Cecchi et al. 1997). We have previously proposed a model that relates
the phenotype of the mottled mutants to the residual activity of Atp7a and pro-
posed threshold requirements for copper at different stages of mouse development
(Mercer 1998).

4.3 Wilson disease

Wilson disease (WD) is an autosomal recessive disorder of copper metabolism
that is characterized primarily by copper toxicosis of the liver and/or neurological
damage. The disease was first recognized in 1912 by Samuel Alexander Kinnear
Wilson, who reported several cases of a new familial disorder displaying degrada-
tion of the lenticular nuclei (brain division; includes basal ganglia) associated with
hepatic cirrhosis at autopsy (Wilson 1912). The worldwide frequency of WD is
1/30,000 with a carrier (heterozygote) frequency of 1/90 (Scheinberg and
Sternlieb 1984). In 1993 the gene defective in WD, ATP7B, was cloned and shown
to encode a novel member of the family of cation-transporting P-type ATPase
(Bull et al. 1993; Tanzi et al. 1993; Yamaguchi et al. 1993). The main functions of
the ATP7B protein are to deliver copper to ceruloplasmin (Terada et al. 1998) and
to mediate the excretion of excess copper into bile (Hung et al. 1997). WD pa-
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tients display normal intestinal absorption of copper (which is ATP7A-mediated)
coupled with reduced biliary excretion. This leads to copper constantly accumulat-
ing in the body, with subsequent liver overload. For instance, the average adult
hepatic-copper levels generally do not exceed 50ug/g dry weight, whereas patients
with WD accumulate greater than 250ug/g and can reach up to 3000pg/g (Roberts
and Cox 1998).

WD patients can present hepatic disease anywhere between their second and
sixth decade of life. It appears that more severe mutations may predispose to an
earlier onset of hepatic disease (Wilson et al. 2000). Hepatitis, hepatic failure and
cirrhosis are sequential, and extrahepatic conditions can also manifest. These in-
clude primarily neurological degenerative symptoms such as behavioural distur-
bances (depression and schizophrenia), dysarthria (speech impediment), and Park-
insonism (motor disorders and tremors) and are possibly caused from the
accumulation of copper in the brain subsequent to the cation being released from
the damaged liver (Danks 1995). These neurological symptoms reflect the changes
in the basal ganglia observed at autopsy, which include cavitary degradation, glio-
sis, and neuronal loss (Culotta and Gitlin 2000). Neurological symptoms occur in
about 60% of patients with affected individuals generally older than those present-
ing with only liver disease and are most often diagnosed in their third of fourth
decade of life. The incorporation of copper into ceruloplasmin is also reduced in
most (~85%) WD patients with low circulating levels of holo-ceruloplasmin used
as a biochemical marker in diagnosis (Culotta and Gitlin 2000). Copper may also
deposit in the descemet’s membrane of the cornea and can be visualized as Kay-
ser-Fleischer rings (Ghosh et al. 2004).

Analysis of patient mutations has revealed an enormous heterogeneity, with a
small number of frequent mutations that are population specific and a much
greater number of rare individual alleles. Over 100 different mutations have been
characterized in patients from varying ethnic origins. Of these, more than half are
missense mutations, while the remainder involve small deletions or insertions
(25%), splice site abnormalities (10%) and nonsense mutations (10%) (Cox 1997).
Of the common mutations, H1069Q accounts for about 40% of the alleles found in
populations of Northern European origin (Cox 1997), while A778L has been iden-
tified in about 30% of the alleles in Asian populations (Kim et al. 1998). The de-
gree of allelic heterogeneity accounts, at least in part, for the enormous clinical
variation observed in patients. As expected with the large number of different mu-
tations, the majority of affected individuals are compound heterozygotes, making
correlation between genotype and phenotype very difficult to study (Thomas et al.
1995). The marked difference in clinical variation among affected sibs and identi-
cal twins indicates that additional genetic and environmental factors significantly
influence the overall clinical phenotype (Thomas et al. 1995).

The goal of treatment in WD is to restore normal systemic copper levels
through chelation therapy, which is directed at either removing or detoxifying ac-
cumulated copper. D-penicillamine is possibly the most effective copper-chelator
currently used, although the exact mechanism of how D-penicillamine results in
detoxification and elimination of copper remains unclear. Long term treatment us-
ing D-penicillamine has been shown to promote urinary copper excretion and
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neuroimaging in such patients reveals a decrease in copper related abnormalities;
which correlates with clinical improvement (Schlaug et al. 1996). If diagnosed
early, patients will be asymptomatic within 4 months after starting D-
penicillamine treatment and subsequently will be placed on maintenance therapy
at half the initial dose (Schilisky 1996). WD patients must also restrict their cop-
per intake and definitely avoid foods rich in copper. Dietary supplementation with
Zn can be used to blocks intestinal absorption of copper as an adjunct therapy
(Brewer et al. 1990; Brewer 2000).

4.4 Rodent models for Wilson disease

The Long-Evans Cinnamon (LEC) rat is an inbred mutant strain that has been
proposed to be the closest animal model of WD. The LEC rat orthologue of
ATP7B (Atp7b) contains a partial (900bp) deletion at the 3’ end rendering the pro-
tein non-functional (Wu et al. 1994). Furthermore, the A#p7b transcript in the LEC
rat is undetectable by Northern blot, suggesting that the deletion causes instability
in the mRNA transcribed (Yamaguchi et al. 1994). The LEC rats display hepatic
copper accumulation, reduced biliary copper excretion, reduced levels of plasma
copper, and a remarkable decrease in serum ceruloplasmin activity with these
symptoms analogous to those found in patients with WD (Li et al. 1991; Sugawara
etal. 1991, 1993; Yamada et al. 1993). Hepatocyte injury due to copper toxicity is
also the major manifestation in both. However, there are some major differences
in the clinical manifestations between the LEC rat and WD patients. While about
60% of WD patients display neurological abnormalities, these are rarely observed
in the LEC rat and although very few patients with WD are known to develop
liver cancer, more than 90% of LEC rats develop liver cancer after their first year
of life. The increased susceptibility to hepatic carcinoma has been shown to be in-
dependent to copper accumulation and is thought to be an autosomal dominant
trait of the LEC rats (Hattori et al. 1995).

The Toxic Milk (tx) mouse is an unusual animal model for WD. A point muta-
tion (causes M1356V) in the ATP7B orthologue (atp7b) in this mouse line causes
classical WD symptoms, including hepatic copper accumulation and reduced lev-
els of holoceruloplasmin, but also seemingly makes dam’s milk toxic (Rauch
1983; Biempica et al. 1988; Theophilos et al. 1996). Pups suckling on mutant
dams die from copper deficiency due to inadequate copper levels in milk (Rauch
1983). The tx mouse has been demonstrated to be a true model of WD when a mu-
tation was found that resulted in a missense mutation in a highly conserved region
of the eighth transmembrane domain of Atp7b (Theophilos et al. 1996). The spe-
cific affect of the mutation on milk copper is seemingly because Atp7b is required
for copper delivery to milk in the mammary gland (Ackland et al. 1999).
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4.5 Possible genetic copper toxicity conditions

Copper toxicity in humans is rare because dietary intake is usually low and re-
moval of excess copper from the body by biliary excretion is very efficient. A
group of childhood copper toxicity conditions are known and appear to be a result
of an autosomal recessive mutation coupled with high intake of dietary copper (for
example in milk or water contaminated with copper). The first such condition rec-
ognized is known as Indian Childhood Chirrosis (ICC) and was linked to boiling
milk in brass vessels (O’Neill and Tanner 1989). Such children accumulate large
amounts of copper in the liver, develop cirrhosis, liver failure, and unless treated
with D-penicillamine, die during infancy (Bhusnurmath et al. 1991). Analysis of
families with ICC indicated an autosomal recessive mode of inheritance and it is
now thought that this disorder arises from a combination of environmental (copper
exposure) and genetic factors (Pandit and Bhave 1996). Further support for the
genetic basis of these copper-associated childhood cirrhoses comes from the
analysis of a very similar (possibly identical) condition to ICC reported from Aus-
tria. In this case, the children died because of consumption of milk that had been
boiled in copper pots. A detailed analysis of the pedigrees involved showed a clear
pattern of autosomal recessive inheritance (Muller et al. 1996). The gene affected
in this disorder has not been identified, however, the disease has been shown not
to be a variant of WD (Wijmenga et al. 1998).

5 Mechanistic and cellular aspects of the copper-ATPases
(ATP7A and ATP7B)

5.1 The P-type ATPase family of proteins and cation translocation

The Menkes protein, ATP7A was the first heavy metal P-type ATPase described
in mammals (Vulpe et al. 1993). Many other members of this family of enzymes
had been previously well studied and this has allowed conclusions to be drawn re-
garding the mechanism of action of the mammalian copper-ATPases. In general,
P-type ATPases are multipass transmembrane proteins that function to translocate
cations across membranes using the energy derived from ATP hydrolysis. More
than 100 P-type ATPases have been identified and occur in a wide range of organ-
isms including bacteria, yeast, plants, and mammals. Prominent eukaryotic mem-
bers of the family include the Ca**-ATPase of the plasma membrane and the sar-
coplasmic reticulum (SR), which regulates cellular levels of Ca®* and mediates
muscle contractions; and the Na"/K*-ATPases that are involved in cellular volume
regulation, membrane potentiality and Na'-dependent nutrient uptake (reviewed in
Moller et al. 1996).

Although the similarity in the overall sequence between P-type ATPases is of-
ten low, each member has several conserved regions which permits the homolo-
gous alignment between members (Palmgren and Axelsen 1998). Both ATP7A
and ATP7B contain these invariant regions, which include the GDGIND motif
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(ATP binding site), the TGEA motif (phosphatase domain) and a phosphorylation
domain (DKTGT(L,L)T) (Scarborough 1999). A common feature of all P-type
ATPases is a ‘core’ comprising a hydrophilic head that protrudes into the cytosol,
which contains the phosphorylation and ATP-binding site, and a smaller cytosolic
region (exposing the phosphatase domain) located in the N-terminal part of the
protein. These cytosolic (hydrophilic) regions are linked to the membrane by a
number of membrane traverses (usually 8) that are assumed to be involved in the
formation of an intramembranous channel, but with differences in organization be-
tween members. A suggested linear and three-dimensional representation of the
structure of the copper-ATPases is shown in Figure 2, which was based on the
proposed model for ATP7A (Mercer and Camakaris 1997).

Copper transporting P-type ATPase form a subfamily termed CPX type AT-
Pases. Members of the subfamily are characterized by containing in addition to the
common features of P-type ATPases, a variable number of putative heavy metal
binding sites within the N-terminus and a conserved Cys-Pro-X motif (X=Cys,
His or Ser) in the proposed cation transduction channel (refer to Fig. 2) (Solioz
and Vulpe 1996). The prominent feature of the CPX type ATPases is the presence
of a CPX motif within a predicted transmembrane region. This motif is situated
precisely 43 amino acids upstream of the phosphorylation domain and in most
family members the X represents a cysteine. However, several bacterial heavy
metal transporters have a CPS or CPH in place of the CPC (Solioz and Vulpe
1996). This motif is critical for the function of both copper-ATPases, with muta-
tion of the first cysteine in ATP7A (C1000R) known to cause Menkes disease
(Tumer et al. 1999) and mutation of the second cysteine in ATP7B (C985Y)
known to cause Wilson disease (Hass et al. 1999). In ATP7B, mutation of both
cysteines to serines (CPC-SPS) has been shown to inhibit copper-translocation
(Forbes and Cox 1998) and intracellular trafficking (Forbes and Cox 2000). Given
that cysteines have been demonstrated to coordinate copper, it has been proposed
that the CPC motif facilitates the transduction of copper through the lipid mem-
brane.

Following the discoveries of the Na"/K'-ATPase (Skou 1957) and the SR Ca*'-
ATPase (Hasselbach and Mankinose 1961) numerous studies have been employed
especially on these two enzymes to characterize the intermediate steps and
mechanism of cation translocation by P-type ATPases (reviewed in Moller et al.
1996 and Scarborough 1999). The reaction mechanism can be explained in terms
of a four step process: E; ,E\P ,E,P ,E,, E; (reviewed for the Cu-ATPases by
Voskoboinik et al. (2002). Initially the cytosolic hydrophilic head containing the
GDGIND motif (ATP-binding site) becomes active in response to the binding of
the cation(s). For both ATP7A and ATP7B, copper is delivered to highly con-
served N-terminal motifs by Atox1, which is described in Section 5.3. Upon acti-
vation, ATP hydrolysis occurs resulting in the phosphorylation of an invariant as-
partic acid residue (y-phosphate transfer) in the phosphorylation domain
(DKTGT(,L)T). The aspartate phosphorylation is of the ‘high energy type’ and
can be dephosphorylated by ADP with reformation of ATP. In step (2) the phos-
phorylation drives conformational changes in the protein leading to the transloca-
tion of the bound cations across the membrane. At this stage, the covalently bound
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Fig. 2. Schematic representations of ATP7A and ATP7B. ATP7A and ATP7B contain all
the conserved domains typical of P-type ATPases, including eight putative transmembrane
domains, an ATP binding domain (GDGIND), a phosphorylation domain (DKTG) and a
phosphatase domain (TGEA). In addition to these features, the Cu-ATPases also contain six
copper binding sites (GMXCXXC) within the N-terminus and an intramembranous trans-
duction motif (CPC) believed essential for the copper translocation process. (A) Linearized
schematic showing the eight transmembrane domains thought to form an cation transduc-
tion channel through which copper crosses the membrane as shown in (B).
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phosphate converts into a ‘low-energy type’ (E,P), non-reactive with ADP. The
release of the cation possibly takes place concurrently, or immediately following
the E|P to E,P transition. In the third step the acyl-phosphate is hydrolysed by the
phosphatase domain before the pump is returned back to its original conformation
to allow further cation binding and translocation. For several P-type ATPases the
last step often involves the transfer of other cation in the opposite direction such as
2K" for Na'/K'-ATPase.

The current knowledge on the mechanism for ATP7A-mediated copper translo-
cation conforms to the ‘P-type ATPase translocation model’ explained above. The
transient phosphorylation of the invariant aspartate in the DKTGT(I,LL)T domain
has been shown to be essential for the copper translocation activity of ATP7A
(Petris et al. 2002), with phosphorylation dependent on the presence of copper,
ATP and being ADP sensitive (Voskoboinik et al. 1998, 2001). Mutation of the
phosphatase domain (TGEA) causes ATP7A to be fixed in a hyperphosphorylated
intermediate, consistent with the requirement of autohydrolysis of the acyl-
phosphate for reaction turnover (Petris et al. 2002). Furthermore, a structural
homologue of P;, orthovanadate, has a strong inhibitory effect on the acyl-
phosphorylation of ATP7A, with this agent known to perturb acyl-phosphate for-
mation of P-type ATPases (Voskoboinik et al. 2001). Recently X-ray crystallogra-
phy has provided an elegant picture of the Ca ATPases at various stages of its re-
action cycle (Toyoshima et al. 2004).

5.2 Cell biology of ATP7A and ATP7B

The two mammalian copper-ATPases are very similar in amino acid composition
and are likely to have evolved from a single ancestral copper-ATPase to perform
specific functions in different cell types. Immunocytochemical analysis of mam-
malian cell lines expressing either ATP7A or ATP7B has revealed that both pro-
teins reside at the final compartment of the Golgi apparatus, the trans-Golgi net-
work (TGN) (Petris et al. 1996; Dierick et al. 1997; Hung et al. 1997; Schaefer et
al. 1999a; Forbes and Cox 2000; Roelofsen et al. 2000). At this location, both pro-
teins translocate copper into the TGN lumen for incorporation into copper-
dependent enzymes as they migrate through the secretory pathway (Terada et al.
1998; Petris et al. 2000). However, as noted in Section 3, when mammalian cell
lines are exposed to elevated levels of copper both ATP7A and ATP7B undergo
intracellular redistribute and traffic from the TGN to either the plasma membrane
(ATP7A) or to cytosolic vesicular compartments (ATP7B) (Petris et al. 1996;
Hung et al. 1997).

A fundamental difference between ATP7A and ATP7B, which most likely ac-
counts for their need in different cell types, is only recognized when polarized
cells are exposed to elevated levels of copper. In epithelial cells, such as Madin-
Darby canine kidney (MDCK) cells, ATP7A relocalizes from the TGN to the ba-
solateral membrane (Greenough et al. 2004). Copper-induced trafficking of
ATP7A to the basolateral surface has also been shown in vivo, in intestinal muco-
sal cells (enterocytes) of a transgenic mouse expressing human ATP7A (Frangois
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Monty, unpublished data). Basolateral localization is consistent with the role of
ATP7A in translocating copper across the enterocyte membrane into the hepatic-
portal circulation. However, when polarized hepatocytes are exposed to elevated
levels of copper, ATP7B traffics to vesicles that are situated in close proximity to
the apical membrane both in vivo (Schaefer et al. 1999a; Schaefer et al. 1999b)
and in vitro (Schaefer et al. 1999a; Roelofsen et al. 2000). ATP7B is presumably
required to traffic toward the apical (canalicular) membrane of hepatocytes to me-
diate the excretion of excess copper into bile. Therefore, the type of copper-
ATPase expressed in a given polarized cell type may depend on which cell surface
copper is required to traverse; basolateral translocation requires ATP7A and apical
translocation ATP7B. Consistent with this idea, both copper-ATPases are ex-
pressed in cell types where copper is required to be actively-translocated across
both the apical and basolateral membranes. For instance, both proteins are ex-
pressed in breast alveoli cells where basolateral efflux is presumably required to
reduce excess intracellular copper and apical efflux is required for copper delivery
to milk (Ackland et al. 1999). Similarly, in the syncytiotrophoblasts of the pla-
centa, bi-directional copper efflux is required to maintain sufficient and safe levels
of copper in the developing fetus, and both ATP7A and ATP7B are expressed
(Hardman et al. 2004). It has been postulated that ATP7A is required for copper
delivery into the fetal circulation and ATP7B returns excess copper across the api-
cal surface to the maternal circulation (Hardman et al. 2004). In non-polarized cell
types ATP7A traffics to the entire cellular circumference (Petris et al. 1996), while
ATP7B to a dispersed population of cytosolic vesicles (Hung et al. 1997).

5.3 Role of the N-terminal metal binding domains of the copper-
ATPases

Within the N-termini of ATP7A and ATP7B there are six well conserved se-
quences each of approximately 70 residues, of which the GMXCXXC sequence is
the most prominent feature (X represents any amino acid). These regions fold to
form metal binding domains with the GMXCXXC sequence exposed at the top.
The three dimensional structure of the 4th metal binding domain of ATP7A shows
a well ordered structure with the cation bound to the two cysteines at one end of
the domain (Gitschier et al. 1998). The N-terminal domains of human ATP7B and
ATP7A have the capacity to bind six atoms of copper (Lutsenko et al. 1997). In-
terestingly, not all orthologues of ATP7A and ATP7B contain six metal binding
sites. Bacterial copper transporters possess a single metal binding site (CopA)
(Odermatt et al. 1993), the yeast protein contains two metal binding sites (Ccc2p),
and the orthologue in the nematode (C. elegans) has three (Sambongi et al. 1997).
Considering that these proteins are still capable of transporting copper, it is not
understood why there are six metal binding sites in the mammalian orthologues
when one seems to be sufficient (Strausak et al. 1999; Forbes and Cox 2000). One
possibility is that multiple metal binding sites have a function in addition to that of
direct copper transport, perhaps increasing in number to take on further functions,
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such a sequestration of copper, as an adaptation for multi-cellular organisms
(Strausak et al. 1999).

The function of the N-terminal copper-binding domain of the copper-ATPases
has been the subject of several studies. The N-terminal metal binding domain has
been shown to receive copper from the cytosolic chaperone Atox1 and coopera-
tively bind copper prior to transport (Hung et al. 1998; Larin et al. 1999; Walker et
al. 2002). The addition of copper-loaded Atox1 to membrane preparations corre-
sponded with the acyl-phosphorylation (catalytic activation) of ATP7B, with the
number of molecules phosphorylated proportionate to the concentration of copper-
Atox1 added.

Yeast devoid of Ccc2p expression are defective in high-affinity iron uptake be-
cause copper is not incorporated into the ferroxidase Fet3 (see Chapter 2). Ccc2p
is the yeast orthologue of the mammalian copper-ATPases (ATP7A and ATP7B)
and expression of either ATP7A or ATP7B in Accc? S. cerevisiae can comple-
ment the iron-deficiency phenotype of these cells (Hung et al. 1997; Forbes and
Cox 1998; Payne and Gitlin 1998). Complementation of Accc2 with ATP7A and
ATP7B N-terminal mutants has provided a useful system for determining the im-
portance of individual metal binding sites in the copper-translocation activity of
these proteins. Several reports have indicated that the role of the six N-terminal
metal binding sites in copper-translocation has been highly conserved between the
copper-ATPases, with metal binding sites five or six (those closest to transmem-
brane domain 1) shown essential to support the translocation activity of ATP7A
(Mercer et al. 2003) and ATP7B (Forbes et al. 1999; Cater et al. 2004).

Another proposed function for the N-terminal copper-binding domain is that
the metal binding motifs individually or collectively act as a copper sensor, regu-
lating the subcellular localization of the copper-ATPase in accordance with the
copper status of the cell (Strausak et al. 1999; Cater et al. 2004). Recently, the
copper-induced trafficking of both copper-ATPases has been associated with their
catalytic cycle (Petris et al. 2002). Formation of the acyl-phosphorylated interme-
diate (catalytic activation) is required for trafficking of ATP7A to the plasma
membrane (Petris et al. 2002), while mutation of the phosphatase domain (TGE-
AAA) in ATP7B, which is required for hydrolysis of the acyl-phosphate, caused
ATP7B molecules to localize constitutively in vesicles (Petris et al. 2002). Consis-
tent with this idea, the same N-terminal metal binding sites required for the copper
translocation activity of both copper-ATPases (sites five or six), are required for
both proteins to undergo intracellular trafficking (Strausak et al. 1999; Cater et al.
2004). However, how acyl-phosphorylation (catalytic activation) translates into
movement of the protein in the cell is not known.

6 Brain copper and neurodegenerative diseases

While the importance of regulating copper levels in the brain is dramatically illus-
trated by the severe symptoms associated with Menkes and Wilson disease, little
is known about copper homeostatic mechanisms in the brain in comparison to pe-
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ripheral tissues. Copper must be actively transported across the blood brain barrier
and this task is accomplished by the Menkes protein (ATP7A), thus explaining the
severe copper deficiency in the brain of MD patients. In the brindled mouse mu-
tant (a model of MD, see Section 4.2) copper was found to accumulate in the cells
of the blood brain barrier, consistent with a block in transport due to ATP7A being
inactive (Kodama 1993). The severe copper deficiency and subsequent neurologi-
cal problems in the brains of MD patients is thought to be primarily caused by a
reduction of cytochrome c oxidase activity and therefore generation of ATP (Kaler
1994).

Copper has recently been implicated in the pathogenesis of several other neuro-
logical disorders including, Alzheimer’s disease, Parkinson’s disease, Creutzfeldt-
Jacob disease, and amyotrophic lateral sclerosis (Bush 2000), illustrating the im-
portance of understanding copper homeostasis in the brain. In Alzheimer’s disease
(AD) the pathological hallmarks involve a marked accumulation of the extracellu-
lar amyloid- (AB) protein (plaques) and intraneuronal tangles in the neocortex.
AP is produced by the cleavage of the amyloid precursor protein (APP) and it has
been established that copper and zinc play important roles in promoting the aggre-
gation and toxicity of AP in vitro (Jobling et al. 2001; White et al. 2001). In the
cerebral amyloid plaques of patients with AD, copper and zinc concentrations are
enriched (~300%) and both metals (but no other metals) directly coordinate to A
subunits (via histidine side chains) and co-purify with AP from post-mortem
brains (Rogers et al. 2002). In addition, copper and zinc chelators have been
shown to dissolve AP in post-mortem brains of patients (Barnham et al. 2003).
Recent studies have also indicated that potentially there is a physiological role for
AP or APP in exporting copper from neurons. APP knockout mice have elevated
levels of copper in the brain (White et al. 1999), whereas, APP transgenic mice
(overexpressing APP) have decreased brain copper levels (Phinney et al. 2003). It
is has been reported that in AD patient brains there is decreased copper and cop-
per-dependent enzymatic activities and that elevated copper concentrations inhibit
amyloid accumulation in APP transgenic mice (Bush 2003). These symptoms
could relate to the overproduction of APP in the diseased state and subsequent in-
creased copper efflux from neurons. However, there is currently no clear mecha-
nistic explanation for the involvement of copper (and zinc) in APP/A pathology.

Transmissible spongiform encephalopathies, also referred to as Prion diseases,
are characterized by the deposition of an abnormal isoform of the prion protein
(PrPC) in the brain (Brown 2004). The prion protein has the capacity to bind cop-
per and possibly plays a role in copper transport in the brain (Brown et al. 1997).
The copper-binding activity of the normal prion protein is lost during is conver-
sion to the aggregated abnormal amyloid form (PrPSc). Copper had also been
shown to modulate expression levels and increase the release of the prion protein
in cell culture neuronal models (Massimino et al. 2005).
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7 Conclusions

In recent years, the analysis of the genetic disorders that affect copper in man and
model organisms such as yeast has provided a dramatic increase in the understand-
ing of the role of copper in health and disease. These advances have taken the field
of copper homeostasis into a new era of molecular understanding of how cells and
organisms obtain this potentially dangerous essential element without damage.
The more recent advances in the neurobiology of copper are showing that, far
from being a minor study affecting only rare diseases, the field of copper biology
is of great importance in disorders that are major health challenges, such as Alz-
heimer’s disease. Hopefully all the outstanding molecular analysis in a range of
organisms will produce innovative solutions to these health problems, as well as
solving the mysteries of copper homeostasis.
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Zn*, a dynamic signaling molecule

Michal Hershfinkel

Abstract

Zinc is essential for cell proliferation thereby promoting growth and development,
yet a rise of intracellular zinc is a leading cause of neuronal cell death in excito-
toxic syndromes. While pervious studies have addressed mostly the structural role
of zinc as a cofactor of numerous enzymes and zinc finger proteins, recent data
suggest that zinc is acting as a signaling molecule. Despite the accumulating
knowledge on the transporters, which are shown to maintain cellular and sub-
cellular zinc homeostasis, the mechanisms by which they function are much less
understood. Changes in extracellular or intracellular zinc trigger the activation of
major signaling pathways, partially mediated by a specific zinc sensing receptor,
which are linked to either cell growth or cell death. These proteins, which are
regulated by zinc, will be the subject of this review. The major challenges in fu-
ture studies will be to reveal the cellular network of zinc signaling and their links
to cellular zinc homeostasis.

1 Zinc in health and disease

Zinc, is an essential trace element for cell growth and development and its defi-
ciency leads to abnormal growth (Evans 1986; Vallee and Falchuk 1993; Sand-
stead et al. 1998; MacDonald 2000). Among the most well known syndromes as-
sociated with zinc deficiency is growth arrest, improper development of the brain,
loss of taste and smell, attenuated wound healing, and impaired immune response
(Prasad 1998; Hambidge 2000; Komai et al. 2000; MacDonald 2000; Sandstead
2000; Scott and Koski 2000; Wapnir 2000; Bhatnagar and Taneja 2001). Zinc de-
ficiency has been also linked to retarded development of the male reproductive
system (El-Tawil 2003). The most severe manifestation of zinc deficiency is Ac-
rodermatitis enteropathica that is a genetic disorder linked to improper zinc uptake
leading to severe skin lesions, diarrhea, and subsequently brain damage (Perafan-
Riveros et al. 2002). While this disorder was described many years ago, it has
been only recently that the genes and cellular mechanisms underlying this disorder
were identified (Wang et al. 2002, 2004b).

While earlier works focused on pathophysiological aspects of zinc deficiency,
during the past three decades it has been repeatedly demonstrated that excessive
rise in cellular zinc, particularly in brain cells, may also be harmful (Assaf and
Chung 1984; Sloviter 1985; Danscher et al. 1997; Suh et al. 2000; Weiss et al.
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2000; Takeda 2001; Frederickson 2003; Sensi and Jeng 2004). Zinc, endogenously
released, has been shown to induce neuronal cell death following its permeation
into neurons. Such neuronal cell death is associated with ischemia, where certain
brain regions such as the CA1 and CA3 regions of the hippocampus and neocorti-
cal layers 3, 5, and 6 are considered particularly vulnerable (Choi 1996; Choi and
Koh 1998; Suh et al. 1999; Wei et al. 2004). The role of zinc in cytotoxicity has
been first implied by the depletion of presynaptic zinc from the mossy fibers of the
hippocampus followed by its appearance in post synaptic neurons destined to
death (Frederickson et al. 1988, 1989; Lee et al. 2002a). Neurons could be rescued
by the application of extracellular zinc chelators such as Ca-EDTA prior to the in-
sult or by blocking the Ca/kainite AMPA channels, a major zinc permeation path-
way to neurons (Koh et al. 1996; Sensi et al. 1999; Yin et al. 2002; Wei et al.
2004). Recent data suggest that not only the "free" synaptic zinc is linked to neu-
ronal cell death but suggest a role for zinc that is released from intracellular pools
(Lee et al. 2003; Sensi and Jeng 2004). Studies employing a zinc transporter
knockout model in which synaptic zinc is depleted have also shown zinc-
dependent neuronal death, highlighting the role of intracellular zinc pools in zinc
dependent cell death (Cole et al. 2000; Lee et al. 2000). Zinc linked neuronal cell
death is also occurring in epilepsy and traumatic brain injury (Buhl et al. 1996;
Nagatomo et al. 1998; Suh et al. 2000). Finally, zinc has been recently linked to
the formation of B-amyloid senile plaques and its chelation using clioquinol re-
sulted in reduction of the number and size of the senile plaques (Cuajungco et al.
2000; Cherny et al. 2001). Indeed, using the same chelator decreased the synaptic
and vesicular zinc pools in the brain and pancreas respectively (Nitzan et al.
2003).

In pancreatic islets of Langerhans zinc is co-released with insulin in concentra-
tions similar to the synaptic zinc in the brain (Gee et al. 2002). Although zinc de-
ficiency may increase PB-cells apoptosis and its presence enhances proliferation
(Kato et al. 1997; Schott-Ohly et al. 2004) intracellular accumulation of zinc has
been suggested to affect B-cell death, in models of diabetes type 1, and contribute
to the destruction of the islet (Apostolova et al. 1997; Kim et al. 2000b).

The importance of zinc in development and the pathophysiologies linked to its
excess are well documented (Table 1), however, the cellular mechanisms linking
the changes in zinc to cell fate are much less understood. In recent years, genes
and proteins linked to zinc homeostasis were identified. Lethal milk syndrome in
mice, for example, has been associated with a mutation of the zinc transporter,
ZnT-4. In this syndrome, maternal milk does not contain adequate zinc levels and
the pups die of zinc deficiency unless supplemented with zinc (Huang and Gitsch-
ier 1997). In humans, the ZIP4 gene, a zinc transporter involved in epithelial zinc
absorption, has been linked to the human acrodermatitis enteropathica (Kury et al.
2002; Wang et al. 2002). This review will, therefore, focus on advances of our un-
derstanding of zinc transport and signaling mechanisms, which are linked to the
physiology and pathophysiology of zinc homeostasis.
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Table 1. Common syndromes linked to zinc excess or deficiency.

Excess of zinc

Neuronal cell death

Formation of f3-
amyloid senile plaques
(synaptic zinc)
Pancreatic -cell death

Prostate cancer

Zinc deficiency
Growth arrest

Brain development

Loss of taste and smell

Attenuated wound
healing

Impaired immune re-
sponse

Retarded development
and dysfunction of
male reproductive sys-
tem

Diarrhea

Associated with ischemia, epi-
lepsy and traumatic brain injury.

Treatment with a chelator reduces
the formation of plaques.

Zinc has been implicated in in-
duction of cell proliferation, yet it
is also linked to B-cell death in
diabetes type-1 models.

Zinc levels in the seminal fluid
are among the highest in the
body. Supplementary intake of
zinc is associated with prostate
carcinogenesis.

Zinc deficiency leads to general
growth arrest.

Zinc deficiency during embryo-
genesis is linked to malforma-
tions. During adulthood zinc defi-
ciency is linked to low cognitive
performance.

Zinc deficiency is linked to taste
disorders, and xerostomia.

Zinc deficiency is linked to skin
lesions and zinc is added to en-
hance wound healing.

Zinc deficiency is linked to im-
paired immune response probably
linked to attenuated proliferation
and function of immune cells.
Zinc deficiency is linked to un-
derdeveloped testis, and interfer-
ence in testosterone production.
Zinc protects against lead and
cadmium toxicity of the testis.
Zinc treatment reduces the dura-
tion and severity of diarrhea in
children

(Choi 1996; Choi and Koh
1998; Suh et al. 1999; Wei et
al. 2004)

(Cuajungco et al. 2000;
Cherny et al. 2001; Maynard
et al. 2005)

(Apostolova et al. 1997; Kim
et al. 2000b)

(Liang et al. 1999; Feng et al.
2002; Leitzmann et al. 2003;
Costello et al. 2004; Franklin
et al. 2005)

(Evans 1986; Vallee and Fal-
chuk 1993; Sandstead et al.
1998; MacDonald 2000)
(Krebs 2000; Sandstead 2000;
Sandstead et al. 2000; Bhat-
nagar and Taneja 2001)

(Frederickson et al. 1987;
Olmez et al. 1988; Ohara et
al. 1995; Komai et al. 2000;
Tanaka 2002)

(Andrews and Gallagher-
Allred 1999; Barceloux 1999;
Kudravi and Reed 2000;
Tenaud et al. 2000; Perafan-
Riveros et al. 2002)

(Prasad 1998; Budinger and
Hertl 2000; Mocchegiani and
Muzzioli 2000; Scott and
Koski 2000)

(Favier 1992; Vallee and Fal-
chuk 1993; Om and Chung
1996; Batra et al. 1998)

(Hambidge 1992; Sazawal et
al. 1995; Hambidge and
Krebs 1999; Bhatnagar et al.
2004)




134 Michal Hershfinkel

2 Mechanisms of cellular zinc homeostasis

Zinc ions lack direct redox activity and are thus much less damaging than other
micronutrients such as iron and copper. It is, therefore, not surprising that zinc has
evolutionary evolved as a cofactor for numerous enzymes, playing a catalytic or
structural role (Vallee and Falchuk 1993). Zinc finger motifs are indeed the most
abundant motifs in transcription factors. Because of the specific and strong bind-
ing of zinc to these domains, it was considered a rather inert intracellular ion,
which mainly carries structural roles. In recent years, zinc pools are emerging as
highly dynamic and are shown to be regulated by various signaling pathways in-
volved in both physiological and pathophysiological roles.

2.1 Cellular zinc pools

Proteins such as zinc fingers are considered to bind a very significant amount of
cellular zinc, and this is considered a tightly bound pool, which is least available
for cellular signaling (Vallee and Falchuk 1993). Another group of zinc binding
proteins are the metallothioniens (MT), this pool has been shown to release zinc
upon various stimuli, and most prominent is the activation of the NO pathway
(Maret 1995, 2003; Pearce et al. 2000; St Croix et al. 2002; Lee et al. 2003). Re-
cent studies suggest that not only that the cytosolic MTs release zinc but interest-
ingly MTs that are binding zinc translocate, upon cellular signaling, into the nu-
cleus and provide a targeted zinc pool to specific organelles (Spahl et al. 2003).
While zinc released from MTs have been mostly implicated in cell death, other
studies have suggested that physiological signaling, not followed by cell damage,
also leads to release of zinc from this pool. For example, it has been demonstrated
that intracellular calcium rise, mediated by metabotropic receptors or calcium in-
flux, followed by the generation of NO, resulted in the release of zinc from MTs
(Pearce et al. 2000). Yet, calcium rise in cells is a general signaling pathway that,
via generation of NO, may mediate intracellular zinc release following me-
tabotropic stimuli.

The dynamic nature of the interaction of zinc with MTs raises the intriguing
possibility that the zinc finger proteins, which are still considered a rigid pool of
non-releasable zinc, may also be dynamically regulated (Berg and Shi 1996;
Kroncke 2001). Considering the fundamental and diverse roles of the zinc fingers
in gene expression such regulation, if indeed demonstrated, may have novel
physiological implication.

The pool of zinc with the highest turnover is what was called "the chelatable
zinc pool", which is composed of zinc ions that are packed into vesicles, and re-
leased during neuronal activity or secretion in the pancreas and salivary gland
(Assaf and Chung 1984; Frederickson et al. 1987, 2003; Weiss et al. 2000; Kris-
tiansen et al. 2001; Sensi and Jeng 2004). While the role of the released zinc dur-
ing excitotoxic syndromes has been thoroughly studied, the role of secreted zinc
during non-pathophysiological ("normal") activity is less understood. In the brain,
the released zinc is interacting with receptors such as the NMDA, GABA, and
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glycine thereby regulating the neuronal activity (Buhl et al. 1996; Paoletti et al.
1997; Han and Wu 1999; Choi et al. 2001; Hosie et al. 2003). Zinc inhibits both
the GABA and NMDA pathways and therefore may tilt the balance between in-
hibitory and excitatory neuronal transmission. Indeed, on one hand, zinc released
from aberrantly sprouting of mossy fibers has been shown to induce epileptic sei-
zures by GABA inhibition (Cole et al. 2000), on the other hand, zinc chelation or
deficiency leads to an increased incidence of seizures (Dominguez et al. 2003;
Blasco-Ibanez et al. 2004). This is one example for the signaling role of zinc,
which is more than a structural element in the packaging of hormones and neuro-
transmitters.

2.2 Mammalian zinc transport

The dynamic and intricate nature of cellular zinc homeostasis described above
must be controlled by zinc transporters that are involved in transport of zinc across
the cell membrane and into organelles. Indeed the large number of genes that have
been implicated in cellular zinc transport underscore the importance of cellular
zinc homeostasis. This is mediated by several families of zinc transporters, the
most prominent are ZIP (SLC39), which is largely involved in accumulation of
zinc in the cytosol and ZnT (SLC30), which is largely involved in lowering cyto-
solic zinc levels (Gaither and Eide 2001a; Eide 2004; Palmiter and Huang 2004).
Other ion permeation pathways, which are considered non-specific for zinc are
also playing a role in zinc transport, most notable are the DMTs (divalent-metal
transporters) and L-type calcium channels (Atar et al. 1995; Canzoniero et al.
1997; Sensi et al. 1997; Kim et al. 2000a; Rolfs and Hediger 2001). In this review,
I will mainly focus on the two major families of zinc transporters the ZIP and the
ZnT transporter families (Fig. 1).

2.2.1 ZnT family

The ZnT family is a rapidly growing family of zinc transporter proteins, which
consists up to date of ten members, the ZnT1-10. The expression of many of them
is regulated by dietary zinc. The proteins of this family share a putative 6-
transmembrane domain and a histidine rich region, located usually between the IV
and V transmembrane domains, which is suggested to be involved in zinc binding
and transport (Palmiter and Huang 2004). The ZnTS5 c-terminal domain resembles
other members of the family, yet, it has a much larger n-terminus and a putative
larger number of transmembrane domains (Kambe et al. 2002). The ZnT proteins
have been shown to lower intracellular zinc either by sequestration into intracellu-
lar organelles or via plasma membrane. The mechanisms by which these proteins
are catalyzing zinc transport are not yet fully elucidated, although the phenotypes
for their knockouts are clearly linked to cellular zinc homeostasis.
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Fig. 1. A schematic representation of the major cellular zinc transporters described in Sec-
tion 2.2. Note that the Zip transporters may translocate upon changes in zinc levels.

ZnT-1, the ubiquitously expressed protein of this family, is the only one found
on the plasma membrane (Palmiter and Findley 1995). ZnT-1 was the first mem-
ber of the ZnT family that was discovered by complementation studies in baby
hamster kidney cell line (BHK) that is hypersensitive to zinc toxicity. This protein
was later shown to confer resistance against zinc toxicity also in neurons and glial
cells (Palmiter and Findley 1995; Nolte et al. 2004; Palmiter 2004). In the mouse
brain, ZnT-1 is localized in regions where intense zinc homeostasis is occurring
mostly in regions rich in synaptic zinc (Sekler et al. 2002). Interestingly, the ex-
pression of the ZnT-1 protein is correlated with the appearance of the synaptic
zinc (Nitzan et al. 2002). Other organs in which the ZnT-1 is highly expressed are
also linked to zinc homeostasis such as the villi of the small intestine, kidney, and
placenta (McMahon and Cousins 1998). Knockout of ZnT-1 is lethal leading to
early embryonic death at day 9 of the pregnancy (Andrews et al. 2004). The lethal-
ity has been linked to impairment of zinc transport since ZnT-1 mRNA expression
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in WT embryos is particularly high in the visceral yolk sac and in regions, which
form the placenta (Andrews et al. 2004). The ZnT-1 was first suggested to act as a
zinc extruder due to its ability to lower zinc toxicity, yet a counter ion or ATP de-
pendence has not been demonstrated (Palmiter and Findley 1995; Palmiter 2004).
Other studies have indicated, however, that the ZnT-1 downregulates intracellular
zinc accumulation via regulation of the voltage gated calcium channels (Nolte et
al. 2004; Segal et al. 2004). The L-type subtype of these channels are a major
route of zinc entry into cells; by downregulation of zinc influx through the L-type
calcium channel, ZnT-1 may confer resistance against massive zinc permeation.
Interestingly, recent results show that zinc-dependent interaction of ZnT-1, and its
C. elegans homologue CDF-1, with Raf-1 leads to the regulation of ERK pathway
(Jirakulaporn and Muslin 2004). Hence the role of ZnT-1 as a regulator of cellular
signaling or a transporter per se remains an open and intriguing question.

The ZnT-3 has been extensively described although its mechanism of ion trans-
port has not been elucidated (Palmiter et al. 1996; Lee et al. 2000). This protein
has been suggested to transport zinc into synaptic vesicles of glutamatergic neu-
rons, indeed ZnT-3 knockout mice are deficient of the synaptic zinc (Cole et al.
1999). Yet, the phenotype of these mice was apparently normal with no significant
abnormalities (Cole et al. 1999). Furthermore, electrophysiological recordings
from hippocampal slices did not monitor any functional impairment (Cole et al.
2001). Even more surprising is the fact that the ZnT-3 knockout mice suffer from
neuronal zinc toxicity following ischemia (Lee et al. 2000). More recent studies,
focusing on epilepsy models have found that the ZnT-3 knockout mice are more
vulnerable to seizures (Cole et al. 2000). The synaptically released zinc has been
linked to the pathogenesis of Alzheimer's disease, as the ZnT-3 knockout mice
were less vulnerable to the accumulation of amyloid senile plaques (Lee et al.
2002b). Interestingly in the ZnT-3 knockouts, the gender difference between male
and female in the susceptibility to plaque formation has disappeared.

The ZnT-5 protein is abundantly expressed in the pancreatic B-cells and is lo-
cated on the insulin secretory vesicles and the Golgi apparatus (Kambe et al. 2002;
Devergnas et al. 2004). The ZnT-5 was first suggested to play a role, similar to
that of the ZnT-3, in the loading of zinc into the insulin secretory granules in these
cells. ZnT-7, which is found on the same secretory vesicles, is presumably playing
a similar role (Kirschke and Huang 2003). The localization of these proteins on
the Golgi apparatus may further suggest a general role for these transporters in
transferring zinc into zinc-dependent enzymes such as has been shown for the al-
kaline-phosphatases (ALPs) (Suzuki et al. 2005). A knockout model of ZnT-5
showed a phenotype of osteopenia and more than 60% of the male mice died of
bradyarrhythmias (Inoue et al. 2002). These phenotypes were suggested to be re-
lated to the regulation of the expression of genes encoding for response to stress
such as immediate-early response factors and heat shock proteins. Again, the
mechanism by which the ZnT-5 affects these proteins remains to be elucidated.

The ZnT-2, ZnT-4 and ZnT-7 proteins are localized on intracellular organelles,
late endosomes for the ZnT-2 and Golgi apparatus for ZnT-4 and ZnT-7. The
ZnT-4 protein is localized mainly in vesicle of kidney and mammary gland cells
although it is also found in intestinal cells and the brain. Mutation of the mouse
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ZnT-4 protein was linked to the lethal milk syndrome and thus was suggested to
regulate zinc sequestration into endosomes in mammary gland epithelia (Huang
and Gitschier 1997). This protein is probably not involved in the human form of
milk zinc deficiency (Michalczyk et al. 2003).

2.2.2 Zip family

The Zip family of proteins, which includes 14 known members, which are en-
coded by the human genome, is also involved in transport of zinc across cellular
membranes (Eide 2004). Partial dependence on HCO5™ for zinc transport mediated
by Zip2 has been shown, suggesting it is a symporter (Gaither and Eide 2000). It
is not clear, however, if this mode of transport is shared by other members of the
Zip family. It has been demonstrated that the Zip proteins, in contrast to the ZnTs,
mostly increase cytoplasmic zinc along the gradient of zinc concentrations.

The Zip proteins are predicted to have 8 transmembrane domains. Most mem-
bers of the family have a loop region between transmembrane domains III and IV,
which contains a histidine rich domain that varies in its length and sequence
(Dufner-Beattie et al. 2003).

Zip1 is ubiquitously expressed in many tissues, and its function is linked to in-
flux of zinc into the cytoplasm as monitored using *Zn and antisense (Gaither and
Eide 2001b). Zipl has been shown to be involved in epithelial vectorial zinc
transport in the intestine and prostate (Franklin et al. 2003). Zip1 was localized to
the plasma membrane and to intracellular membrane compartments (Wang et al.
2004a). This may be explained by the recent results indicating that the cellular dis-
tribution of the Zip1 is highly dynamic and the proteins translocate rapidly upon
changes in extracellular zinc concentration. The translocation of the members of
the Zip family seems a general phenomenon that may regulate the zinc transport
by these proteins (Dufner-Beattie et al. 2004).

Zip2 is probably the most sensitive gene to zinc depletion, and its expression is
downregulated by zinc supplementation (Cao et al. 2001). Zip2 was studied in
mononuclear cells of peripheral blood in which the depletion of intracellular zinc
using TPEN reduced cell viability.

The only member of this family, which has been directly linked to zinc defi-
ciency syndromes, is the Zip4. Several mutations have been mapped in Acroder-
matitis enteropathica patients who suffer from zinc malabsorption (see Section 1).
Supplementation of zinc, however, overcomes the symptoms of zinc deficiency
suggesting that other proteins are able to compensate and provide the necessary
zinc uptake. Zip4 is expressed in small intestine, colon, and kidney together with
the Zip5 protein (Dufner-Beattie et al. 2004). While in the small intestine, zinc is
absorbed; most of the zinc loss is via urine in which zinc levels are also affected
by dietary zinc. Both Zip4 and Zip5 proteins have been shown to translocate from
apical to basolateral membranes of intestinal cells upon exposure to different die-
tary zinc conditions (Dufner-Beattie et al. 2004; Kim et al. 2004). Yet, only Zip4
expression level is affected by extracellular zinc concentrations.

Finally, a subfamily within the Zip transporters is the LZT (LIV-1 zinc trans-
porters) family. Unlike other members of the Zip family the LIV-1 contains a met-
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alloprotease motif, which is a hallmark of the LZT family (Taylor and Nicholson
2003). Several Zip genes have been associated with this family, the first was Zip6
(LIV-1) (Taylor et al. 2003). LIV-1 expression is stimulated by estrogen in breast
cancer cells, but it is also expressed in normal mammary gland, prostate, placental
cells, and the brain. This protein is located at the plasma membrane and has been
shown to act as a zinc-influx transporter, yet its localization in lamellopodia taken
together with the unique metalloprotease motif suggests its has also metalloprote-
ase role (Taylor et al. 2003). The LIV-1 has been identified in breast cancer cells
and its intriguing involvement in both zinc homeostasis linked to cell growth and
metalloprotease activity linked to metastasis formation may point to the important
role, which the LZT family members may play in cancer.

The Zip8 protein, interestingly, is involved in both zinc and cadmium transport
(Begum et al. 2002; Dalton et al. 2005). The cadmium transport mediated by this
protein links the Zip8 to cadmium toxicity in mice.

2.2.3 Zinc transport by other pathways

Zinc transport across plasma membranes is also mediated by non-specific zinc
transporters. A mechanism for lowering zinc in neurons was suggested to be me-
diated by the Na'/Ca®" exchangers (Sensi et al. 1997). Other studies, however,
have suggested that this zinc efflux is mediated in a Na'-dependent manner by a
highly specific Na'/Zn*" exchanger in neurons, yet, its gene has not been identi-
fied (Ohana et al. 2004). Other zinc transport mechanisms responsible for lower-
ing intracellular zinc and maintaining the steep zinc gradient across the membrane,
not yet identified, may have intriguing physiological and pathophysiological im-
plications.

2.3 Zinc signaling

The steep gradient of zinc concentration across cellular plasma membrane (6 or-
ders of magnitude) in some tissues may exceed that of calcium (Outten and O'Hal-
loran 2001). The dynamic changes in extracellular zinc concentration upon its re-
lease in organs such as the brain, pancreas, and salivary gland suggest that this ion
may also have a signaling role. Indeed in recent years, it has been established that
zinc also acts as a second messenger and a signaling ion (Fig. 2).

2.3.1 Intracellular zinc

Although intracellular zinc is essential for the activity of numerous proteins, its
role in induction of apoptosis by generation of ROS and mitochondrial membrane
depolarization has been shown repetitively. This dual role of zinc in enhancing of
cell growth on one hand and inducing cell death on the other seems to be depend-
ent on a fine balance of its cellular level (Sakabe et al. 1998; Takeda et al. 2004).
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Fig. 2. A schematic representation of signaling pathways regulated by changes in extracel-
lular or intracellular zinc.

Zinc is well known for its role in inducing proliferation and its role in enhanc-
ing wound healing has been documented for many years while zinc deficiency is
linked to apoptosis (MacDonald et al. 1998, 2000; Thornton et al. 1998; Ver-
stracten et al. 2004). The cellular signaling such as ERK have been suggested to
be activated by zinc and link changes in zinc to cell proliferation (Park et al.
2002). Further, cellular zinc deficiency is correlated with reduction of cell number,
as a consequence of apoptosis mediated by activation of cell death mediators such
as caspase-3 (Kolenko et al. 2001; Truong-Tran et al. 2002). Apoptosis and cellu-
lar zinc deficiency have been also associated with activation of various members
of the PKC family, PKCa downregulation and PKCS$ activation, both which sub-
sequently trigger cell death (Noh et al. 1999; Chou et al. 2004). Activation of
PKC3 alters the mitochondrial membrane potential and thus activates cytochrome
¢ and AIF (Apoptosis induced factor). The immune system is particularly vulner-
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able to zinc deficiency, and its activity during prolonged zinc deficiency is de-
creased due to lower lymphopoesis and B and T cell death (Fraker et al. 2000). In-
terestingly, in mast cells, where zinc is accumulated in granules, it has been shown
that the different pools of zinc act separately. Depletion of the intracellular using a
strong zinc chelator (TPEN) renders cells more susceptible to caspase activation
by toxins while depletion of only the granular pools renders them resistant to tox-
ins (Ho et al. 2004). The protective effects of zinc have also been shown in renal
tubular cells, in which zinc inhibited apoptosis by attenuating cytochrome-c in-
duced caspase activation triggered by ATP-depletion (Wei and Dong 2004). An-
other important pathway, which is triggered by zinc to inhibit apoptosis, is the
NFkB. The translocation of NFkB to the nucleus is an antiapoptotic signal, which
has been shown to be zinc dependent (Ho and Ames 2002; Ho et al. 2004). It has
been further shown that the MTs regulate the NFkB translocation (Koropatnick
2004). It was also suggested that zinc deficiency followed by impairment of the
cytoskeletal structure leads to the attenuation of NFkB translocation (Mackenzie et
al. 2002).

While reduction of intracellular zinc renders the cells susceptible to cell death,
excessive rise of cellular zinc has been repeatedly shown to be toxic. This is most
notable in neurons where extracellular zinc levels are very high during synaptic re-
lease and the cells are highly permeable to zinc via the L-type voltage channels
and Ca-AMPA /kainate receptors (Sensi et al. 1999; Kim et al. 2000a; Snider et al.
2000; Weiss and Sensi 2000; Jia et al. 2002). The zinc, which permeates the cells,
interferes with the gylcolytic pathways in neurons by directly inhibiting the activ-
ity of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) a key enzyme in the
glycolysis pathway (Sheline et al. 2000). Such inhibition is particularly crucial
during ischemia when the neurons are already depleted of ATP and the activity of
the oxidative phosphorylation is impaired. This pathway was recently also demon-
strated to play a role in B-cell death, which are similarly exposed to toxic zinc
(Kim et al. 2000b). The zinc in these cells is co-released with insulin. In models of
type-I diabetes, further work has indeed demonstrated that the intracellular effect
of zinc was mediated by its effect on glycolysis, as pyruvate could rescue the zinc-
containing cells (Chang et al. 2003). Zinc also affects the mitochondria, elegant
studies by Sensi et al. have shown that permeation of zinc into neurons interferes
with mitochondrial membrane potential and leads to enhanced generation of ROS,
followed by cell death (Jiang et al. 2001). Further studies have shown that not only
zinc permeation leads to the mitochondrial damage but also release of zinc from
metallothioniens is involved in the impairment of mitochondrial function and cell
death (Sensi et al. 2003). A pathway, which involves the production of ROS in
breast cancer cells induced by zinc, has been demonstrated to be mediated by the
p53, zinc finger protein, and cells that were deficient of this protein were less sus-
ceptible to zinc toxicity (Ostrakhovitch and Cherian 2005). The mechanism link-
ing zinc to p53 activity has not been elucidated. Biochemical analysis of the sig-
naling linking the rise of intracellular zinc to cell death revealed that also the NO
pathway, by generation of peroxynitrite, leads to release of intracellular zinc
(Zhang et al. 2004). The intracellular zinc then triggers mitochondrial damage,
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which is followed by activation of P38 MAP kinase, and the activation of the K
channel culminating in neuronal death (Aizenman et al. 2004).

Although many of the signaling molecules regulated by zinc among them P53
and PKC express zinc finger domains, it is not clear what is the physiological sig-
nificance of these domains, and most importantly if changes in intracellular zinc
are sensed by these domains, thereby, regulating the protein activity.

The emerging picture regarding the role of intracellular zinc affecting cell fate
indicates that many cell types are sensitive to changes in the levels of intracellular
zinc. On one hand, zinc deficiency leads to apoptosis mediated by the PKC and
NFkB pathways, on the other hand, zinc permeation or release from intracellular
pools leads to cell death by interfering with glycolysis and mitochondrial func-
tions leading to the activation of stress signaling such as P38 MAP kinase.

2.3.2 Extracellular zinc

Zinc gradients across cellular membranes and changes in its intracellular levels, as
described above, may potentially lead to cell death. Therefore, it is not surprising
if much of the zinc signaling is mediated by extracellular sites. Specific zinc bind-
ing sites are present on major membrane transporters and receptors most notable
the dopamine transporter, NMDA, glycine, GABA and the purinergic receptors.
High affinity binding site has also been recently identified on the store-operated
channel (SOC), and like the effects on the NMDA receptor it is shown to be regu-
lated by changes in redox potential (Gore et al. 2004). Such regulation of the SOC
or NMDA channels may play a role in reshaping intracellular calcium signals and
thereby regulation of numerous cellular processes including synaptic transmission,
secretion and proliferation.

While many of the observations on the effect of zinc have been attributed to di-
rect interaction of zinc with the signaling molecules more recent studies have sug-
gested that the effect may be related to extracellular zinc. Such effect of zinc has
been demonstrated for the regulation of the MAP kinase pathway and the PI3
kinase pathway, both linking zinc to its well known role of enhancing cellular pro-
liferation (Park et al. 2003). Another important target for zinc is the EGF receptor,
which has been shown to be transactivated by the zinc-dependent activation of
Src-kinase (Wu et al. 1999, 2002; Samet et al. 2003). Interestingly, zinc has been
recently shown to activate the EGF receptor by a pathway involving the activation
of metalloproteinases, which leads to release of heparin-binding EGF (Wu et al.
2004). Activation of metalloproteinases by extracellular zinc has also been shown
to activate the tropomyosin-related kinase, Trk, in neurons by releasing pro-BDNF
(Hwang et al. 2005).

Altogether, the activity of extracellular zinc has been related to the regulation
of major signaling pathways, yet, what links extracellular zinc to these pathways is
poorly understood.

Extracellular zinc has a well documented role of enhancing epithelial cells
growth (MacDonald 2000). Indeed, zinc deficiency has been linked to diarrhea
and failure of wound healing, which are linked to epithelial cell loss. Extracellular
zinc in colonocytes, keratinocytes, and salivary gland cells has been shown to
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trigger a rise in intracellular calcium, which is mediated by activation of a Gog-
coupled receptor (Hershfinkel et al. 2001; Maret 2001). This activity is highly
specific to zinc and although a receptor has no been cloned yet, it is likely a mem-
ber of the cation sensing, G-protein coupled receptors, family although it is dis-
tinct from the Ca sensing receptor. Thus, intracellular calcium rise has been sug-
gested to be triggered by a zinc sensing receptor (ZnR). Recently, it has been
further demonstrated that in colonocytes the ZnR triggers the activation of the
MAP kinase and the PI3 kinase pathways and the subsequent upregulation of the
Na'/H" exchange mediated by NHE1 (Azriel-Tamir et al. 2004). Thus, the ZnR is
one candidate for linking the changes in extracellular zinc to the known regulation
of signaling pathways involved in cell proliferation.

3 Future directions

It is becoming apparent that zinc is a signaling molecule acting through diverse
signaling pathways. The dynamics of both intracellular and extracellular zinc
pools may result in cell proliferation but on the other hand may trigger cell death
and apoptosis. While in recent years a considerable body of information has been
gained on the signaling molecules affected by zinc, a detailed "macro map" inte-
grating the effects on the signaling pathways is far from being complete. Such
knowledge will require the use of genomic and proteomic approaches, which will
monitor the effects of zinc on patterns of gene expression and kinase regulation.
Initial work toward this direction using a genomic screening approach demon-
strated that zinc activates multiple genes in yeast and the silencing of a specific
zinc-sensitive protein allowed identification of its targets (Lyons et al. 2000). A
similar approach has been used in mammalian cells and demonstrated the change
of multiple genes in response to dietary zinc (Cousins et al. 2003). Yet, the impor-
tant role of the translocation of zinc-dependent proteins will have to be addressed.
In addition, conventional biochemical experiments will be required to elucidate
the mechanisms by which zinc is affecting signaling pathways. Although numer-
ous proteins, which are involved in zinc homeostasis have been cloned, or func-
tionally identified, the knowledge on the mechanism by which they regulate zinc
homeostasis is lacking. Finally, the link between the combined activity of these
proteins and the pathophysiologies, which are associated to zinc homeostasis are
only starting to come into sight. The emerging highly specific and sensitive zinc
monitoring tools and the silencing RNA approach that can be specifically used to
target genes in cell cultures and in vivo will enable direct assessment of the func-
tion and the physiological implication of the zinc homeostatic system.
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Iron in mammals: pathophysiological
mechanisms of overload and deficiency in
relation to disease

Martha B. Johnson, Caroline A. Enns, and An-Sheng Zhang

Abstract

The uptake of iron into the body is tightly regulated in humans and in other mam-
mals. Mutations in key proteins that transport, sense, metabolize, and facilitate the
utilization of iron cause perturbations in iron homeostasis that result in iron defi-
ciency or overload diseases. This review focuses on what is currently known about
these diseases and the normal function of the proteins that are mutated in the dis-
ease-state. The proteins causing hereditary hemochromatosis and anemia are dis-
cussed in detail.

1 Overview of iron transport and homeostasis

Iron enters the body principally through enterocyte cells in the duodenum of the
intestine (Fig. 1). The iron absorbed by these cells may be in two forms, heme and
non-heme. The mechanism by which heme iron enters the body is not established.
For non-heme iron, duodenal cytochrome b (DcytB) or another ferrireductase, on
the apical membrane of the enterocyte facing the intestinal lumen, first reduces
Fe’* from food to the more soluble Fe** (McKie et al. 2001). The divalent metal
ion transporter, DMT1, then transports Fe** across the apical surface of the intes-
tinal cell (Fleming et al. 1997; Gunshin et al. 1997). Once inside, either iron re-
mains within the cell, stored in ferritin and unabsorbed by the body, until it is lost
when, after several days, the cell dies (Kaplan 2002); or iron crosses to the baso-
lateral side where ferroportinl then transports Fe** out of the cell (Abboud and
Haile 2000; Donovan et al. 2000; McKie et al. 2000). After iron exits the entero-
cyte, a multicopper ferroxidase on the cell surface, hephaestin (Vulpe et al. 1999),
or its soluble homolog in the circulation, ceruloplasmin (Cp) (Mukhopadhyay et
al. 1998; Harris et al. 1999), re-oxidizes iron to the Fe** form. The serum protein
transferrin (Tf) binds iron and transports it to cells throughout the body.

In most tissues, iron enters cells by receptor-mediated endocytosis. Iron bound
to transferrin (Fe,-Tf) binds to transferrin receptor 1 (TfR1) on the surface of cells.
Endocytosis delivers the Fe,-Tf-TfR1 complex to the early endosome where the
acidified environment promotes the release of iron, which is reduced to Fe** by an
undetermined mechanism. The TfR1-Tf complex then recycles to the cell surface
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Fig. 1. Absorption of non-heme iron across the enterocyte. On the apical surface of entero-
cytes facing the lumen of the intestine, non-heme iron from the diet is reduced to Fe*' by
DcytB or another ferrireductase and transported into the cell by divalent metal-ion trans-
porter 1 (DMT1). Iron may be stored within the cell bound to ferritin (Ft) or transported
across the basolateral surface of the cell by ferroportin (Fpn) into the blood, where iron is
oxidized to Fe*" by hephaestin (Heph), bound by transferrin (Tf), and circulated throughout
the body.

and dissociates at the neutral pH, releasing Tf into the circulation. On the en-
dosomal membrane, DMT1 transports iron into the cytosol (Fleming et al. 1998),
where it is incorporated into newly synthesized proteins or stored in ferritin (Ft)
(Kaplan 2002).

Differentiating erythrocytes in the bone marrow utilize the majority of iron in
the body for heme biosynthesis. Macrophages phagocytose senescent erythrocytes,
degrade their heme, and return the iron to the circulation where it is bound by Tf
(Fletcher and Halliday 2002). Efficient recycling of 20-30 mg of iron per day re-
duces the dietary iron requirement to 1-2 mg, a fraction of the 3-5 g found in
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Fig. 2. Iron in the body. The healthy human body maintains a total iron level of 3-5 g by
absorbing iron from the diet and recycling iron from red blood cells. Enterocytes in the
duodenum of the intestine absorb 1-2 mg of iron from the diet per day to replace iron that is
lost in sloughed cells. Cells throughout the body utilize and store iron, but developing
erythrocytes incorporate the majority of the body’s iron into heme to facilitate oxygen
transport, while hepatocytes in the liver serve as the principal repositories of iron. The iron
within heme is recycled to the circulation by macrophages that phagocytose senescent
erythrocytes.

healthy adult humans (Andrews 1999; Townsend and Drakesmith 2002). To main-
tain a supply of iron available for erythropoiesis, hepatocytes store iron in Ft that
can be released when needed (Fig. 2) (Fletcher and Halliday 2002; Pietrangelo
2002).

The body monitors and regulates iron at the cellular and systemic levels. At the
cellular level, iron regulatory proteins (IRP) bind stem-loop structures called iron
responsive elements (IRE) found in the untranslated regions (UTR) of the tran-
scripts encoding several iron related genes (Fig. 3). Binding of the IRP either
blocks translation of the transcript or protects the transcript from degradation, de-
pending on the location of the IRE. The binding of IRPs to IREs when intracellu-
lar iron levels are low increases TfR1 and decreases Ft levels, thereby facilitating
iron uptake and minimizing iron storage. The inhibition of IRP binding by high in-
tracellular iron levels decreases TfR1 and increases Ft levels, thereby limiting iron
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Fig. 3. Cellular iron homeostasis. Cells regulate iron uptake and storage through post-
transcriptional control of transferrin receptor 1 (TfR1) and ferritin (Ft). The 3’ untranslated
region (UTR) of TfR1 mRNA and the 5° UTR of Ft mRNA contain stem-loop structures
called iron-responsive elements (IRE). When intracellular iron levels are high, iron regula-
tory proteins (IRPs) are unable to bind IREs. Unbound TfR1 transcript is degraded, whereas
unbound Ft transcript is translated into protein, thus reducing iron uptake and increasing the
capacity for iron storage. Conversely, when intracellular iron levels are low, IRPs bind
IREs. Binding of IRPs to IREs protects TfR1 transcript from degradation and blocks trans-
lation of Ft transcript, thereby increasing iron uptake and decreasing the capacity for iron
storage.

uptake and increasing storage. At the systemic level, the body maintains iron at
appropriate levels by controlling the absorption of dietary iron. When iron levels
are high, hepatocytes secrete higher amounts of a small, soluble peptide called
hepcidin that decreases the amount of iron absorbed into the body from the intes-
tine. Conversely, when iron levels are low, hepatocytes suppress hepcidin synthe-
sis, promoting iron absorption.

When mutations disrupt the function of proteins that transport, monitor, regu-
late, and metabolize iron, diseases of iron overload or deficiency result. We re-
view herein hereditary hemochromatosis, [-thalassemia, and several iron defi-
ciency disorders, including anemia of inflammation, sideroblastic anemia, and
anemia due to mutation of DMTT.
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2 Misregulation of iron: hereditary hemochromatosis

The most common iron overload disease is hereditary hemochromatosis (HH).
Mutations in five molecules, HFE, hemojuvelin, hepcidin, transferrin receptor 2,
and ferroportinl, cause HH. Of these, the function of two, hepcidin and ferro-
portin, are known. The others in unknown ways are essential for hepcidin’s regu-
lation. In this section, we describe the variants and animal models of HH; review
the properties, expression, regulation, and function of the molecules that cause
HH; and discuss mechanisms of systemic iron homeostasis misregulated in HH.

2.1 Hereditary hemochromatosis type 1

Hereditary hemochromatosis type 1 (HFE1) is an autosomal recessive disorder
caused by mutations in the hemochromatosis gene, HFE, on chromosome 6p21.3
(Feder et al. 1996). The most common form of hemochromatosis, HFE1 accounts
for approximately 80% of hemochromatosis cases (Feder et al. 1996). Among
these, a missense mutation in HFE converting cysteine to tyrosine at residue 282
(C282Y) occurs most frequently, and a second missense mutation converting his-
tidine to aspartate at residue 63 (H63D) occurs more rarely (Feder et al. 1996;
Borot et al. 1997; Carella et al. 1997). The frequency of the H63D allele in the
population is high, but its association with HFEI is low because disease develops
only in individuals also carrying the C282Y allele, not in individuals homozygous
for H63D. Thus, HFE1 can arise from compound heterozygosity for C282 and
H63D, but is usually due to homozygosity for C282Y.

Mutations in HFE are common in individuals of Northern European descent,
with a heterozygote frequency of 1 in 10 and a homozygote frequency of 1 in 200
(Edwards et al. 1988), but disease penetrance is debated and may be much lower
(Ajioka and Kushner 2003; Beutler 2003). Individuals who develop HFE1 regu-
larly absorb excess dietary iron. Iron slowly accumulates throughout life, deposit-
ing foremost in hepatocytes within the liver, then in other parenchymal tissues of
the heart, pancreas, and thymus. Iron does not accumulate in macrophages of the
liver or spleen until later stages of the disease. Serum transferrin saturation and se-
rum ferritin levels increase and serve as diagnostic indicators. If iron levels are not
reduced by frequent phlebotomy, liver cirrhosis, hepatoma, heart abnormalities,
diabetes, and arthritis develop, generally beginning in the fourth decade of life.

Several mouse strains serve as models for HFE1. Hfe”" mice are null for the
HFE gene (Zhou et al. 1998; Levy et al. 1999b). Hfe“’**" mice are homozygous
for the C282Y mutation (Levy et al. 1999b). Hfe"*'* mice are homozygous for a
mutated gene that does not encode the ol and a2 domains of the protein. These
domains contain residues that interact with TfR1 (Bahram et al. 1999). ﬂzm'/ " mice
are null for B,-microglobulin, a protein required for efficient transport of HFE and
MHC class I molecules to the cell surface (Rothenberg and Voland 1996; Santos
et al. 1996). In all the models, the mutant mice have phenotypes similar to indi-
viduals with HFEI: elevated liver iron content and transferrin saturation but nor-
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mal splenic iron content. Iron deposits appear in hepatocytes, in increasing con-
centrations from the pericentral to periportal zones (Zhou et al. 1998). Expression
of TfR1 in the liver decreases dramatically. However, Hfe”” mice accumulate more
liver iron than Hfe“’*" mice at 4 weeks of age, suggesting that C282Y mutation in
HFE does not entirely abolish protein expression, transport, and function (Levy et
al. 1999b). Similarly, fym” mice accumulate less liver iron than Hfe” mice,
probably due to residual expression of HFE at the cell surface. Hfe” and Hfe“***”
mice express lower levels of hepcidin in their livers than do wild type mice
(Ahmad et al. 2002; Muckenthaler et al. 2003). When fed an iron rich diet, Hfe”
and Hfe“***" mice differ from wild type mice in their transcriptional regulation of
hepcidin. Whereas wild type mice upregulate hepcidin, HFE” and Hfe“***" mice
downregulate hepcidin (Muckenthaler et al. 2003). This suggests that proper hep-
cidin regulation requires functional HFE. The phenotype of Thep/Hfe” mice
strongly supports this. Thep mice overexpress hepcidin and are anemic (Nicolas et
al. 2002a). When bred to Hfe” mice, anemia persists, but iron overload does not
develop despite the absence of functional HFE (Nicolas et al. 2003). Thus, HFE is
upstream of hepcidin in a regulatory pathway that controls iron levels.

HFE is a major histocompatability (MHC) class I-like molecule cloned and
identified as the hemochromatosis protein in 1996 (Feder et al. 1996). The HFE
gene encodes a protein of 343 amino acids with an immunoglobulin-like domain,
transmembrane region, and short cytoplasmic tail. Like other MHC molecules,
HFE has three external domains. The a-1 and a-2 domains form a peptide-binding
pocket. The groove of the peptide-binding pocket is narrower in HFE than in other
MHC molecules that function in antigen presentation, and consequently is unable
to accommodate a peptide. Importantly, HFE also contains two disulfide bonds
within the -2 and -3 domains that stabilize the a-3 domain in a conformation
competent to heterodimerize with 3,-microglobulin (f,m). The C282Y mutation
in HFE that results in hemochromatosis eliminates a cysteine residue and a disul-
fide bond, consequently disrupting the structure of HFE, destabilizing its interac-
tion with B,m, and impeding its transit to the cell surface (Feder et al. 1997; Wa-
heed et al. 1997).

HFE transcript is present in most tissues, but most abundantly in the liver and
intestine (Feder et al. 1996). In the intestine, crypt cells in the ileum express high
levels of HFE protein on their basolateral membranes (Parkkila et al. 1997b). In
the liver, HFE mRNA and protein expression occurs predominantly in hepatocytes
and to a lesser extent in Kupffer cells (Holmstrom et al. 2003; Zhang et al. 2004).

In addition to interacting with B,m, HFE interacts with TfR1 in cells and tissues
(Parkkila et al. 1997a; Feder et al. 1998). Soluble forms of the proteins bind each
other with nanomolar affinity (Lebron et al. 1998). In transfected HeLa cells, HFE
associates with TfR1 along the biosynthetic and endocytic pathways (Gross et al.
1998). The interaction decreases the affinity of TfR1 for Fe,-Tf in vitro, consistent
with the fact that the binding site for HFE on TfR1 overlaps the binding site for
Fe,-Tf (Lebron et al. 1999; West et al. 2001). This data suggests that HFE might
function normally to reduce iron uptake into cells by competing with Fe,-Tf for
binding to TfR1. However, at physiological Fe,-Tf concentrations of ~3 uM, HFE
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is unlikely to affect receptor occupancy. Instead, HFE alters iron homeostasis in a
TfR1-independent manner (Zhang et al. 2003).

Despite considerable effort devoted to the study of HFE in the years since its
discovery, the mechanism by which HFE controls iron homeostasis within the
body remains elusive. Numerous studies have addressed the effect of HFE and
HFE C282Y expression on intracellular iron levels and iron transport. The results
vary depending on the cell system employed. Several studies suggest that HFE
functions to reduce iron uptake. In HeLa cells, expression of wild type HFE re-
duces iron uptake from Tf without altering the cycling kinetics of TfR1 (Roy et al.
1999). Ferritin levels are lower in these cells, but not in HeLa cells expressing
HFE C282Y. TfR1 levels are higher in cells expressing HFE, consistent with re-
duced intracellular iron levels (Roy et al. 2000). However, another study of HeLa
cells expressing HFE attributes the decrease in iron uptake from Tf to a reduction
in TfR1 number and internalization rate (Salter-Cid et al. 1999). In hepatocytes,
transfection of HFE-GFP decreases the rate of Fe,-Tf influx and the rate of Tf re-
cycling (Tkuta et al. 2000). HFE expression reduces iron uptake from Tf in U937
cells (Drakesmith et al. 2002).

Other studies suggest that HFE functions to increase intracellular iron levels.
Macrophages from HFE**?" hemochromatotic individuals accumulate less iron
from Tf than macrophages from individuals with wild type HFE. Expression of
wild type HFE in hemochromatotic macrophages increases iron uptake from Tf
(Montosi et al. 2000). Expression of HFE inhibits iron efflux and decreases iron
uptake from Tf in the THP-1 macrophage cell line. Iron levels increase, indicating
that the effect on iron efflux dominates (Drakesmith et al. 2002). In HT-29 cells,
expression of HFE increases intracellular iron levels through a TfR1-independent
mechanism by inhibiting iron efflux. The increase in iron levels correlates with a
decrease in expression of hephaestin, a ferroxidase that facilitates iron export (Da-
vies et al. 2003).

Taken together, the studies suggest that HFE may influence iron homeostasis
by more than one mechanism depending on the proteins expressed in a particular
cell type. Notably, macrophages and HT-29 cells in which HFE raises iron levels
express Fpnl, whereas HeLa and U937 cells in which HFE lowers iron uptake
from Tf do not. Consistent with the idea that HFE may interact with TfR1 and iron
export machinery, various mutations in HFE differentially affect its abilities to al-
ter iron export and iron uptake from Tf (Drakesmith et al. 2002).

2.2 Hereditary hemochromatosis type 2

Hereditary hemochromatosis type 2 (HFE2), also referred to as juvenile hemo-
chromatosis (JH), is an autosomal recessive disorder caused by mutations in either
hemojuvelin (HJV) on chromosome 1q21 (Papanikolaou et al. 2004) or in hep-
cidin antimicrobial peptide (HAMP) on chromosome 19q13s (Krause et al. 2000;
Park et al. 2001; Pigeon et al. 2001; Roetto et al. 2003). The pathology of HFE2 is
similar to that of HFEI, but individuals with HFE2 accumulate higher levels of
iron earlier in life, generally within the first two decades. Serum transferrin satura-
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tion and serum ferritin levels are elevated. Iron accumulates in parenchymal tis-
sues, notably the heart and liver. If not treated, death results from heart failure.

2.2.1 HFE2A

Numerous mutations in hemojuvelin (Hjv) that cause HFE2A have been identi-
fied. These include thirteen missense mutations (C80R, S85P, G99V, L101P,
1122N, 1128T, A168D, F170S, W191C, R288W, G320V, C321W, R385X), two
frame shift mutations (D149fsX245, C361{sX366), and two nonsense mutations
(C321X, R326X) (Huang et al. 2004; Lanzara et al. 2004; Lee et al. 2004b, 2004c;
Papanikolaou et al. 2004).

Currently, there is not a mouse model for HFE2A. However in individuals with
HFE2A, hepcidin levels are abnormally low (Papanikolaou et al. 2004). This im-
plies that disruption of Hjv causes misregulation of hepcidin.

Hemojuvelin (Hjv, also HFE2, RGMc) is a member of the repulsive guidance
molecule (RGM) family. Members of this family have roles in the developing
nervous system and muscle. Hjv and human RGMa are 48% identical, while hu-
man, rat, and mouse Hjv orthologues are 85% identical. Five alternatively spliced
transcripts encode three different proteins of 426, 313, and 200 amino acids. All
three proteins contain a putative C-terminal transmembrane domain; the longest
two contain a partial von Willebrandt factor domain; and the longest contains an
N-terminal signal peptide domain and a RGD sequence. The occurrence of disease
causing mutations within the N-terminal region suggests that the longest isoform
is relevant to iron homeostasis. Consistent with this, northern blots detect tran-
script encoding the full-length isoform (Papanikolaou et al. 2004). In addition to a
transmembrane domain, the C-terminus of Hjv contains a putative GPI attachment
motif. When expressed in at least one cell line, Hjv is processed to a GPI-linked
protein (A.S. Zhang, unpublished results 2005).

Hjv transcript is present at high levels in human fetal liver, adult liver, heart,
skeletal muscle and esophagus; at lower levels in colon and pancreas (Papaniko-
laou et al. 2004; Rodriguez Martinez et al. 2004). In mice, antisera raised against
Hjv peptides detect a 26 kDa protein in the liver, heart, kidney, brain, and muscle;
and a 30 kDa protein in the liver, jejunum, kidney, and testis (Rodriguez Martinez
et al. 2004). Expression of Hjv transcript in the liver increases late in embryonic
development, decreases in the few days after birth, and then increases moderately
to levels sustained into adulthood. Hjv transcript expression in the liver does not
respond to iron or erythropoietin, but decreases after LPS injection (Krijt et al.
2004).

2.2.2 HFE2B

Mutations in hepcidin that cause HFE2B are rare, but include two missense muta-
tions, C78T (Delatycki et al. 2004) and C70R (Roetto et al. 2004), that disrupt di-
sulfide bonds; a noncoding mutation in the 5> UTR that abrogates hepcidin ex-
pression by generating a new initiation codon (Matthes et al. 2004); a nonsense
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mutation, R56X (Roetto et al. 2004); and a frameshift mutation after residue 31
(Roetto et al. 2004).

Knockout of upstream stimulatory factor 2 (Usf2) inadvertently produced a
mouse model of HFE2B. In the Usf2” mouse, knockout of the Usf2 gene abol-
ished expression of the adjacent Hamp genes encoding hepcidin. The mice with
age accumulate iron in the parenchymal cells of the liver, pancreas, heart, and kid-
ney and have elevated serum iron and serum transferrin saturation levels. Iron lev-
els in the spleen remain low throughout the animals’ lifetimes, in contrast to wild
type mice that accumulate iron in splenic macrophages with age. Erythroid pa-
rameters (RBC count, hemoglobin concentration, and mean corpuscular volume)
are normal. Expression levels of HFE, transferrin receptor 2 (TfR2), ceruloplas-
min (Cp), heme oxygenase-1 (HO-1), transferrin receptor 1 (TfR1), and divalent
metal transporter 1 (DMT]1) transcripts are the same in wild type and Usf2”" mice
(Nicolas et al. 2001). Characterization of a second Usf2”" strain in which hepcidin
expression is unaffected confirms that hepcidin deficiency in the first Usf2” strain
causes iron misregulation (Nicolas et al. 2002a).

Hepcidin (also LEAP-1 for liver-expressed antimicrobial peptide) is a peptide
hormone found in serum and urine (Krause et al. 2000; Park et al. 2001). The
HAMP gene encodes an 84 amino acid prepropeptide. Cleavage of a signal se-
quence after Gly** generates a 60 amino acid propeptide that is differentially pro-
teolysed to generate a mature peptide of 20, 22, or 25 amino acids (Krause et al.
2000; Park et al. 2001; Pigeon et al. 2001). The three hepcidin peptides differ in
their N-termini, but all include eight cysteine residues. Disulfide bonds between
the eight cysteines stabilize an amphipathic -sheet that curls to form a convex
hydrophobic surface and a concave basic surface (Hunter et al. 2002). The struc-
tural characteristics of hepcidin are similar to antimicrobial peptides called de-
fensins. Consistently, Hepc20 exhibits antimicrobial and antifungal activity.
Hepc25 also exhibits antimicrobial activity, but to a lesser extent than Hepc20
(Park et al. 2001). As a result of gene duplication, mice have two genes for hep-
cidin, Hamp1 and Hamp?2, present in tandem on chromosome 17, that encode 83
amino acid prepropeptides (Pigeon et al. 2001). Hepcl and Hepc2 are 68% identi-
cal in their mature forms and 89% identical in their prepro forms. Mouse Hepcl
and human Hepc show 54% identity in their prepro forms and 76% identity in
their mature forms (Pigeon et al. 2001; Ilyin et al. 2003).

The liver is the primary site of hepcidin synthesis and secretion (Krause et al.
2000). Hepcidin mRNA appears late in fetal development, rises at birth, declines
after birth, then rises again in adulthood when expression peaks (Park et al. 2001;
Pigeon et al. 2001). Hepcidin peptide localizes to the basolateral membrane of
hepatocytes located in the periportal zones of the liver from where it is presuma-
bly secreted into the serum (Kulaksiz et al. 2004). Hepc25, Hepc20 and prohep-
cidin are present in the serum, the latter at concentrations of 5 — 15 nM in healthy
individuals (Kulaksiz et al. 2004). Adult heart, brain, spinal cord, and kidney ex-
press lower levels of hepcidin mRNA (Park et al. 2001; Pigeon et al. 2001; Cour-
selaud et al. 2002; Nicolas et al. 2002a; Kulaksiz et al. 2005). In the kidney hep-
cidin localizes to epithelial cells in the tubules of the cortex, medulla, and papilla
(Kulaksiz et al. 2005). Within cells, hepcidin appears apical or intracellular, sug-
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gesting it is released into urine within the renal lumen. Hepcidin in urine from
healthy individuals comprises predominantly Hepc20 and Hepc25 in concentra-
tions from 4 — 12 nM (Park et al. 2001). In the mouse, Hepc2 transcript is ex-
pressed in a similar pattern and to a similar degree as mouse Hepcl and human
Hepc, but Hepc?2 is also present in the pancreas at a high level (Ilyin et al. 2003).

Hepcidin is essential for mediating changes in iron absorption, recycling, and
storage in normal and pathological conditions. Mice lacking hepcidin have iron
overload (Nicolas et al. 2001), whereas mice overexpressing hepcidin are severely
anemic (Nicolas et al. 2002a). Misregulation of iron homeostasis in numerous dis-
eases derives from misregulation of hepcidin. Mice and humans homozygous for
mutations in HFE or TfR2 fail to upregulate hepcidin and thus develop iron over-
load (Ahmad et al. 2002; Kawabata et al. 2005), as do individuals with juvenile
hemochromatosis who are homozygous for mutations in Hjv (Papanikolaou et al.
2004). Individuals with chronic inflammation continuously upregulate hepcidin
and thus develop anemia (Nemeth et al. 2004a).

Since regulation of hepcidin is a central means by which to modulate iron, and
numerous normal and pathological conditions require modulation of iron, it is not
surprising that hepcidin expression responds to a variety of stimuli. Hypoxia re-
duces expression of hepcidin (Nicolas et al. 2002b), presumably leading to an in-
crease in iron to support erythropoiesis and oxygen transport. Hypoxia may down-
regulate hepcidin directly, through the transcription factor HIF-1, or indirectly
through erythropoietin (EPO), which is induced by HIF-1 during hypoxia (Wang
and Semenza 1993). Mice injected with EPO downregulate hepcidin (Nicolas et
al. 2002¢). Inflammation increases hepcidin expression (Nicolas et al. 2002b), re-
ducing the iron available to pathogens. A switch from a standard diet to a high
iron diet induces hepatic hepcidin expression in mice (Pigeon et al. 2001). Con-
versely, a switch from a high iron diet to a low iron diet reduces hepcidin expres-
sion (Frazer et al. 2002). Though not all studies in mice differentiate between
Hepcl and Hepc2, their mRNAs respond similarly to changes in dietary iron
(Mazur et al. 2003), thus the regulation if not the activity of Hepcl and Hepc2 ap-
pears to be the same. Hepcidin expression also decreases in mice with genetic
anemia due to mutations in hephaestin (s/a mouse), DMT1 (mk mouse), or trans-
ferrin (hpx mouse) (Weinstein et al. 2002) or experimental anemia induced by
phenylhydrazine (PHZ) injection (Nicolas et al. 2002b). Similarly, in humans hep-
cidin increases within 24 hours after iron ingestion (Nemeth et al. 2004a). Thus,
iron itself alters hepcidin expression in order to maintain iron levels that are non-
toxic, but adequate to support biological functions.

When iron levels rise, hepcidin transcript levels rise. Changes in hepcidin levels
probably reflect changes in transcription, though changes in transcript stability
could also contribute. The hepcidin promoter region in humans and mice contains
binding sites for hepatocyte nuclear factor 4 (HNF4), CCAAT/enhancer-binding
proteins (C/EBP), and signal transducers and activators of transcription (STAT).
C/EBPa induces strong expression from the human hepcidin promoter, while
C/EBP induces weakly, and HNF4 attenuates. In mice with liver specific knock-
out of C/EBPa, expression of hepcidin is reduced. Consistent with this misregula-
tion of hepcidin, C/EBPa knockout mice have iron overload in the liver. In mice
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fed a high iron diet C/EBPa protein increases. Developmental expression of
C/EBPa. correlates with that of hepcidin, appearing late in fetal development,
peaking near birth, decreasing, then re-accumulating at adulthood. C/EBPa is
lower in hepatoma cells than in adult hepatocytes, again correlating with the pat-
tern of hepcidin expression (Courselaud et al. 2002).

2.3 Hereditary hemochromatosis type 3

Hereditary hemochromatosis type 3 (HFE3) is an autosomal recessive disorder
that occurs in individuals homozygous for mutations in transferrin receptor 2
(TFR2) on chromosome 7q22 (Kawabata et al. 1999; Camaschella et al. 2000).
Among the currently known disease causing mutations, Y250X (Camaschella et
al. 2000), E60X (Roetto et al. 2001), R105X (Le Gac et al. 2004), Q317X
(Pietrangelo et al. 2005), and V561X (Koyama et al. 2005) introduce premature
stop codons; Q690P (Mattman et al. 2002), M172K (Le Gac et al. 2004), and
L490P (Koyama et al. 2005) produce single amino acid changes in the extracellu-
lar region of the receptor; and AVAQ594-597A deletes four amino acids from the
TfR2 extracellular domain (Girelli et al. 2002). Though the incidence of HFE3 is
low, its pathology suggests that TfR2 plays a critical, but as yet undefined, role in
iron regulation.

The Trfi2"** mouse is a model of hemochromatosis arising from mutation in
TfR2. The Y245X nonsense mutation is orthologous to the Y250X mutation that
occurs in individuals with HFE3. Mice homozygous for the mutation do not ex-
press membrane bound TfR2. Compared with wild type mice, liver iron is fourfold
higher and splenic iron is twofold lower in mutant mice. Hematological parame-
ters are unchanged (Fleming et al. 2002). In the duodenum, iron levels are the
same in mutant and wild type mice, but DMT1-1A transcript expression is higher
in Trfi-2°”* mice. Significantly, relative to wild type mice, 77/-2"**** mice express
lower levels of hepcidin transcript. After iron dextran injection, 7rfr2"** mice do
not induce hepcidin expression even though the iron levels in their livers are as
high as the iron levels in the livers of wild type mice that do upregulate hepcidin
(Kawabata et al. 2005). Thus, TfR2 contributes to hepcidin regulation.

Mice in which 77fr2 has been knocked out will most likely serve as a second
model for HFE3 (Wallace et al. 2004b). The phenotype of this mouse has not been
described, but the development of hemochromatosis in Trfr2”" mice will probably
confirm that HFE3 is due to a loss of function in TfR2.

TfR2 is a homolog of TfR1, the ubiquitously expressed receptor that delivers
Fe,-Tf to cells. The human TFR2 gene was identified and cloned in 1999 (Kawa-
bata et al. 1999). The principle transcript transcribed from this gene encodes a 100
kDa type II transmembrane protein, TfR2-a or TfR2. The second transcript en-
codes a truncated protein, TfR2-B, which lacks the intracellular and transmem-
brane domains at the N-terminus. The amino acid sequence in the extracellular
domain of TfR2 shows 45% identity and 66% similarity to the extracellular do-
main of TfR1. The cytoplasmic domain of TfR2 contains a putative endocytic mo-
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tif, YQRYV, and shows no homology to the cytoplasmic domain of TfR1. TfR2
molecules form dimers stabilized by disulfide bonds (Kawabata et al. 1999). The
mouse 77fr2 gene on chromosome 5 gives rise to three alternative splice variants
(Fleming et al. 2000; Kawabata et al. 2001a). The predominant transcript encodes
a protein that is 89% identical to human TfR2 (Kawabata et al. 2001a).

TfR2 mRNA is abundant in liver tissue, but is not detectable in the small intes-
tine, kidney, brain, or heart (Kawabata et al. 1999). This expression pattern con-
trasts the widespread distribution of TfR1 throughout the body. Expression of
TfR2 transcript increases in the liver from embryonic and postnatal development
to adulthood, whereas expression of TfR2 transcript decreases during erythrocyte
differentiation (Kawabata et al. 2001a, 2001b). Within the liver, transcript level is
high in hepatocytes and low in Kupffer cells and stellate cells (Fleming et al.
2000; Zhang et al. 2004). TfR2 transcript is present in HepG2 (human hepatoma)
K562 (human erythroleukemia), MEL (murine erythroleukemia), and other
erythroid cell lines (Kawabata et al. 1999, 2001a, 2001b). HepG2, K562, and
HuH7 (human hepatoma) cells also express TfR2 protein, whereas TfR2 is not de-
tectable in SK1-Hep and Hep3B (human hepatoma) cells (Vogt et al. 2003). The
liver expresses TfR2 protein (Fleming et al. 2002).

Consistent with its homology to TfR1, TfR2 interacts with Tf in pH-dependent
manner. At pH 7.6 — 7.2, TfR2 binds Fe,-Tf optimally. Below pH 7.2, binding
drops sharply. By contrast, TfR1 does not release Fe,-Tf until the pH falls below
6.8 (Kawabata et al. 1999). Given that sensitivity to pH is integral to the function
of TfR1, the difference in the pH sensitivity of the interaction between TfR2 and
Tf may have implication for the function of TfR2 in the cell. Both the full-length
and a soluble form of TfR2 bind Tf with an affinity of 27nM, approximately 30-
fold lower than the affinity of TfR1 for Tf (Kawabata et al. 1999; West et al.
2000). Similar to TfR1, mutation of an RGD sequence in the extracellular domain
of TfR2 reduces Tf binding (Kawabata et al. 2004). In contrast to TfR1, TfR2
does not bind HFE in immunoprecipitation or surface plasmon resonance assays
(West et al. 2000).

The promoters of both mouse and human TfR2 contain binding sites for C/EBP
and two erythroid specific transcription factors, EKLF and GATA-1 (Kawabata et
al. 2001a), but little is known about transcriptional regulation of TfR2. At the
post-transcriptional level, intracellular iron levels do not regulate TfR2. Unlike
TfR1, TfR2 does not contain an iron response element (IRE) in its 3’ untranslated
region (UTR). Treatment with iron or an iron chelator does not alter TfR2 mRNA
or protein levels in K562 cells (Kawabata et al. 2000), HepG2 cells (Johnson and
Enns 2004; Robb and Wessling-Resnick 2004) or MEL cells (Kawabata et al.
2001a). TR2 transcript levels are the same in livers from mice fed standard, high-
iron, and low-iron diets. Transcript levels are also the same in livers from wild
type and Hfe”” mice (Fleming et al. 2000). TfR2 protein, though, is higher in livers
from mice fed high-iron diets and in livers from Hfe”" mice (Robb and Wessling-
Resnick 2004; Kawabata et al. 2005). The discrepancy between transcript and pro-
tein is due to post-transcriptional regulation of TfR2 by Fe,-Tf concentrations. In-
creasing the concentration of Fe,-Tf in the culture medium of HepG2 cells stabi-
lizes TfR2, resulting in an increase in TfR2 levels in the cell (Johnson and Enns
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2004). The proportion of TfR2 molecules at the cell surface also increases in re-
sponse to Fe,-Tf (Deaglio et al. 2002). The effects on TfR2 occur at physiologi-
cally relevant concentrations of Fe,-Tf. Consistently, TfR2 is higher in mice with
elevated serum transferrin saturation and lower in mice with reduced serum trans-
ferrin saturation (Robb and Wessling-Resnick 2004).

The binding properties, tissue distribution, and inability of TfR2 to support
growth in TfR1 knockout mice (Levy et al. 1999a) indicate that the receptor has
functions distinct from TfR1. Though TfR2 binds and internalizes Fe,-Tf, the
main role of TfR2 is unlikely to be iron import since Trfi2"**** mice and individu-
als with HFE3 accumulate iron in their livers (Camaschella et al. 1999, 2000;
Fleming et al. 2000). The interaction of TfR2 with Tf may be important for iron
regulation, however. The regulation of TfR2 stability by transferrin saturation may
be part of a mechanism that senses systemic iron levels (Johnson and Enns 2004).
The delivery of Tf by TfR2 to a specific intracellular compartment might modu-
late a signal from the liver regulating iron uptake by the intestine. Expression of
TfR2 but not TfR1 in HeLa cells increases the amount of Tf found in multi-
vesicular bodies (MVB). Tf also appears in MVBs in HepG2 cells endogenously
expressing TfR2 (Robb et al. 2004). Thus, further characterization of TfR2 traf-
ficking may elucidate its role in iron homeostasis.

2.4 Hereditary hemochromatosis type 4

Hemochromatosis type 4 (HFE4), in contrast to the other forms of HH, is an auto-
somal dominant disorder. HFE4 arises from mutations in the gene SLC40A41 (for
solute carrier family 40 member 1) on chromosome 232 (Haile 2000; Montosi et
al. 2001; Njajou et al. 2001) encoding the iron transporter ferroportin (Fpnl;
(Donovan et al. 2000)). The numerous mutations in Fpnl that cause HFE4 include
N144H/T/D (Njajou et al. 2001; Arden et al. 2003; Wallace et al. 2004a), A77D
(Montosi et al. 2001), V162A (Cazzola et al. 2002; Devalia et al. 2002; Roetto et
al. 2002; Wallace et al. 2002), Y64N (Rivard et al. 2003), G490D (Jouanolle et al.
2003), and Q248H (Barton et al. 2003; Beutler et al. 2003; Gordeuk et al. 2003).

The pathology of HFE4 is distinct from that of the other forms of HH. Iron ac-
cumulates predominantly within macrophages of the liver and spleen. Serum fer-
ritin levels consistently increase. In only a subset of cases, possibly correlating
with particular mutations in Fpnl or the severity and duration of the disease, iron
accumulates in hepatocytes and serum transferrin saturation increases.

Fpnl functions as an iron exporter. In transfected oocytes, mouse Fpnl stimu-
lates iron efflux 2.5-fold. Iron efflux activity required the presence of ceruloplas-
min in the medium (McKie et al. 2000). Zebrafish Fpnl also increases iron efflux
when expressed in oocytes, but requires the presence of apoTf in the medium
(Donovan et al. 2000). Overexpression of Fpnl-GFP in J774 macrophages in-
creases export of iron derived from phagocytosed erythrocytes by 70% (Knutson
et al. 2005).

The pathology of HFE4 arising from mutation in Fpnl is consistent with a de-
fect in iron export from reticuloendothelial cells due to haploinsufficiency for
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Fpnl (Montosi et al. 2001). Loss of transporter function would limit iron export
from macrophages and enterocytes, increasing iron levels in those cells, but reduc-
ing iron levels in the body. Insufficient iron for erythropoiesis would subsequently
stimulate intestinal iron absorption. Finally, hepatocytes would eventually accu-
mulate iron due to increased intestinal absorption and decreased hepatic export
(Fleming and Sly 2001a). However, a recent study characterizing the activity of
wild type and mutant Fpnl transporters in transfected 293T cells suggests that the
various mutations in Fpnl may lead to different defects (Schimanski et al. 2005).
The study demonstrated that wild type Fpnl localizes to the cell surface and ex-
ports iron from the cell, thereby lowering intracellular iron levels. Four disease
causing mutants, G490D, L170F, V162A, and A77D, do not localize to the cell
surface, export iron, or lower intracellular iron levels. A subset of Fpnl mutations,
therefore, results in loss of transporter function and could cause disease according
to the haploinsufficiency model. Five other disease causing mutants, C326Y,
Q248H, N144H/D, and Y64N, did localize to the cell surface, export iron, and
lower intracellular iron levels, however. Thus, a second subset of Fpnl mutations
does not appear to affect transporter function, but nonetheless causes disease.
These mutations may disrupt interactions with regulatory or accessory proteins,
but how they cause disease is not clear.

Fpnl (also Iregl, MTPI1) is a 571 amino acid protein of 63 kDa in humans
(Abboud and Haile 2000; Donovan et al. 2000; McKie et al. 2000). Human,
mouse, and rat orthologues are 90% similar and bear some homology to other
metal transporters, including DMT1. Topology prediction programs indicate Fpnl
has nine or ten transmembrane domains (Abboud and Haile 2000; Donovan et al.
2000; McKie et al. 2000; Devalia et al. 2002). Fpnl contains a putative
NADP/adenine-binding site, indicative of possible reductase activity, and a C-
terminal PDZ target motif, important for targeting of proteins to the basolateral
membrane. Consistently, epitope-tagged Fpnl transfected into MDCK and CaCo-
2 cells appears along the basolateral surface (McKie et al. 2000).

In humans and mice, cells in the intestine, spleen, kidney, liver, heart, and pla-
centa express Fpnl (Abboud and Haile 2000; Donovan et al. 2000). During em-
bryogenesis, Fpnl protein first appears in the uterus, then throughout the embryo,
including the brain, spinal cord, myocytes, muscles, and Kupffer cells (Abboud
and Haile 2000). Synthesis of Fpnl transcript increases in the duodenum through
development to adulthood (McKie et al. 2000). In the adult, Fpnl protein is pre-
sent in hepatocytes, macrophages within the liver, spleen and bone marrow, the
tubular cells and glomerulus of the kidney, heart-muscle, and duodenum (Abboud
and Haile 2000; Donovan et al. 2000; Yang et al. 2002). In the mouse duodenum,
expression of Fpnl transcript and protein increases from the crypt to the villus
(Donovan et al. 2000; McKie et al. 2000). In the human placenta, Fpnl appears at
the basal surface of syncytiotrophoblasts where it contacts the fetal circulation.
Similarly, in zebrafish embryos, Fpnl is expressed in the yolk syncytial later
(YSL), where it is positioned to transport iron from the yolk to hematopoietic cells
and the blood (Donovan et al. 2000). In the duodenum of mice, the protein is ex-
pressed in vesicles or at the basolateral surface (Abboud and Haile 2000; Donovan
et al. 2000). Hepatocytes in mice express Fpnl at their sinusoidal membrane (Ab-
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boud and Haile 2000). The localization of Fpnl within the placenta, intestine, and
hepatocytes is consistent with a role in exporting iron into the circulation (Dono-
van et al. 2000).

Regulation of Fpnl is complex, and a full understanding of how transcriptional,
post-transcriptional, and post-translational mechanisms integrate to regulate Fpnl
expression in response to both cellular and systemic iron levels in different cells is
lacking. The IRE in the 5 UTR of Fpnl inhibits translation when iron levels are
low. Nonetheless, the expression of Fpnl transcript increases in duodenal entero-
cytes when mice are switched to a low iron diet. Conversely, the expression of
Fpnl transcript increases in Kupffer cells after injection of mice with iron dextran
(Abboud and Haile 2000). Treatment with iron or phagocytosis of erythrocytes in-
creases Fpnl transcript levels in J774 macrophages, whereas iron chelation re-
duces levels (Knutson et al. 2003). Transcriptional mechanisms, perhaps respond-
ing to systemic iron signals, regulate Fpnl expression in the duodenum, whereas
post-transcriptional mechanisms, probably responding to cellular iron signals
through the IRE/IRP system, regulate Fpnl expression in macrophages. Addition-
ally, hepcidin regulates the level and localization of Fpnl protein (Nemeth et al.
2004b; Knutson et al. 2005), inducing the internalization and degradation of the
transporter (Nemeth et al. 2004b).

2.5 Mechanisms of iron homeostasis misregulated in hereditary
hemochromatosis

HFE, Hjv, Hepc, TfR2, and Fpnl are critical components of a homeostatic cycle
that maintains iron at appropriate levels. This cycle presumably involves a sensing
mechanism that detects iron levels, a signaling mechanism that regulates hepcidin
expression, and a regulatory mechanism through which hepcidin alters the avail-
ability of iron. The first two mechanisms largely remain mysteries, but recent
work has elucidated a mechanism by which hepcidin may regulate the amount of
iron absorbed from the intestine, recycled by macrophages, and released from
hepatocytes. Nemeth et al. showed that hepcidin controls the cell surface levels of
Fpnl. Addition of hepcidin to the medium of cells expressing Fpnl-GFP causes
internalization of Fpnl and subsequent degradation of Fpnl by the lysosome. An
increase in ferritin and intracellular iron levels accompanies the decrease in Fpnl,
indicating that hepcidin reduces iron export by reducing Fpnl localization at the
cell surface. A direct interaction between hepcidin and Fpnl appears to mediate
the effect (Nemeth et al. 2004b). In support of these results, treatment of J774
macrophages with hepcidin reduces the level of Fpnl and decreases non-heme
iron export (Knutson et al. 2005).

HFE, Hjv, and TfR2 may relay signals of body iron status that regulate hep-
cidin expression. Hepcidin levels are inappropriately low relative to body iron lev-
els in individuals and mice with hemochromatosis caused by mutations in HFE,
Hjv, or TfR2 (Ahmad et al. 2002; Papanikolaou et al. 2004; Kawabata et al. 2005;
Nemeth et al. 2005), suggesting that disruption of HFE, Hjv, or TfR2 weakens or
eliminates signals regulating hepcidin. Through a mechanism not yet elucidated,
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Hjv contributes more than HFE or TfR2 alone to hepcidin regulation, since muta-
tions in Hjv cause more severe hemochromatosis. Interestingly, a recent case
study reports that individuals who are compound heterozygous for HFE
H63D/C282Y and homozygous for TfR2 Q317X develop clinical and biochemical
features of juvenile, type 4 hemochromatosis. Thus, mutation of both HFE and
TfR2 disrupts hepcidin expression to the same extent as mutation of Hjv. Hjv,
HFE, and TfR2 may function in an independent yet complimentary fashion to con-
trol hepcidin synthesis (Pietrangelo et al. 2005). The finding is also consistent,
however, with a regulatory pathway in which TfR2 and HFE converge on Hjv to
modulate its function. Since levels of Hjv transcript do not change in response to
iron (Krijt et al. 2004), changes in Hjv protein level or localization in response to
iron signals, perhaps relayed by TfR2 and HFE, may mediate changes in hepcidin
expression.

The lack of cell culture systems that recapitulate the in vivo response of hep-
cidin to iron has hindered efforts to understand the mechanism of hepcidin regula-
tion. Treatment of freshly isolated hepatocytes with ferric ammonium citrate
(FAC) or the iron chelator desferrioxamine (DFO) does not elicit a change in hep-
cidin expression (Pigeon et al. 2001). Neither FAC nor Fe,-Tf affect hepcidin ex-
pression in hepatocytes cultured in serum-free medium, while in medium with se-
rum, Fe-Tf decreases, rather than increases, hepcidin expression (Nemeth et al.
2003). In HepG2 cells, hepcidin decreases in response to iron nitrilotriacetate
(FeNTA) and does not respond to Fe,-Tf (Gehrke et al. 2003). These results have
prompted the hypothesis that molecules external to the hepatocyte, perhaps re-
leased by Kupffer cell macrophages or transported in the serum, relay iron signals
to hepatocytes that regulate hepcidin expression. The role of cytokines IL-6 and
IL-1, both released by macrophages, in regulating hepcidin in response to inflam-
mation is well established (Nemeth et al. 2004a; Lee et al. 2005). IL-6 is not es-
sential for iron signaling to hepatocytes, though, since IL-6"" mice increase hep-
cidin expression when switched to a high-iron diet (Nemeth et al. 2004a). In turn,
TfR2 is not essential for inflammatory signaling since 7rf-2” mice injected with
endotoxin upregulate hepcidin (Frazer et al. 2004; Lee et al. 2004a). Whether in-
flammatory signaling to hepcidin requires HFE is controversial. In two studies of
Hfe” mice, induction of hepcidin by LPS or Freund’s complete adjuvant did not
require HFE (Frazer et al. 2004; Lee et al. 2004a); whereas in a study of Hfe” and
Hfe“*" mice it did (Roy et al. 2004). Hepcidin may not appropriately respond to
iron in cell culture because culture conditions do not accurately reproduce physio-
logical conditions. Culture conditions may alter the function, interactions, or sig-
naling of proteins upstream from hepcidin. Alternatively, the absence of proper
hepcidin regulation by iron in cell culture might be due to the expression profile of
the hepatic cell itself. Hepatocytes dedifferentiate after a few days in culture, and
thus may cease to express proteins needed to mediate the effect of iron on hep-
cidin. HepG2 cells express TfR1, TfR2, Tf, Fpnl, DMT1, Ft, HFE, Hepc, Hjv,
and ceruloplasmin but in some cases at markedly different levels than hepatocytes
in vivo (Zhang et al. 2004; M.B. Johnson, unpublished results 2004). In HepG?2,
cells TfR2 and TfR1 transcript levels are similar, but in hepatocytes, levels of
TfR2 transcript are considerably higher than levels of TfR1 transcript. Also in
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HepG?2 cells, expression of HFE and Hjv is low (M.B. Johnson and A.S Zhang,
unpublished results 2004). Thus, though the proteins that participate in iron regu-
lation of hepcidin are present, the extent and stoichiometry of their expression
may be inappropriate.

Systemic iron levels and erythropoietic iron requirements may both regulate
hepcidin. The signals indicating the status of either are not established. Possible
indicators include serum transferrin saturation, serum ferritin, hepatic iron stores,
circulating non-transferrin bound iron (NTBI), circulating soluble TfR1, and
erythropoietin. Similarly, the molecules and mechanisms that sense the signals are
not understood. Complicated cellular processes involving the interaction of HFE,
Hjv and TfR2 with one or more indicators of iron level may sense iron and regu-
late hepcidin. Hepcidin’s regulation by other stimuli, such as inflammation and
hypoxia, and the need to determine the temporal sequence of responses to changes
in iron complicate studies of the correlation between putative iron indicators and
hepcidin levels. In rats switched to an iron-deficient diet, hepcidin levels correlate
with serum transferrin saturation (Frazer et al. 2002). Importantly, a decrease in
serum transferrin saturation occurs at the same time as a decrease in hepcidin syn-
thesis and an increase in intestinal iron absorption. By contrast, hepatic and
splenic iron levels do not decrease until several days after hepcidin decreases.
However, in a study of human subjects that displayed no symptoms of hemochro-
matosis, hepcidin transcript levels correlated with serum ferritin levels but not
transferrin saturation (Gehrke et al. 2003). Several outliers, though, perhaps corre-
sponding to individuals whose hepcidin levels were elevated due to inflammation,
might have masked a positive correlation between hepcidin transcript levels and
serum transferrin saturation. Another study reported a correlation between urinary
hepcidin excretion and serum ferritin levels (Nemeth et al. 2003). Indicators other
than or in addition to serum ferritin and transferrin saturation appear to signal iron
levels to hepcidin, though, since in Hbb™"* mice that model B-thalassemia (see
Section 7.3.1), hepcidin expression is decreased, despite iron overload.

3 Misregulation of iron: anemias

Hemoglobin has three components: iron, protoporphyrin IX, and globin. Most of
the iron required by the body is needed for hemoglobin synthesis in erythroid
cells. Erythroid cells acquire iron through the receptor-mediated endocytosis of
transferrin, the iron transport protein in blood (Ponka 1997). After endocytosis, the
acidic environment of the endosome promotes the release of iron from transferrin.
Iron then crosses three membranes, the endosomal membrane and the outer and
inner mitochondrial membranes, to be incorporated into protoporphyrin IX by
ferrochelatase. The divalent metal transporter, DMT]I, also known as NRAMP2
and DCT1, transports iron across the endosomal membrane. The mechanism of
how iron is transported into the matrix of mitochondria is not known. Once in the
matrix, ferrochelatase incorporates iron into protoporphyrin IX to form heme.
Ferrochelatase localizes to the inner mitochondrial membrane facing the mito-
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chondrial matrix (Ponka 1997). Since protoporphyrin IX is synthesized in mito-
chondria and globin is synthesized in cytosol, heme is transported out of the mito-
chondria through an uncharacterized mechanism into the cytosol and subsequently
incorporated into globin, forming hemoglobin. Erythroid cells coordinate the ac-
quisition or biosynthesis of iron, protoporphyrin IX, and globin to ensure that each
component is present in stoichiometric amounts. Disturbance of any part of this
ordered, biosynthetic pathway most commonly results in aberrations in iron ho-
meostasis that manifest as hypochromic, microcytic anemias.

3.1 B-thalassemia

Human adult hemoglobin (Hb) consists of a major component, hemoglobin A
(HbA), and a minor component, HbA2 (about 2.5%). Both hemoglobins are
tetramers of heme-binding globin chains. HbA has two a globin and two 3 globin
subunits (c232); while HbA2 has two a globin and two & globin subunits (02382)
(Ponka 1997).

B-thalassemia is characterized by defective B-globin synthesis resulting from f3-
globin gene mutations. Over 200 different mutations that give rise to the clinical
phenotype of B-thalassemia have been identified. Based on the extent of 3-globin
production, the B-thalassemias are classified into two main varieties, B0 thalas-
semia, in which no B-globin is produced, and + thalassemia, in which some 3
chains are produced but at a reduced rate. As a result, the severity of anemia in -
thalassemia patients varies widely. The reduced rate of B-globin synthesis causes
an imbalance in globin chain synthesis, which leads to the following two main
consequences. First, the unpaired o chains are unable to form a viable Hb tetramer
and so aggregate to form inclusion bodies in erythroid cell precursors. These in-
clusion bodies trigger the intramedullary destruction of erythroid precursors re-
sulting in ineffective erythropoiesis. Second, red cells that enter into the circula-
tion containing inclusion bodies are vulnerable to hemolysis when they pass
through the microcirculation (Weatherall 2001).

Clinically, the B-thalassemias are also classified into B-thalassemia major, in-
termediate, and minor based on the degree of anemia. Patients with B-thalassemia
major have the most severe anemia and require regular transfusion of red blood
cells (RBC) starting from early childhood to enable normal growth and develop-
ment and prevent congestive heart failure, severe bone deformities, and endocri-
nopathies. This requirement for RBC transfusion is life-long, and life expectancy
is reduced regardless. Patients suffer from iron overload, which is mainly attrib-
uted to the blood transfusions required for treatment of the disease. The increased
iron absorption by the intestine induced by anemia also contributes to iron over-
load. Patients with B-thalassemia intermediate have a milder anemia and usually
do not require transfusions. However, this group of patients develops iron-
overload in the absence of transfusion. B-thalassemia minor usually does not need
clinical intervention (Weatherall 2001; Schrier and Angelucci 2005).
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The mechanisms regulating iron absorption by the intestine are not completely
understood. Recent studies have documented that hepcidin levels in the circulation
principally control the rate of iron absorption. Synthesized and secreted by hepa-
tocytes, hepcidin inhibits cellular iron efflux by binding to the iron exporter ferro-
portin and inducing its internalization and degradation (Nemeth et al. 2004b). A
variety of stimuli regulate hepcidin mRNA levels. High iron levels and hypoxia
induce hepcidin expression, whereas low iron levels and inflammation reduce
hepcidin expression (Pigeon et al. 2001; Frazer et al. 2002; Nicolas et al. 2002b).
Notably, injection of mice with erythropoietin (EPO) also reduces hepcidin ex-
pression (Nicolas et al. 2002¢). Clinical studies have shown significantly elevated
serum erythropoietin levels in both thalassemias major and intermedia (Dore et al.
1993; Chaisiripoomkere et al. 1999). Thus, in B-thalassemia two signals regulating
hepcidin, high iron levels and high EPO levels, conflict. To determine if the in-
creased intestinal iron absorption in B-thalassemia correlates with reduced hep-
cidin expression, urinary hepcidin levels in seven patients with B-thalassemia in-
termediate and eight patients with B-thalassemia major were measured. Results
showed that hepcidin levels in both groups were low relative to serum ferritin lev-
els (Papanikolaou 2005). These results are consistent with the finding that thalas-
semic mice have reduced levels of hepcidin mRNA (Adamsky et al. 2004). Taken
together, these results indicate that the erythropoietic signal dominates over the
iron stores signal in the regulation of hepcidin expression in 3-thalassemias.

HFE mutations may modify the severity of iron loading in patients with (-
thalassemias. The results are controversial. Two studies suggest that association of
the B-thalassemic trait with the HFE H63D mutation may exacerbate iron absorp-
tion (Melis 2002; Martins et al. 2004), while other studies do not support this view
(Borgna-Pignatti 1998; Piperno et al. 2000). In HFE deficient mice, iron overload
is attributed to the downregulation of hepcidin gene expression (Muckenthaler et
al. 2003). Constitutive overexpression of hepcidin prevents iron overload in HFE
deficient mice (Nicolas et al. 2003). Therefore, we speculate that if the HFE gene
is a modifier of iron overload in B-thalassemias, it will function through the regu-
lation of hepcidin expression in the hepatocytes.

3.2 Anemia of inflammation

The anemia of inflammation (Al also called the anemia of chronic disease) is a
condition that afflicts patients with a wide variety of diseases, including infec-
tions, malignancies, and rheumatologic disorders. Al is characterized by a blunted
erythropoietin response by erythroid precursors, decreased red blood cell survival,
decreased iron absorption by the intestine, and increased macrophage iron reten-
tion. The latter interrupts iron delivery to erythroid precursor cells (Rivera et al.
2005).

In the past two years, a great deal of progress has been made toward under-
standing the mechanisms underlying Al. Several lines of evidence indicate that an
increased level of hepcidin in the circulation is the key mediator of Al. The first
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evidence came from a clinical study of patients with large hepatic adenomas
(Weinstein et al. 2002). These patients had severe iron refractory anemia similar to
that observed in Al. Surprisingly, the anemia disappeared spontaneously after
adenoma resection or liver transplantation. Further analysis of the adenoma tissue
by northern blot and in situ hybridization showed that the adenoma expressed in-
appropriately high levels of hepcidin mRNA, about 10 to 30 times that of unaf-
fected liver tissues. On the basis of this finding and the role of hepcidin in iron
homeostasis, the authors speculated that hepcidin is important in the pathogenesis
of Al A study using an animal model substantiated this (Rivera et al. 2005). Tu-
mor xenografts engineered to overexpress human hepcidin or control tumor xeno-
grafts were transplanted into non-obese diabetic-severe combined immunodefi-
ciency (NOD-SCID) mice. The mice with hepcidin producing tumors had more
severe anemia, lower serum iron, and increased hepatic iron stores than mice with
control tumors (Rivera et al. 2005).

Additional evidence supporting the importance of hepcidin in Al comes from a
patient study (Nemeth et al. 2003). Urinary hepcidin excretion, assumed to be in-
dicative of hepcidin production, by healthy controls or patients with transfusion-
induced iron overload, compensated hereditary hemochromatosis, or iron defi-
ciency anemia was measured and compared (Nemeth et al. 2003). Results showed
that urinary excretion of hepcidin was greatly increased in patients with Al, to lev-
els similar to those in patients with iron overload. Three separate studies using
mice made similar observations. In one study, mice were injected with LPS, a
classic inducer of acute phase proteins involved in the response to infection or in-
flammation. Hepcidin mRNA expression increased as early as 1.5 hours after in-
jection (Roy et al. 2004). In other studies, turpentine was used to induce inflam-
mation. After a single injection, hepcidin mRNA levels increased 6 to 12-fold and
serum iron levels decreased two-fold (Nicolas et al. 2002b; Nemeth et al. 2004a).
These findings support the hypothesis that hepcidin contributes to iron deficiency
in AL

Studies seeking to elucidate how inflammation induces hepcidin expression
have established that interleukin-6 (IL-6) is an important mediator. First, in vitro
studies in both human hepatocytes and Hep3B (human hepatoma) cells showed
that IL-6, LPS, and conditioned medium from LPS-stimulated macrophages or
Kupffer cells strongly induce hepcidin mRNA expression. Importantly, the addi-
tion of anti-IL-6 antibody to the medium blocks hepcidin induction by all these
stimuli (Nemeth et al. 2003, 2004a). Second, studies in mice showed that hepcidin
induction and hypoferremia during inflammation require IL-6 (Nemeth et al.
2004a). In normal mice, injection of turpentine increases the median hepcidin-1
expression in the liver by 12-fold. In IL-6"" mice, however, hepcidin expression
falls below the baseline. In the same study, the authors also demonstrated that IL-6
increases hepcidin and induces hypoferremia in humans. Two hours after infusion
of IL-6 into healthy human subjects urinary hepcidin levels had increased 7.5-fold.
Serum iron decreased by 34% and transferrin saturation decreased by 33%
(Nemeth et al. 2004a).

One study suggests that a second interleukin, IL-1, may also regulate hepcidin
in Al IL-1 induces hepcidin transcription in murine hepatocytes to the same ex-
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tent as IL-6. The hepcidin stimulatory activity of macrophages from IL-6"" mice is
attributable to IL-1. Furthermore, hepatocytes from /L-6”" mice, Hfe”" mice, and
TfR2"% mice upregulate hepcidin transcript when stimulated with either IL-6 or
IL-1 (Lee et al. 2005).

Taken together, the above findings are consistent with the model proposed by
Fleming and Sly (Fleming and Sly 2001b) in which hepcidin is an iron-regulatory
hormone whose misregulation underlies the anemia of chronic disease.

3.3 Inherited sideroblastic anemias

Sideroblastic anemias are a heterogeneous group of acquired and inherited bone
marrow disorders characterized by the presence of pathologic iron deposits in
erythroblast mitochondria. The acquired sideroblastic anemias account for the ma-
jority of cases and are classified clinically as myelodysplastic syndromes (MDS)
(Fleming 2002). MDS are a heterogeneous spectrum of stem cell malignancies
whose molecular pathogenesis is unknown. The majority of patients succumb to
complications of bone marrow failure (List 2004). The inherited sideroblastic
anemias are relatively rare. They include X-linked sideroblastic anemia (XLSA),
XLSA with ataxia (XLSA/A), mitochondrial myopathy and sideroblastic anemia
(MSA), erythropoietic protoporphyria (EPP), and Pearson marrow/pancreas syn-
drome (PMPS) (List et al. 2004). The molecular bases of this group of disorders
are relatively well characterized.

3.3.1 X-linked sideroblastic anemia

Heme biosynthesis occurs in all cells, whereas hemoglobin synthesis occurs ex-
clusively in developing erythroid cells. Since as much as three quarters of total
body iron is in hemoglobin, the process of heme synthesis is extremely important
in developing erythroid cells (Fleming 2002). Heme biosynthesis involves eight
steps, each catalyzed by a distinct enzyme. The first two steps and the last two
steps occur within mitochondria, whereas the other four steps occur in the cytosol.
The first seven steps generate protoporphyrin IX. The final step inserts one atom
of Fe’" into protoporphyrin IX through the activity of the inner mitochondrial
membrane-associated enzyme, ferrochelatase. XLSA results from mutations of &-
aminolevulinic acid synthase 2 (ALAS2), the first enzyme in the heme biosyn-
thetic pathway in erythroid cells (Ponka 1997). ALAS has two isoforms, ALAS1
and ALAS2, encoded by two distinct genes. ALASI1 is encoded on chromosome
3p2land is the housekeeping gene, expressed in all tissues. ALAS?2 is encoded on
Xpl1.21 and is solely expressed in erythroid precursors (Ponka 1997). ALAS is
located in the mitochondrial inner membrane facing the mitochrondrial matrix. It
functions to catalyze the condensation of glycine and succinyl coenzyme A to
form 3-aminolevulinic acid (ALA) (Ponka 1997).

Currently, there are more than twenty mutations in the coding region and at
least one mutation in the promoter region of ALAS2 that cause XLSA. The former
mutations tend to cluster within exons 5 and 9 of the ALAS2 gene (Fleming 2002;
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Bekri et al. 2003; Furuyama 2003; Collins 2004). The essential features of XLSA
include: a hypochromic microcytic anemia, often with Pappenheimer bodies (iron-
positive erythrocytic inclusions) and two discrete populations of red blood cells,
one microcytic and the other normocytic (erythrocyte dimorphism); an X-linked
pattern of inheritance; ringed sideroblasts in the bone marrow that are particularly
prominent in the late erythroid precursors; a variable hematological response to
pharmacologic doses of pyridoxine; and systemic iron overload secondary to
chronic ineffective erythropoiesis (Fleming 2002). Excess iron deposits in mito-
chondria in the form of mitochondrial ferritin (Levi 2001). Mitochondrial ferritin
is highly expressed in sideroblasts of patients with XLSA but not in normal eryth-
roblasts (Levi 2001; Cazzola et al. 2003), indicating that the expression of mito-
chondrial ferritin is induced by iron loading into mitochondria.

Heme biosynthesis is strictly dependent upon iron supply. TfR1-mediated iron
uptake is the major physiological pathway by which erythroid cells acquire iron
(Ponka 1997). After iron dissociates from transferrin in the acidic endosomal lu-
men, the ferric iron is reduced to ferrous iron by an uncharacterized mechanism
and then transported out of endosome through the iron transporter, DMTI
(Canonne-Hergaux et al. 1999). The mechanism by which iron reaches mitochon-
dria after export from the endosome has not been established. Recent data are con-
sistent with the hypothesis that the endosomal membrane contacts the mitochon-
drial outer membrane allowing iron to pass directly from DMTI1 to the
mitochondrion (Ponka 1997; Zhang 2005). How iron translocates across two mi-
tochondrial membranes to reach ferrochelatase is still a mystery. The fact that mi-
tochondrial iron loading occurs in erythroid cells in patients with XLSA suggests
that iron continues to enter mitochondria despite the lack of heme precursor pro-
toporphyrin IX. This assumption is supported by in vitro studies in reticulocytes.
When inhibitors of ALAS or ALA dehydratase, the second enzyme in the heme
biosynthetic pathway, are used to block heme biosynthesis, iron continues to ac-
cumulate in mitochondria at a constant rate (Ponka 1982; Richardson 1996; Zhang
2005). This indicates that in erythroid cells mitochondrial iron uptake is not cou-
pled to the rate of protoporphyrin IX synthesis.

Interestingly, systemic iron overload is a common complication of XLSA, even
in the absence of transfusion therapy. Although hepcidin levels in patients with
XLSA have not been reported, we speculate that iron overload is a result of the
anemia, which suppresses hepcidin expression in hepatocytes and consequently
increases iron absorption from intestine. This is consistent with other anemias that
are not caused by dietary iron deficiency.

3.3.2 X-linked sideroblastic anemia with ataxia

XLSA/A is a rare, recessive form of inherited sideroblastic anemia characterized
by infantile to early onset of non-progressive cerebellar ataxia and mild anemia
with hypochromia and microcytosis. The peripheral blood and bone marrow find-
ings resemble mild XLSA. Bone marrow analysis shows ringed sideroblasts (Al-
likmets et al. 1999; Fleming 2002). In contrast to ALAS2-related XLSA, the
XLSA/A syndrome has elevated free erythrocyte protoporphyrin levels and lacks
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excessive parenchymal iron deposition. We speculate that the lack of systemic
iron overload is due to the relatively mild nature of the anemia and its presentation
early in life. The serum transferrin saturation and serum ferritin levels are always
nearly normal. The anemia is not responsive to pyridoxine treatment (Allikmets et
al. 1999; Fleming 2002). Importantly, XLSA/A has no defect in the ALAS2 gene.
Instead, XLSA/A is caused by mutation of a gene on the long arm of the X chro-
mosome (Xql3) (Raskind 1991). The gene was cloned and named ABCB7
(ATP-binding cassette, sub-family B, member 7) (Csere 1998; Allikmets et al.
1999). Subsequent mutation analysis in XLSA/A patients identified missense mu-
tations in ABC7 (Fleming 2002).

The ABC7 gene is an orthologue of the yeast ATM1 (ataxia telangiectasia mu-
tated) gene, whose product localizes to the mitochondrial inner membrane and is
involved in iron homeostasis (Csere 1998; Allikmets et al. 1999). In yeast, dele-
tion of ATM1 (Aatml) results in mitochondrial iron overload and a selective defi-
ciency in cytoplasmic, but not mitochondrial, enzymes containing iron sulfur (Fe-
S) clusters (Kispal 1997, 1999). Expression of wild type ABC7 almost fully com-
plements the defect in the maturation of cytosolic Fe-S proteins in Aatm! yeast. In
contrast, introduction of mutated ABC7 or Atmlp proteins in Aatm1 yeast leads to
a low efficiency of cytosolic Fe-S protein maturation (Csere 1998; Allikmets et al.
1999; Bekri et al. 2000). Thus, ABC7 is a functional orthologue of Atmlp and
plays a critical role in the maturation of Fe-S proteins.

The mild hypochromic microcytic anemia in patients with XLSA/A suggests a
defect in heme synthesis in developing erythroid cells. Obviously, ABC7 plays an
important role in this process. However, the presence of ringed sideroblasts ex-
cludes a possible defect in iron transport into mitochondria, and the elevated free
protoporphyrin in bone marrow erythrocytes excludes a possible defect in the gen-
eration of protoporphyrin. Therefore, it is reasonable to speculate that ABC7 pro-
tein is involved in the last step of heme biosynthesis in mitochondria, the insertion
of ferrous ion into protoporphyrin IX by ferrochelatase. This step couples iron up-
take and protoporphyrin synthesis. The activity of ferrochelatase in XLSA/A pa-
tients has not been reported. Aatm1 yeast express ferrochelatase normally. Yeast
ferrochelatase, however, does not contain a [2Fe-2S] cluster at its carboxy-
terminus as the mammalian ferrochelatase does (Furukawa 1995). Moreover, in
yeast, Atm1p is only involved in the maturation of cytoplasmic, not mitochondrial,
enzymes containing Fe-S clusters (Kispal 1997, 1999). Therefore, defects in
Atmlp or ABC7 may not affect ferrochelatase similarly in yeast and humans. In-
terestingly, a more recent study using mouse erythroleukemia (MEL) cells demon-
strated the involvement of ABC7 in the biosynthesis of heme via interaction with
ferrochelatase (Taketani 2003). In that study, the authors showed that when MEL
cells are induced to erythroid differentiation by DMSO, ABC7 mRNA and ferro-
chelatase mRNA levels increase markedly in parallel. An in vitro pull down assay
using anti-ferrochelatase antibody revealed that ABC7 protein interacts with the
carboxy-terminal region containing the Fe-S cluster of ferrochelatase. Introduction
of antisense oligonucleotides targeting mouse ABC7 mRNA decreases heme pro-
duction in DMSO treated MEL cells. Conversely, overexpression of ABC7 in-
creases ferrochelatase activity threefold and increases heme levels 2.5-fold over
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control cells. This indicates that ABC7 positively regulates ferrochelatase activity
to promote the production of heme during the differentiation of erythroid cells
(Taketani 2003). This study, therefore, suggests that mutations of the ABC7 gene
in XLSA/A disrupt its interaction with ferrochelatase and thereby impede the
process of heme biosynthesis. These findings need to be confirmed in humans.

3.4 Anemia due to mutation of DMT1

DMTT1 is a transmembrane protein with twelve predicted transmembrane domains.
It is critical for duodenal iron absorption and erythroid iron transport. DMT1 is
expressed at the brush border of enterocytes in the proximal duodenum where it is
presumed to mediate pH-dependent uptake of ferrous iron from the intestinal lu-
men. In the erythroblast, DMT]1 is localized to the endosomal membrane where it
is presumed to transport the iron released from transferrin out of the endosome for
subsequent transport via an undefined pathway into the mitochondria for heme
biosynthesis (Gunshin et al. 1997; Canonne-Hergaux et al. 1999; Canonne-
Hergaux et al. 2001). There are four major mammalian DMT1 isoforms that result
from alternative splicing at the 5° and 3’ ends of the pre-mRNA (Hubert and
Hentze 2002). Two isoforms have iron responsive elements (IRE) in their 3* un-
translated regions, and the other two isoforms lack IREs (Lee et al. 1998; Hubert
and Hentze 2002). The duodenum predominantly expresses the IRE forms,
whereas erythroblast mainly expresses the non-IRE forms (Canonne-Hergaux et
al. 1999, 2001).

There are two animal models, the microcytic anemia (mk) mouse and the Bel-
grade rat, that carry the same natural missense mutation, G185R, in DMT1 (Flem-
ing et al. 1997, 1998). Homozygous mutant animals have diminished intestinal
iron absorption and severe anemia. This is at least partially due to defective target-
ing of the mutated DMT1 protein (Touret et al. 2004). In vitro studies demon-
strated significantly decreased rates of iron uptake from transferrin and of heme
biosynthesis in reticulocytes from both homozygous animals. These decreases
could be corrected by addition of iron-saturated salicylaldehyde isonicotinoyl hy-
drazone (Fe-SIH) (Garrick et al. 1991; Canonne-Hergaux et al. 2001). Fe-SIH is
able to bypass the TfR/DMT1 iron transport pathway to deliver iron to cells.
These findings indicate that DMT1 plays a crucial role in erythroid iron uptake.

Recently, the first case of an anemic patient with a mutation in DMT1 was re-
ported (Priwitzerova et al. 2004; Mims et al. 2005). The patient first presented at
the age of 3 months with severe hypochromic, microcytic anemia with erythroid
hyperplasia and high serum iron levels. The patient received, on average, one
transfusion per year. At the age of 19, the liver biopsy showed significantly in-
creased iron deposition in both Kupffer cells and hepatocytes. Thalassemia, TfR1
mutation, and ferroportin mutation were excluded. Analysis of the DMT1 gene
sequences revealed that the patient is homozygous for a G1285C mutation. The
mutation affects the final nucleotide of exon 12 (DMT1) and leads to a conserva-
tive E399D amino acid substitution in the protein. During pre-mRNA processing,
the mutation causes preferential skipping of exon 12. Intestinal cells and erythroid
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precursors consequently lack full length DMT1 mRNA. DMT]1 protein is present
in the patient’s duodenum at a level equal to or higher than in wild type individu-
als (Mims et al. 2005).

The severe hypochromic microcytic anemia observed in the patient with a mu-
tation in DMT1 is consistent with the phenotypes of the Belgrade rat and mk
mouse. Though information on the targeting and processing of the mutated DMT1
in the patient is lacking, it is easily envisioned how the absence of full-length
DMT]1 could cause severe hypochromic microcytic anemia. The iron overload in
the liver of the patient, occurring prior to transfusion, is puzzling, though, since
this phenotype is absent from the Belgrade rat and mk mouse. The authors propose
that iron overload develops as a consequence of either: (1) decreased hepcidin lev-
els; (2) absorption of heme iron; or (3) increased iron absorption across the baso-
lateral surface of the enterocytes (Mims et al. 2005). The recent elucidation of the
mechanism by which hepcidin regulates intestinal iron absorption (Nemeth et al.
2004b) allows the first and the third possibilities to be combined. One explanation
for the phenotypic discrepancy between the patient and the animal models incor-
porates the contributions of both heme and hepcidin. Rats and mice absorb heme
iron poorly. The absence of functional DMT]1 severely diminishes their ability to
take up dietary iron. The reduced expression of hepcidin is irrelevant since there is
little iron in the intestine available to transport into the circulation through Fpnl.
By contrast, in humans who eat red meat an estimated two-thirds of the iron ab-
sorbed from the diet derives from heme. In the absence of functional DMT1, the
patient is able to take up iron through heme. Since the anemia suppresses the syn-
thesis of hepcidin and its downregulation of Fpnl, the body absorbs high levels of
this iron. Given that in many cases of anemia the underlying cause is not charac-
terized, we speculate that there might be many more patients whose anemia is due
to mutations in DMT1.
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Cellular and whole organism aspects of iron
transport and storage in plants

Jean-Francois Briat

Abstract

Plants depend upon iron for their growth and development. However, availability
of this metal is low in soils, because of its insolubility at basic pH in presence of
oxygen. Plants have, therefore, evolved various mechanisms to actively acquire
iron from the soil, based either on reducing or chelating strategies. The molecular
characterization of these uptake systems and the regulation of their synthesis have
been widely documented the last few years. Distribution of iron to the various
parts of a plant, and its compartmentation in various subcellular organelles is also
described, but the molecular determinants required for these functions are yet
poorly documented. Beside transport activities to establish iron homeostasis in
plants, storage is also an important parameter. Part of this function is achieved by
ferritins. These iron storage proteins are located within the plastids in plants, and
regulated by iron at a transcriptional level.

1 Introduction

Plants are an essential component of the food chain because they are responsible
for mineral acquisition from the soil and for carbon, sulfur and nitrogen assimila-
tion leading to amino- acid and vitamin synthesis. They bring, therefore, essential
nutrients to the animal and human diets. Among essential mineral elements, iron is
important because of its physicochemical properties. Coordinated at metallopro-
tein active sites, it participates in most of the basic redox reactions required in
both the production (photosynthesis) and the consumption (respiration) of oxygen.
Iron is also involved in many enzymatic reactions required for nitrogen fixation,
DNA, and hormone synthesis, for example. However, iron physicochemical prop-
erties make this element uneasy to use by aerobic living organisms. In aqueous
phase, at physiological pH, iron tends to precipitate under insoluble (oxidized)
form. Furthermore, its redox cycling contributes to activation of reduced forms of
oxygen through Fenton chemistry, leading to lipid peroxidation, protein oxidation,
and DNA mutations, and consequently to cellular damage and possible cell death.
As a consequence, plants have evolved mechanisms to control iron uptake, trans-
port in various organs, and storage to ensure an optimal development by prevent-
ing both iron deficiency and toxicity. Various transporters are required to achieve
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Utilisation
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Fig. 1. Schematic representation of the determinants of iron homeostasis in plants. Normal
plant growth and development are possible within a sharp range of iron concentrations
avoiding deficiency or toxicity. This homeostasis is genetically determined at the level of
iron transport, storage, and utilization. These three functions are deeply influenced by envi-
ronmental factors.

these iron fluxes (Curie and Briat 2003). Iron storage takes place in the apoplas-
mic space, between the plasma membrane and the cell wall of plant cells, and also
likely in the vacuoles, where low pH and high organic acid concentrations repre-
sent optimal conditions for iron deposit (Briat and Lobréaux 1998). Ferritins are
iron storage proteins located in the plastids of plant cells. They are also part of
these mechanisms by their capacity to store up to 4500 iron atoms in their cavity
in a soluble and bioavailable form (Harrison and Arosio 1996).

Iron homeostasis in the various plant tissues during growth and development,
throughout the life cycle, is a dynamic process resulting from an integrated regula-
tion of the expression of the various genes encoding proteins acting in the trans-
port, storage and utilization of iron. It requires coordinated action of cellular and
systemic mechanisms. These processes depend upon the plant species and geno-
types considered and are deeply influenced by environmental cues (Fig. 1).

2 Iron acquisition and trafficking

The dynamic fate of iron accumulation in various organs and tissues of a plant
during the course of its growth and development is an integrated process, which
results from the coordinated regulation of iron uptake from the rhizosphere, iron



Cellular and whole organism aspects of iron transport and storage in plants 195

SOIL ROOT

H* H+

Fed+

Fe?* Fe2+
Non Grasses
Phytosiderophores
(- PS = PS
Fed3*-PS Fe3*-PS
Grasses

Fig. 2. Iron uptake from the soil by grass and non-grass families of plants. Non-grass plants
acidify their rhizosphere in response to iron deficiency by activating a "H-ATPase. This en-
ables a better solubilization of ferric iron (Fe**)-chelates, which are reduced by a ferric che-
late reductase (FRO2 in Arabidopsis) belonging to the NADPH oxidase family. The result-
ing ferrous iron (Fe?") is transported inside the root by a transporter (IRT1 in Arabidopsis)
belonging to the ZIP family (ZRT, IRT-like Protein; IRT: Iron-Regulated Transporter;
ZRT: Zinc-Regulated Transporter). Grass plants use a chelation strategy instead of a reduc-
ing strategy. Under iron deficiency conditions, phytosiderophores (PS) belonging to the
mugineic acids family are synthesized from S-adenosylmethionine, and secreted into the
rhizosphere where they chelate ferric iron (Fe**). The Fe*'-PS complex is then after taken
up by the Yellow Stripe 1 (YS1) root transporter.

fluxes between various plant organs and tissues, and iron subcellular compartmen-
tation. To achieve these goals iron must cross various membranes and the molecu-
lar characterization of the transporters involved has made huge progress these last
five years.

2.1 Iron uptake by the roots and its control

Grasses and non-grasses use different strategies to acquire iron from the soil in re-
sponse to deficiency conditions (Fig. 2). In Arabidopsis, a non-grass model plant,
iron deficiency induces synthesis of FRO2 (Robinson et al. 1999), a ferric-chelate
reductase leading to Fe(Il) generation. The Arabidopsis FRO2 gene was cloned
based on a PCR approach using degenerated oligonucleotides derived from the
yeast FRE reductase sequences. This gene is allelic to frdl-1, one of three Arabi-
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dopsis mutants (frdI-1, frdl-2, frd1-3) that do not show induction of Fe*'-chelate
reductase under iron deficient conditions. It confirms that iron must be reduced
prior to its transport and that Fe**-reduction can be uncoupled from proton release
(Yi and Guerinot 1996). It restores Fe*"-reductase activity when expressed in the
frd1-1 mutant line, and is upregulated in roots under iron deficiency conditions.
FRO?2 encodes a 725 amino acid protein with eight putative transmembrane do-
mains, and shares similarities with human phagocytic NADPH gp91°"* oxydore-
ductase and with the yeast ferric chelate reductases. Like gp91”™* and yeast FREp,
FRO?2 contains binding sites for heme and for nucleotide cofactors, consistent with
its function in electron transfer from cytosolic NADPH to extracellular Fe**. The
FRO2-generated Fe** is then taken up by IRT1, which is the major root Fe(II) up-
take system under iron deficient conditions. IRT1, an eight transmembrane do-
main protein located at the plasmalemma of root epidermal cells, is the founder of
a new eukaryotic transporter family denominated ZIP (Guerinot 2000). It was
shown by the characterization of Arabidopsis IRT1-KO lines to be essential for
plant growth and development in Arabidopsis (Eide et al. 1996; Vert et al. 2002).
IRT1 has a large substrate specificity, and in addition to iron it is able to transport
Zn, Cd, Co, and Mn, but not Cu. In contrast to yeast, copper is not required for
iron uptake through the activity of the FRO2/IRT1 system. It indicates that in non-
grass plants no copper oxidase activity, such as the one of FET3p in yeast, is nec-
essary for iron uptake. However, zinc, as iron, is involved in the regulation of ex-
pression of the IRT1/FRO2 system in Arabidopsis (Connolly et al. 2003). IRT2, is
an Arabidopsis gene highly related to IRT1 that also encodes an iron transporter
expressed in root epidermal cells (Vert et al. 2001), but it is not redundant to the
IRT1 function, enabling to conclude that the IRT1/FRO2 system constitutes the
high affinity iron uptake system which is induced in response to iron deficiency in
Arabidopsis. Regulation of this root high affinity iron uptake system by whole
plant signals was investigated at the molecular level, through monitoring FRO?2
and IRT] gene expression (Vert et al. 2003). Recovery from iron deficient condi-
tions, and modulation of apoplastic iron pools indicated that iron itself plays a ma-
jor role in the regulation of root iron deficiency responses at the mRNA and pro-
tein levels. Split-root experiments showed that the expression of /RT1 and FRO?2
is controlled both by a local induction from the root iron pool, and through a sys-
temic pathway involving a shoot-borne signal, both signals being integrated in or-
der to tightly control production of the root iron uptake proteins. /RT/ and FROZ2
are expressed during the day and downregulated at night, and this additional con-
trol is overruled by iron starvation, indicating that the nutritional status prevails on
the diurnal regulation. The tomato chlorotic fer mutant fails to activate iron defi-
ciency responses and the tomato /RT/ ortholog, LelRT, is downregulated in the
fer genetic background. The FER gene was identified by map based cloning. It en-
codes a basic helix-loop-helix (bHLH), transcription factor, making FER the first
identified regulator for iron nutrition in plants (Ling et al. 2002). Plants from the
legume family also take up iron through Fe(IIl) reduction and Fe(Il) transporters.
For example, in pea, the FROIgene encodes a protein 55% identical to Arabidopsis
FRO2 (Waters et al. 2002), which displays a ferric chelate reductase activity when
expressed in yeast, and which is thought to represent the pea reductase involved in
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root iron acquisition. The PsFRO1-generated Fe(Il) is likely then taken up by pea
roots through a tranporter encoded by the RITI gene, which is upregulated in iron
deficiency and encodes a protein 63% identical to IRT1. PsRIT1 complements
both the fet3fet4 and zrtizrt2 yeast mutants, thus, potentially mediating high affin-
ity Fe and Zn uptake. In contrast to other dicotyledonous plants, legume plants
specifically develop a symbiosis with some soil bacteria enabling nitrogen fixa-
tion. This symbiotic process takes place in specific root structures, the nodules,
within the cortical cells of which bacteria evolved into bacteroids able to reduce
atmospheric nitrogen into ammonia. This process requires some essential iron
containing proteins such as nitrogenase and leghemoglobin (Tang et al. 1990).
Iron uptake by the bacteroids within the nodule requires three activities: (i) Fe(I1l)
chelated to organic acids like citrate is transported across the peribacteroidal
membrane prior to accumulate within the peribacteroidal space (Levier et al. 1996;
Moreau et al. 1995) where it will bind to bacterial-type siderophores (Wittenberg
et al. 1996); (ii) Fe(Ill)-chelate reductases are active at the peribacteroidal mem-
brane and uptake of Fe(Ill) in isolated symbiosomes is stimulated by NADH
(Levier et al. 1996); and (iii) Fe(I) is also transported across the peribacteroidal
membrane (Moreau et al. 1998) likely through the GmDMT]1 transporter (Kaiser
et al. 2003), which belongs to the NRAMP family, a ubiquitous class of metal
transporters also involved in iron and other metals transport in yeast, plants and
mammals (Portnoy et al 2000; Curie et al. 2000; Thomine et al. 2000; Forbes and
Gros 2001).

In contrast to non-grasses plants, iron deficiency in grasses induces the secre-
tion by the roots of mugineic acids (MA), which are synthesized from nico-
tianamine (NA), a structurally related precursor, found in all plants, and resulting
of the condensation of three S-adenosyl methionine molecules (von Wiren et al.
1999). Then, MA binds to soil Fe(IlI) into the rhizosphere. The resulting complex
is recognized and transported across the root plasma membrane by an Fe(IlI)-MA
uptake system. The Fe(III)-MA transport system, specific of the iron deficiency
response in grasses, has been characterized by using maize as a model grass or-
ganism. The maize ys/ mutant has been extensively studied. It carries a mono-
genic recessive mutation, responsible for a defect in the transport of the Fe(IIl)-
mugineic acid through the root plasma membrane. In this mutant, mugineic acid
synthesis and secretion is normal. The maize ys/ gene has been cloned (Curie et
al. 2001). It has been expressed in the fet3fet4 yeast mutant strain, which is defi-
cient in low and high affinity iron transport activities, as well as in Xenopus oo-
cytes, in order to demonstrate its transport activity and to investigate its properties
(Curie et al. 2001; Roberts et al. 2004; Schaff et al. 2004). An intriguing output of
this work was the discovery by sequence database mining that eight Arabidopsis
genes share important sequence similarities with maize ys/, although Arabidopsis
does not produce mugineic acids. However, all plants, grasses and non-grasses,
synthesized NA, the MAs precursor. NA and MAs have very closely related struc-
tures, and NA, as MAs, is also a strong metal chelator. This molecule has been de-
scribed as potentially involved in long distance metal transport (von Wiren et al.
1999), including iron, and in iron subcellular compartmentation into the vacuoles
(Pich et al. 2001). It has been, therefore, postulated that Arabidopsis YSL genes
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could code for metal-NA transporters involved in metal trafficking within plants,
once uptake from the soil has been achieved (Curie et al. 2001).

2.2 Iron fluxes within the plant

Iron, once taken up by roots, is then loaded in the xylem sap and translocated to
the plant aerial parts through the transpiration stream. Organic acids, and espe-
cially citrate, are the main metal chelators in the xylem, and this has been well
documented (Cataldo et al. 1988). This mechanism implies that active root trans-
porters must load iron from the root cortex cells to the xylem. However, efflux
iron transporters are still uncharacterized at the molecular level in plants (Fig. 3).
Once in the leaves, Fe(Ill)-citrate is likely to be the substrate of leaf ferric chelate
reductase, since such an enzymatic activity has been described in leaf mesophyll
cells (Bruggemann et al. 1993). Whether some of the FRO genes could be in-
volved in this process in Arabidopsis remains to be established (Robinson et al.
1999). In pea, however, the fact that FRO/ is also expressed in leaves (Waters et
al. 2002) makes it a good candidate for the function of ferric reduction in leaf. Re-
cently, AtYSL2, one of the maize YS1 homologues in Arabidopsis (see above) has
been characterized (DiDonato et al. 2004). It is able to complement the fet3fet4
yeast mutant strain which is affected in low and high affinity iron transport, but
only when Fe(Il) and not Fe(IIl) is chelated to nicotianamine (NA) the precursor
found in all plants, of the grass specific mugineic acids (MA). AtYSL2 is, there-
fore, likely a Fe(I)-NA transporter in plants. It is expressed in the vasculature of
both roots and leaves, at the level of xylem-associated cells, and its transcript
amount decreases in response to iron deficiency. Based on imaging of
AtYSL2::GFP in transgenic Arabidopsis plants, this transporter is located at the
plasmalemma of xylem parenchyma cells, exclusively at the edges of these cells,
and not at their apical or basal ends. Such a localization implies that AtYSL2
could move Fe(II)-NA complex laterally within the veins of both leaves and roots.
This set of data enable the authors (DiDonato et al. 2004) to hypothesize that the
major physiological role for AtYSL2 is to take up iron that has arrived in tissues
via xylem transport, thus, moving it away from the xylem vessels (Fig. 3).
Mobility of iron from source to sink tissues via the phloem sap is poorly docu-
mented. It is, nevertheless, well established that the phloem sap contains Fe
(Stephan et al. 1994) coming from its mobilization in source organs (Grusak
1995). One of the molecules identified as a potential phloem metal-transporter is
the nicotianamine (Stephan and Scholz 1993). The rice genome contains 18 puta-
tive OsYSL genes, and it has been very recently reported that OsYSL2 expression
was induced in leaves in response to iron deficiency, at the level of the phloem
vessels (Koike et al. 2004). OsYSL2 was also shown to be expressed in the repro-
ductive organs, such as the grain, during their development. OSYSL2 fused to the
GFP localizes at the plasmalemma, and when expressed in Xenopus oocytes it is
able to transport Fe(II)-NA but not Fe(III)-NA nor Fe(IlI) deoxyMA. It is, there-
fore, hypothesized that OSYSL2 is required in the long distance transport of
Fe(II)-NA in the phloem (Fig. 3), and for Fe accumulation in rice grain. Iron has
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Fig. 3. Long distance iron trafficking between plant organs and tissues. Once taken up
within root epidermal and cortex cells, iron is loaded within the xylem sap through not yet
molecularly characterized efflux transporters. Within the xylem sap, Fe(Ill) is chelated to
organic acids, among which citrate is the major one, and is transported to the shoot part of
the plant by the transpiration stream. Unloading of the xylem has not been yet fully de-
scribed at a molecular level, but could involve reductases of the Ferric Reductase Oxidase
(FRO) family and members of the YSL (Yellow Stripe Like) family. Loading of the
phloem, which contains Iron Transport Peptides (ITP) chelating Fe(Ill) and nicotianamine
(NA) chelating Fe(II) is an important process for iron delivery to sink tissues (roots, seeds),
and likely for long distance signaling and control of the root uptake system. YSL genes are
good candidates to code for transporters involved in phloem loading, but no molecular can-
didates have been identified for its unloading. These long distance iron transport activities
are under the control of various genes, among which the Ferric Reductase Defective 3
(FRD3) gene encoding a root transmembrane protein of the MATE (Multidrug Associated
and Toxin Efflux) family.

also been suggested to travel in the phloem of Ricinus communis in a ferric com-
plex with a molecular weight of 2.4 kDa (Maas et al. 1988). Indeed, ITP, a phloem
protein of Ricinus communis has recently been purified and shown to complex
Fe(III) in vivo, but not Fe(Il). A cDNA corresponding to ITP has been cloned and
encodes a 96 amino acid protein belonging to the Late Embryogenesis Abundant
(LEA) family (Krueger et al. 2002). The preference of ITP for ferric iron is in
agreement with the observation that only 4% of the total iron in the phloem exu-
date of Ricinus communis seedlings is in the ferrous form (Schmidke et al. 1999).
Although the affinity constant of nicotianamine for Fe(IIl) is 20.6, and only 12.8
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for Fe(Il), the Fe(Il)-nicotianamine complex possesses an unusual kinetic stability,
explaining why NA is found complexed to Fe(Il), and not to Fe(III), in the phloem
sap (von Wiren et al. 1999). Since there is a low but significant steady-state con-
centration of ferrous iron in the phloem (Maas et al. 1988), and since the bulk of
iron in the phloem is chelated in the Fe(IIl) form by ITP (Krueger et al. 2002), it is
tempting to speculate that nicotianamine could play a role of shuttle by chelating
Fe(Il) from ITP-bound Fe(IIl) during loading and unloading of the phloem (Fig.
3). Such an hypothesis would imply the existence of a redox system within the
phloem for ensuring Fe(IIT)/Fe(Il) cycling.

2.3 Iron subcellular compartmentation

Very little information is presently available concerning intracellular iron move-
ment in plant cells. Among the ZIP, NRAMP, YSL (Curie and Briat 2003) and still
uncharacterized gene families, it is likely that some members will encode proteins
involved in iron transport into and/or out of the various plant cell organelles (Fig.
4).

Plant vacuoles are likely to play a major role in handling iron excess. The best
evidence for such a vacuole function comes from the finding that upon iron over-
load, or in pea mutants overaccumulating iron, the nicotianamine concentration
increases and the bulk of this iron chelator is relocated into the vacuoles, whereas
NA is observed in the cytoplasm under normal or deficient iron conditions (Pich et
al. 2001). This indicates that transporters of iron-nicotianamine complexes must
be present at the tonoplast. In this context, it will be of great interest to scrutinize
the subcellular localization of the transporters encoded by the various members of
the Arabidopsis YSL gene family, which are potential Fe-nicotianamine transport-
ers (Curie et al. 2001). Remobilization of vacuolar iron stores in order to meet cel-
lular needs has been shown to occur in yeast and to be partly mediated by SMF3, a
member of the NRAMP metal transporter family. Interestingly, Thomine and col-
laborators (2003) recently reported that in Arabidopsis, AINRAMP3 localizes to
the vacuolar membrane, and could serve to remobilize vacuolar iron in case of
iron deficiency.

Mitochondria also contain iron proteins, thus iron needs to enter this organelle.
So far no data has been reported to document this point. Concerning iron efflux
from mitochondria, it has been reported that the STAI gene from Arabidopsis en-
codes an homologue of the yeast ATMI1p (Kushnir et al. 2001), an ABC-
transporter located at the mitochondrial inner membrane, and involved in the ex-
port of Fe-S clusters from the mitochondrial matrix to the cytoplasm (Kispal et al.
1999; Lill and Kispal 2000).

The bulk of iron in leaves is found within the chloroplasts where it is engaged
in the photosynthetic process. Plastids contain ferritin, an iron storage protein
(Briat et al. 1999), and iron-ferritin represents more than 90% of the iron found in
a pea embryo axis (Marentes and Grusak 1998). Iron transport into the plastids is,
therefore, of primary importance in plant physiology, and paradoxically this sub-
cellular iron transport activity is poorly documented. Light was shown to be
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Fig. 4. Intracellular compartmentation of iron into plant cells. Nicotianamine (NA) has been
observed within vacuoles (V) of plant cells after iron overload treatments. It indicates that
iron-NA transporters of the YSL family could be located at the tonoplast. Iron stored within
the vacuole could be remobilized by Nramp3 and 4 transporters belonging to the Natural
resistance associated macrophage protein (Nramp) family. It is unknown how iron is taken
up by mitochondria (M). However, it is established that the STA1 ABC transporter, ho-
mologous to the yeast Atmlp transporter required for [Fe-S] cluster export from mitochon-
dria to cytoplasm, is located at the plant mitochondria membrane. The plastids (P), among
which chloroplasts support photosynthesis activity, are iron rich. This plastid iron is ac-
quired through a Fe(Il) transporter, which has not been yet characterized at a molecular
level. The iron storage ferritin (Fer) is located within plastids in plants, and plays an impor-
tant role to buffer iron in its ferric form, avoiding its toxicity. N: nucleus.

necessary for efficient iron transport from the leaf veins to the mesophyll cells.
Iron uptake studies with isolated barley chloroplasts indicated that this process is
also light dependent, and requires a Fe(IIl)-chelate reductase activity (Bughio et
al. 1997). In agreement with this result, an inward-directed Fe(II) transport across
the chloroplast inner membrane occurs by a potential-stimulated uniport mecha-
nism, as shown by stopped flow spectrofluorometry using inner membrane vesi-
cles (Shingles et al. 2002).

3 Iron storage by plant ferritins

Ferritins are a class of high molecular weight 24-mer proteins able to accommo-
date a few thousand iron atoms in their central cavity in a safe bioavailable form.
No ferritin sequence is present in the yeast genome, iron storage, and detoxifica-
tion being mainly achieved by the vacuole in this unicellular organism. Animal
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and plant ferritins are highly conserved both at the amino acid sequence level and
at the 3-D structure level (Harrison and Arosio 1996). However, there are two ma-
jor differences between plant and animal ferritins. First, animal ferritins are local-
ized in the cytoplasm whereas plant ferritins are found in a plant specific organelle
family, the plastids, among which the chloroplast is the site where photosynthesis
takes place (Fig. 4; Briat et al. 1999). Second, ferritin expression in response to
iron excess is mainly regulated at the translational level through the IRE/IRPs sys-
tem in animals, and at the transcriptional level in plants (Lescure et al. 1991;
Hentze et al. 2004).

3.1 Leaf ferritin

Iron accumulation in leaves is important and chloroplasts contain 80% of the
metal present in this organ. It is consistent with the major function of leaves, pho-
tosynthesis, a reaction requiring iron in many of the proteins of the electron trans-
fer chain of thylakoid membranes. The iron storage protein ferritin accumulates
mainly in non-green plastids, like etioplasts or amyloplasts, whereas low level of
this protein is found in mature chloroplasts where the photosynthetic process is ac-
tive. However, this distribution of iron in leaves changes according to their devel-
opmental stage. The developmental control of ferritin synthesis in leaves is evi-
denced by an increase of ferritin abundance in developing and in senescent leaves
(Briat and Lobréaux 1997). These results have been obtained by immunodetection
of ferritin subunits in protein extracts during the life cycle of pea plants (Lobréaux
and Briat 1991). Ferritins were only detected in leaves of young plantlets, and re-
mained undetectable in the corresponding organs of adult plants at later develop-
mental stages. These data have been further documented by using the determinate
nature of maize leaf development (Theil and Hase 1993; Seckback 1982). In this
plant, the leaf grows from the basal part, creating a cell age gradient from the base
to the tip of the leaf. By an immunodetection approach, high ferritin levels were
detected in the young basal section of the leaf and in the tip, the older part of the
leaf. On the opposite, a very low level of ferritin was present in the central section
of this organ. This part has the higher chlorophyll content, and the detection of the
phosphoenolpyruvate carboxylase enzyme in this region, a marker of photosyn-
thetic activity in C4 plants like maize, proves that the photosynthetic process is ac-
tive in these cells. These results demonstrate the developmental regulation of fer-
ritin synthesis in leaves. Such data are in complete agreement with previous
electron microscopy observations showing that ferritins were synthesized in mer-
istematic zones and apices, in leaf primordia, and disappeared during bud devel-
opment (Marinos 1967; Seckback 1982). All these observations suggest that fer-
ritin would be an iron source at early stages of development for the synthesis of
iron containing proteins involved in photosynthesis. This hypothesis is consistent
with the fact that ferritins are present in young leaves or etiolated leaves contain-
ing non photosynthetic etioplasts, and then become undetectable in photosynthetic
or de-etiolated leaves (Lobréaux and Briat 1991; Seckback 1982). The high fer-
ritin concentration in maize leaf tips could be linked to cell senescence.
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Ultrastructural studies have clearly established that ferritin accumulates in se-
nescing tissues (Seckback 1982). Furthermore, a Brassica napus cDNA corre-
sponding to a mRNA encoding a ferritin subunit has been cloned as a senescence
induced mRNA (Buchanan-Wollaston and Ainsworth 1997). The neo-synthesis of
plant ferritins at later stages of development, during leaf senescence has also been
reported. The regulatory mechanisms controlling ferritin synthesis during leaf de-
velopment are still unknown, but it has been established in soybean and maize that
there is no direct correlation between the levels of ferritin subunits and mRNA
(Theil and Hase 1993; Ragland et al. 1990). Ferritin mRNA was detected in ma-
ture leaves where ferritin subunits were not detected by western blot experiments,
demonstrating that post-trancriptional controls are involved in the regulation of
ferritin synthesis in this organ. More recently, however, it has been reported in
Arabidopsis that cis-regulatory element(s) involved in the AtFerl ferritin gene ac-
tivation during age-dependent senescence do exist within 1.4 kbp promoter se-
quence of this gene. These regulatory elements are different of the IDRS box (see
below) known to regulate the iron-dependent expression of the AtFerl gene (Tar-
antino et al. 2003). In contrast dark-induced senescence promotes AtFerl gene ac-
tivation through the IDRS box; in that case, iron release during the disorganization
of the photosynthetic apparatus, and the requirement to store this metal, could
trigger the transcriptional regulation of A¢tFerl expression.

3.2 Ferritins in roots and nodules

Iron concentration in roots is much lower than in leaves. Nevertheless, ferritin is
also present in the non-green plastids of this organ. In Arabidopsis the AtFerl
gene has been observed to be expressed close to the root tip in the endoderm cell
layer, and also at the emergence of secondary roots (Tarantino et al. 2003). It is,
therefore, plausible that non-green plastids and their ferritin play a buffering role
in the endodermal cells after iron uptake at the epidermis and cortex levels. Ferrit-
ins would, therefore, be active in modulating the flux of iron to the upper part of
the plant, through loading of the xylem sap by still uncharacterized transporters.

In legume species ferritin has been shown to accumulate at early stages of nod-
ule development resulting from the interaction between soybean and a Bradyr-
hizobium strain (Ko et al. 1987). Ferritin levels decrease with the appearance of
nitrogenase and leghemoglobin when the nodule becomes mature for nitrogen
fixation (Bergersen 1963). In senescing nodules of Lupinus luteus, ferritin is re-
synthesized through the expression of two out of the three lupine ferritin genes
(Strozycki et al. 2003). When soybean plants are cultured in the presence of a mu-
tant strain of Bradyrhizobium unable to develop functional nodules, ferritin is de-
tected at any stages (Ko et al. 1987). These data suggest again that iron would be
transiently stored in ferritins and used for the accumulation of iron containing pro-
teins. Ferritin mRNA levels have also been investigated during nodulation. This
study reveals that, as for leaf development, no strict correlation between ferritin
subunit and mRNA levels is observed (Ragland and Theil 1993). Then, some post-
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transcriptional events would occur in the regulation of ferritin level during nodule
development.

3.3 Ferritins in seeds

Study of the fate of iron during the course of vegetative organs growth and devel-
opment has evidenced the dynamic nature of this process. Iron concentration
changes within organs, in a tissue specific manner, during the course of develop-
ment. The role of the iron storage protein ferritin as a transient iron buffer for im-
portant iron-dependent processes like photosynthesis and nitrogen fixation has
been well documented in these developmental processes. Ferritins are also key
proteins in long term iron storage, as evidenced by studying the process of seed
formation. An important amount of iron is stored in pea seeds, and an increase in
iron uptake by the roots occurs at early stages of seed development (Lobréaux and
Briat 1991). Iron is also remobilized from vegetative organs to the seed; for exam-
ple, it has been documented that leaf iron can account for 20-30% of the total seed
iron content (Hocking and Pate 1978; Grusak 1994). In soybean, however, it has
been suggested that 40 to 60% of the seed iron could come from nodules (Burton
et al. 1998). Root nodules of legumes have higher concentrations of iron than
other vegetative organs. Therefore, an active remobilization of nodule iron to the
seed could explain why legume seeds have high concentration of Fe relative to
other plants.

Seed iron is used during germination for the plantlet development. Immu-
nodetection experiments revealed that ferritin subunits accumulated in seed during
their maturation and remained present in dry seeds (Lobréaux and Briat 1991).
This accumulation occurred in the embryo, and no ferritins were detected in the
seed coat (Lobréaux and Briat 1991; Marentes and Grusak 1998). The amount of
iron stored inside ferritins was estimated to be 92% of the total seed iron content
(Marentes and Grusak 1998), suggesting that this protein is the major form of iron
storage in seeds. Whether this iron pool is used only for plastid development or is
also transferred to the cytosol remains to be determined. During germination, fer-
ritins are degraded and iron used for the growth of the seedling. This process
would involve a protein stability control to degrade the protein shell when iron is
released from the mineral core. A model has been proposed based on the observa-
tion that the immunodetection pattern of pea seedling ferritin is similar to the pat-
tern of ferritin degraded by free radical during in vitro iron exchanges (Lobréaux
and Briat 1991). When iron release is induced from purified pea seed ferritins by
incubation in the presence of ascorbate or light, a progressive degradation of the
protein is detected (Laulhére et al. 1989, 1990). This degradation is initiated by
iron-dependent free radical cleavages at the aminoterminus of the ferritin subunit
(Laulhére et al. 1989, 1990; Lobréaux et al. 1992b). It has been hypothesized that
such a mechanism occurs during seedling germination. When iron is released from
the ferritin, free radical cleavages could alter the protein shell which would be
then degraded by proteases.
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3.4 Iron-dependent regulation of ferritin gene expression

Plant and animal ferritins have evolved from a common ancestor gene as sug-
gested by amino acid sequence comparison of ferritin subunits (Andrews et al.
1992). However, in the two kingdoms, ferritins are localized in different com-
partments; plant ferritins are localized in the plastids (Van der Mark et al. 1983;
Lescure et al. 1991), while animal ferritins are cytosolic proteins (Harrison and
Arosio 1996). This specific compartmentation, and, as described above, the re-
quirement to adapt the ferritin content to plant development, suggest that some
plant specific pathways would be involved in the regulation of the ferritin subunit
and mRNA levels in this organism.

Iron starvation of plants leads to the chlorosis symptoms, resulting from chlo-
rophyll deficiency and impaired photosynthesis (Briat et al. 1995). Under such
conditions, root iron uptake systems are induced in order to enhance iron acquisi-
tion and to maintain a physiological integrity (Briat and Lobréaux 1997). Then,
addition of an excess of iron in the culture medium of iron starved plantlets leads
to a large iron influx into the plant (Lobréaux et al. 1992a). This iron is translo-
cated within three hours into the leaves to restore the essential photosynthetic
process in chloroplasts (Young and Terry 1982; Branton and Jacobson 1962). Dur-
ing this period of regreening, which takes about 24 to 48 hours, ferritins are used
as a safe iron buffer and transiently store the iron required for the synthesis of iron
containing proteins. During this period of recovery from iron deficiency, ferritin
mRNA is already detectable in maize leaf plantlets 3 hours after iron resupply.
This accumulation reaches its maximum respectively 6 and 24 hours after the
treatment in leaves and roots, and then gradually decreased (Lobréaux et al. 1993).
This increase in ferritin mRNA abundance precedes the accumulation of ferritin
subunits, with a maximum detected 24 hours after the beginning of the iron treat-
ment. Then, a gradual decrease of ferritin content is observed, consistent with a
transient iron buffer function of this protein during the regreening of plants (Lo-
bréaux et al. 1992a). It has been demonstrated that iron resupply to iron starved
soybean cell suspension cultures induces a ferritin mRNA accumulation controlled
at the transcriptional level (Lescure et al. 1991). In maize, part of this response has
been shown to be mediated by an abscissic acid (ABA)-dependent pathway
whereas a specific gene (ZmFerl) was observed to be iron-regulated in an ABA
independent manner. This result was confirmed for AtFerl, the Arabidopsis
ZmFerl gene ortholog (Gaymard et al. 1996). It has been shown that both AtFerl
and ZmFerl iron-dependent gene expression was mediated by a cis-regulatory
element named IDRS (Iron-dependent Regulatory Sequence) (Petit et al. 2001).
The IDRS sequence has also been shown to be required for NO or dark-induced
senescence activation of the Arabidopsis AtFerl gene expression (Murgia et al.
2002; Tarantino et al. 2003). A different iron-dependent cis-regulatory element
than the IDRS, named FRE (Fe Responsive Element), has also been characterized
in the promoter region of a soybean ferritin gene (Wei J and Theil 2000). So far,
no trans-acting factors interacting with these cis-regulatory sequences have been
characterized.
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4 Deregulation of iron homeostasis in plants

Iron accumulation in various plant tissues is under genetic control and this is evi-
denced by alteration of iron homeostasis either in plant mutants altered in Fe sig-
naling or in transgenic plants overexpressing ferritin ectopically.

4.1 Alteration of iron accumulation in Fe-signaling plant mutants

A number of mutants that are altered in Fe status signaling have abnormal iron de-
ficiency response of the roots leading to modified iron accumulation properties.
Among these, the pea mutants brz (E107) and dg/ show respectively bronze ne-
crotic spotted leaves and brown degenerative leaves due to hyperaccumulation of
iron in this organ. These two non-allelic mutants have a constitutive root ferric re-
ductase activity and are incapable of turning off root iron deficiency responses un-
der iron-replete conditions (Grusak and Pezeshgi 1996; Welch and LaRue 1990).
Interestingly, iron-regulated expression seems to follow different pathways in
shoots and roots. The pea ferric reductase FRO1 is involved in iron reduction in
root epidermal cells and in shoots where its mRNA accumulates under iron defi-
ciency (Waters et al. 2002). But while FRO! expression becomes constitutive in
the roots of dg/ and brz mutants, its pattern of expression is unchanged in the mu-
tant shoots, indicating that expression of FRO1 is affected by different signals in
shoots and roots.

The tomato chloronerva (chin) mutant has helped elucidating a key regulatory
component of non-grasses responses to iron deficiency. chln lacks the ability to
synthesize nicotianamine (NA) due to a mutation in the gene encoding the enzyme
NA synthase that converts S-adenosyl methionine into NA (Ling et al. 1999). Like
brz and dgl, chln accumulates high levels of iron in its shoot and root, regardless
of the external iron status. But in spite of this, ch/n exhibits morphological and
physiological symptoms of iron deficiency. All these characters can be normalized
by exogeneous application of NA (Stephan and Grun 1989) or by grafting on wild
type rootstock. The pleiotropic phenotype produced by the absence of NA indi-
cates that NA is a key component in iron physiology. NA may play multiple roles
including long-distance iron transport via phloem loading or unloading as well as
iron detoxification via compartmentalization into the vacuole. In addition, chln is
unable to sense its iron status and, like dg/ and brz, cannot turn off the iron defi-
ciency response.

Arabidopsis frd3 mutant was isolated for its inability to turn off the root ferric
reductase activity in conditions of iron sufficiency (Yi and Guerinot 1996). frd3
accumulates a variety of metals including Fe and Mn due to the upregulation of
the IRT1 metal transporter (Eide et al. 1996; Delhaize 1996). The FRD3 gene en-
codes a transmembrane protein belonging to the Multidrug Associated and Toxin
Efflux (MATE) family of efflux transporters (Rogers and Guerinot 2002) and is,
therefore, likely to transport small organic molecules. FRD3 seems to be required
for the shoot-to-root signaling of the iron status, but because FRD3 is expressed
specifically in roots, it may mediate perception of a shoot-derived signal. FRD3
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could repress the root iron deficiency response when activated by a shoot signal
released in iron-replete conditions. Alternately, if such a signal is produced in re-
sponse to iron deficiency, absence of this signal in iron-replete conditions could
de-repress FRD3 activity which would result in inhibition of expression of the iron
deficiency response genes. Whether FRD3 acts as a true transporter or whether it
is a receptor that binds a signal molecule is not known yet, nor is known the cis-
regulatory elements controlling expression of the iron deficiency response genes.

4.2 Ferritin overexpression in transgenic plants and its
consequences

Our knowledge of the role that ferritins play in plant physiology is still very lim-
ited. Their functions have been addressed by evaluating the consequences of their
overexpression, either in the plastids (their natural cytological localization) or in
the cytoplasm, on plant development and physiology (Deak et al. 1999; Goto et al.
1999; Van Wuytswinkel et al. 1999). An illegitimate ferritin accumulation was ob-
tained in leaves and in seeds. Although no major phenotypic alterations were re-
ported to occur in these transgenic plants, in tobacco leaves grown in vitro on a
media containing 25 pM Fe(Il)-EDTA yellow zones were observed, consistent
with a 20% decrease in chlorophyll concentration. Indeed, in these plants, some
chloroplasts had an altered sub-structure with diffused thylakoids, and large stro-
mal areas with very weak electron density (Briat et al. 1999).

Iron and oxygen metabolisms can interact to promote oxidative stress. There-
fore, iron sequestration in ferritin transformed plants could counteract iron-
mediated oxidative stress. Methylviologen acts by promoting an oxidative stress in
the chloroplast, leading to proteolysis, lipid peroxidation and ultimately to cell
death (Dodge 1994). The toxic effect of methylviologen requires free iron to take
place, and can be antagonized by iron chelators such as desferrioxamine (Deak et
al. 1999; Goto et al. 1999; Van Wuytswinkel et al. 1999). Indeed plants overex-
pressing ferritin are more resistant to methylviologen toxicity, confirming that the
transgenic ferritins were functional in vivo, i.e., able to sequester iron atoms (Deak
et al. 1999; Van Wuytswinkel et al. 1999). However, it has been documented in
animal cells, that ferritin can act either as anti- and pro-oxidant (Cairo et al. 1995).
Therefore, the increased resistance to methylviologen treatment could have also
arisen, at least in part, from a general activation of plant defense against oxidative
stress generated in response to illegitimate accumulation of ferritin in leaves. This
point was addressed by measuring various enzyme activities involved in oxygen
detoxification in leaf discs of control tobacco plants, and tobacco plants overex-
pressing ferritin. All the enzyme activities measured (catalase, ascorbate peroxi-
dase, gaiacol peroxidase, and glutathione reductase) were indeed increased by 1.5
to 3-fold in the ferritin overexpressors (Briat et al. 1999), suggesting that an oxida-
tive stress occurs in plants overexpressing ferritin.

The major consequence of the ferritin accumulation in transgenic plants was to
increase leaf iron concentration by 2 to 3 fold (Goto et al. 1999; Van Wuytswinkel
et al. 1999), concomitantly with an increase in root ferric reductase and root H'-
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ATPase activities (Van Wuytswinkel et al. 1999; Vansuyt et al. 2000, 2003), two
key determinants of iron uptake by dicotyledonous plants (Curie and Briat 2003).
This can be explained by the increased iron storage capacity of the ferritin trans-
formed plants in which excessive iron sequestration disturbs the metabolism, driv-
ing leaf physiology towards an iron deficient state. As a consequence, these trans-
genic plants, sensing an iron deficiency, logically activate their iron uptake
systems (Curie and Briat 2003). Such a situation of increased iron uptake in plants
which sense their iron status as deficient whereas they paradoxically accumulate
too much iron is reminiscent of the phenotype of the brz and dg/ pea mutants
(Grusak and Pezeshgi 1996; Marinos 1967), and of the chloronerva tomato mutant
(Ling et al. 1999).

5 Conclusions

Although physiological responses to iron deficiency or toxicity were known for a
long time, it is only recently that a molecular characterization of the primary tar-
gets involved, such as transporters and ferritins, were reported. We are now at the
beginning of deciphering the regulatory mechanisms that control the expression of
these primary targets by sensing the variations of iron availability within the root
environment on one hand, and the fluctuations of the plant iron status on the other
hand. Undoubtedly, understanding the various signaling pathways controlling iron
homeostasis in plants, and how they are integrated to the physiology of the whole
plant will bring new exciting findings in a close future.
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Functions and homeostasis of zinc, copper, and
nickel in plants

Ute Krimer and Stephan Clemens

Abstract

Nutritional micronutrient deficiencies and exposure to pollutant metals threaten
human health globally. Plant crops are at the beginning of a food chain that largely
determines food metal contents. In order to survive, all organisms have to supply
appropriate amounts of each micronutrient to the correct target apometalloproteins
and at the same time avoid adventitious metal binding to non-target metal binding
sites or other cellular compounds. This requires the operation of metal homeosta-
sis networks, which orchestrate the mobilization, uptake, distribution, intracellular
trafficking, chelation, and sequestration of all metal ions. Presumably as a result of
time-dependent and local variations in bioavailable soil metal concentrations,
plant metal homeostasis networks exhibit a remarkably high degree of plasticity
and natural diversity. This is a review covering the current knowledge of metal-
dependent processes and proteins, metal homeostasis and its regulation, and the
molecular mechanisms underlying naturally selected metal hypertolerance and
metal hyperaccumulation in higher plants.

1 Introduction

At all times in evolution, life forms have been exposed to chemical environments
of often fluctuating compositions, from which available inorganic nutrients were
eventually selected to perform essential biochemical functions (Fratisto da Silva
and Williams 2001). The chemical composition of the biosphere varies locally and
can change profoundly over time. The most notable change occurred when the
Earth’s atmosphere became oxygenic, which led to a radical change in the avail-
ability of a number of transition metal ions for life on Earth. This dramatically re-
duced the bioavailability of some transition metals — primarily iron - and made
other transition metals more available — primarily copper. For the latter group, it
can be postulated that the evolution of detoxification systems was dominant ini-
tially and that the use in biochemical functions evolved later. Indeed, the use of
transition metal ions for biochemical functions has been extremely successful:
about one third of all structurally characterized proteins are metalloproteins
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(Finney and O'Halloran 2003). Today several transition metals!, namely iron (Fe),
zinc (Zn), manganese (Mn), copper (Cu), molybdenum (Mo), and nickel (Ni), are
known to be essential micronutrients for living higher plants (Marschner 1995).
The list of essential transition metals may grow as more and more protein struc-
tures are elucidated and analytical techniques as well as the purity of chemicals
are being continuously improved. This may apply for cobalt (Co), which is cur-
rently considered a beneficial element (Marschner 1995), and cadmium (Cd),
which acts as the cofactor of a carbonic anhydrase isoform produced under Zn-
deficient conditions in the diatom Thalassiosira weissflogii (Lane and Morel
2000).

As an approximate, a search of the Arabidopsis Information Resource (TAIR)
database protein descriptions retrieved 1230 proteins predicted to contain, bind, or
transport Zn(II), including, among others, a large number of Zn-finger containing
proteins and transcription factors, oxidoreductases, and hydrolytic enzymes such
as metalloproteases. The same search retrieved 105 proteins for Cu and three pro-
teins for Ni. To date, most information is derived from characterized metallopro-
tein homologues in other organisms, and plant-specific direct experimental evi-
dence of the use of a specific metal ion in a given protein is scarce.

The chemical properties that made transition metal ions indispensable for life
were their ability to undergo changes in redox state under biological conditions
and to establish and maintain several stable coordinative bonds to electron pair
donor atoms of organic ligands in a defined geometry. These properties of transi-
tion metal ions, however, pose a serious risk as soon as their interaction and bind-
ing partners are not fully controlled. Metal-induced uncontrolled redox reactions
or the deactivation or modification of functional groups of organic molecules can
endanger the survival and reproduction of an organism. It is, thus, not surprising
that all organisms possess a tightly knit metal homeostasis network that serves to
maintain concentrations of metal ions within physiological limits. Notably, differ-
ent transition metal ions possess different chemical properties, i.e., different redox
potential, coordination geometry, charge and thermodynamic and kinetic proper-
ties of ligand exchange. In a given metalloenzyme, a specific metal ion is thus
used for a specific chemical function. However, according to the Irving-Williams
series (Zn*" < Cu" > Cu®* > Ni*" > Co** > Fe*" > Mn*" > Mg*" > Ca”") metal ions
bind to organic ligands, such as those in a metal-binding site of an apometallopro-
tein, with different affinities (Nieboer and Richardson 1980; Frausto da Silva and
Williams 2001). According to this, Cu ions can bind to metal binding sites of non-
Cu metalloproteins, and so can each metal ion replace other metal ions down-

I1n biology, only the oxidized forms of transition metals (and not the elemental forms) are
relevant. In this chapter, the element names, e.g., zinc or Zn refer to the elements in their
biologically relevant oxidation states, for example, the oxidation state +1I for Zn [i.e. Zn is
equivalent to Zn(Il)]. However, biologically redox-active metals such as Cu occur in differ-
ent oxidation states in biological systems. We specify the oxidation state, e.g. Cu(I), only to
put a special emphasis on it, or when referring explicitly to one of several biologically rele-
vant oxidation states, as for Cu(I) or Cu(Il). The cationic form, e.g., Zn*" is used to denote
the free aqueous cation of a transition metal.
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stream in the Irving-Williams series. Although binding affinity for a metal ion is
also determined by other secondary factors, for example, the size of the metal
binding site cavity in a protein, the geometry of ligand atoms and other character-
istics, one of the predicted consequences is that Cu ions, for instance, must not be
available in cells in free form. Thus, the metal homeostasis system has to control
very tightly the availability of metal ions in the cell and has to orchestrate the spe-
cific delivery of metal ions to their respective apometalloproteins. A further impli-
cation of the chemical principles illustrated by the Irving-Williams series is that
metal homeostasis of one transition metal ion should generally not be considered
in isolation, but always in the context of all metal cations and their respective con-
centrations.

Within the metal homeostasis network, metal ions generally undergo three
types of processes: (1) transport across biomembranes mediated by metal transport
proteins, (2) chelation by low-molecular-weight chelator molecules, and (3) con-
trolled binding to specific proteins. Interestingly, some of the molecular compo-
nents mediating these processes are highly conserved across organisms both func-
tionally and structurally. In particular, this is the case for metal-binding and metal
transporter proteins.

At the cellular level, the plant metal homeostasis network involves the modifi-
cation of the solubility of extracellular metal ions by electron transfer, chelation or
acidification of the apoplast, the uptake of metal ions, chelation and/or the traf-
ficking within the cell, delivery into cellular compartments and organelles, and
storage or efflux of metal ions under conditions of excess (Clemens et al. 2002).
Metal-specific sensing and regulation mechanisms are likely to be in place to co-
ordinate these processes depending on the metal supply, and with the metabolic
state and the life cycle of the cell. Chloroplasts and mitochondria are organelles of
high metal ion demand due to the involvement of metallic cofactors in electron
transport chains and other proteins. The large central vacuole of plant cells is used
as a compartment for metalloenzymes and for metal storage.

In a complex multicellular organism like a higher plant, metal status has to be
communicated between cells and organs, according to their requirements, which
depend on their specialized functions and the developmental stage of the organ-
ism. When the external metal supply changes, metal sinks or priorities are defined
among the cell types and organs, and long-distance transport and reallocation of
metals between cells and organs is common. This requires long-distance commu-
nication and an additional layer of signaling and regulatory components.

In recent years, aided by the completion of sequencing of the first higher plant
genomes, complete sets of all members of a number of protein families involved
in metal homeostasis have been identified (Méser et al. 2001). This has been sup-
ported by rapid progress in the understanding of metal homeostasis, especially in
non-photosynthetic, but also in photosynthetic unicellular model systems. Using
mutant strains of unicellular models, like the yeasts Saccharomyces cerevisiae or
Schizosaccharomyces pombe, as expression systems, the functions of a number of
newly identified plant proteins in cellular metal homeostasis have been clarified
(Grotz et al. 1998; Clemens and Simm 2003). First insights have also been ob-
tained concerning the function of a few of these proteins in metal homeostasis at
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the whole-plant level. However, large gaps remain in our understanding of metal
homeostasis in plants.

Why is it important and worthwhile to study metal homeostasis in plants? The
micronutrient intake of a large proportion of the World’s population is insuffi-
cient. For example, the WHO estimates that 66 to 80% of the World’s population
is iron-deficient, with 30% suffering from iron-deficiency-induced anemia. One
third of the World’s population is thought to be at risk of mild to moderate Zn de-
ficiency (Adamson 2004). Since plants are a major entry point for essential micro-
nutrients into the food chain, the understanding of what controls metal accumula-
tion, localization, and binding forms is essential for devising strategies to improve
human micronutrient nutrition. Large areas of agricultural soils are micronutrient-
deficient because of low concentrations or low availability of micronutrients. For
example, Zn deficiency is common in soils in the Middle East, India, and in parts
of Australia, America, and Central Asia (Robson 1993). To obtain good yields,
farmers have to fertilize these soils with Zn. Alternatively, scientific knowledge
on metal homeostasis could one day be employed to breed more micronutrient-
efficient crops.

Since the beginning of the industrial age, human activities have resulted in an
accelerating change of the elemental composition of the biosphere through the re-
lease of large amounts of potentially toxic trace metals, such as Zn, Cd, and lead
(Pb) (Nriagu and Pacyna 1988). Cd and Pb ions are chemically similar to other di-
valent cations and can enter plants by competing with uptake pathways for macro-
nutrient and micronutrient metal cations. The metal homeostasis networks of most
plants are not equipped to be confronted with these transition metal ions at high
concentrations so that plants can encounter metal toxicity. The entry of these toxic
metal ions into the food chain is a source of great concern in metal-polluted areas.
A better understanding of the localization and detoxification pathways for these
metals within plants could help to reduce the environmental damage and health
risks associated with metal polluted soils. Moreover, since plants have the basic
capability of extracting inorganic ions from soils and accumulating them in their
biomass, an improved understanding of plant metal homeostasis can aid in the de-
velopment of cost-effective plant-based technologies for the clean-up of polluted
soils (Salt et al. 1998)(Chapter 11).

In addition to these applied aspects, plants are a source of unparalleled biodi-
versity of metal homeostasis networks among higher eukaryotes. Thus, the inves-
tigation of metal homeostasis in plants promises insights into the functioning and
regulation of complex metal homeostasis networks. Extreme metal tolerance as
well as extraordinary levels of metal accumulation can be found among plant
communities on geologically or anthropogenically metal-enriched soils (Salt and
Kramer 2000). Nutrient-poor soils host plant taxa possessing highly powerful nu-
trient acquisition systems. Plant metal homeostasis networks must exhibit a high
level of plasticity in order to accommodate enormous fluctuations in metal ion
availability encountered during growth of roots in soil, both in space and time. For
example, an increase in the pH of a typical soil by one pH unit is accompanied by
an approximately 1000-fold decrease in iron availability (Buchanan et al. 2000).
Only recently have researchers begun to explore the potential of genetically dis-



Functions and homeostasis of zinc, copper, and nickel in plants 219

secting the vast differences in metal homeostasis that can be found among taxo-
nomically closely related plant varieties and species (Lahner et al. 2003; Dréger et
al. 2004; Vreugdenbhil et al. 2004).

Here we review our current state of knowledge of plant metal homeostasis, fo-
cusing on Cu as a transition metal that can change between the oxidation states
Cu(I) and Cu(Il) and, thus, participates in biological redox chemistry, and on
Zn(Il), a metal that only occurs in a single oxidation state in biology. Especially
Cu, but to a lesser extent also Zn, have become more available upon the transition
from an oxygen-free to an oxygen-containing atmosphere during the evolution of
metal biochemistry and metal homeostasis networks. Both Cu and Zn are required
in all organelles of a plant cell. We also consider the essential element Ni, the bio-
chemical importance of which is thought to have decreased as a result of the in-
creased availability of other transition metal ions for biological chemistry.

2 Requirement, acquisition, and trafficking of Zn, Cu, and
Ni in plants

2.1 Requirement of Zn, Cu, and Ni in plants

Zinc is predominant in the transcriptional and translational machinery, where it
has been estimated to account for 12 to 50% of all cellular Zn (Finney and O'Hal-
loran 2003). Critical Zn deficiency concentrations in leaves are given as 15 to 20
pg g dry biomass by Marschner (1995). Zinc is toxic at concentrations above be-
tween 100 and 300 pug g”'. These values are only general guidelines. Different spe-
cies and even varieties of the same species differ in their Zn efficiency, i.e., the
ability to maintain growth and yield under Zn-limiting conditions (Graham and
Rengel 1993). In comparisons among selected bean and wheat cultivars, respec-
tively, Zn efficiency was found to reside primarily in the ability of the leaves to
maintain expression and activity of Zn-requiring enzymes at low total leaf Zn con-
centrations (Hacisalihoglu et al. 2003, 2004). The rates and affinities of high and
low-affinity Zn uptake systems in the root were similar (0.6 to 2 nM and 2 to 5
uM Zn*', respectively) in two wheat varieties irrespective of differing Zn efficien-
cies (Hacisalihoglu et al. 2001).

Visible Zn deficiency symptoms range from initial early senescence of old
leaves or slight yellowing of younger leaves to the formation of yellow chlorotic
or even necrotic areas on leaves. Severely Zn-deficient plants appear stunted and
exhibit reduced elongation and tip growth (see Marschner 1995). In wheat, the
stem and the growing zones of the plant, i.e., the root tips and the meristematic re-
gion at the base of the leaves, are the predominant sinks for ©Zn*" applied to the
cut surface of a leaf blade (Haslett et al. 2001). The published accounts are consis-
tent with a high requirement for Zn in dividing and elongating plant cells (see also
Marschner 1995). Biochemically, 100 pg g and 70 ug g” Zn in dry biomass are
necessary to prevent the disintegration of 80S ribosomes in rice meristems and to-
bacco cells, respectively. At lower Zn concentrations, biomass production may be



220  Ute Krdmer and Stephan Clemens

reduced or arrested because a reduction in protein concentrations has been ob-
served only at lower tissue Zn concentrations of about 25 pug g™ in rice meristems,
50 ug g in tobacco cells and approximately 13 pg g in the shoot apex of bean
plants (Marschner 1995). The A. thaliana hma2-2hma4-1 double mutant, which
has a defect in Zn translocation from the root to the shoot (Hussain et al. 2004), is
a bushy plant with short stunted inflorescence bolts producing shortened inter-
nodes. Reproductive organs have an absolute requirement for Zn. Flowers contain
higher concentrations of Zn than other plant parts (Katrin Voigt and Ute Kramer,
unpublished data), and Zn is accumulated in specific subcellular structures of the
plant embryo (Otegui et al. 2002). Although Zn accumulation in pollen is not gen-
erally high (Orzaez Villanueva et al. 2001), pollen production is impaired in the 4.
thaliana hma2-2hma4-1 double mutant (Hussain et al. 2004). The development of
embryos and seeds upon cross-pollination of hima2hma4 plants with wild type pol-
len is also disrupted. The growing tip of pollen tubes was reported to contain 150
ng g Zn, a concentration that is threefold higher than that in basal pollen tube re-
gions (see also Marschner 1995).

The Zn ion has been selected for functions in biological chemistry because of
several unique features of its chemistry (Berg and Shi 1996; Frausto da Silva and
Williams 2001). Firstly, the Zn ion is a strong Lewis acid, inferior only to Cu(I)
and Cu(Il) ions among the transition metal micronutrients, and it exhibits high
binding affinity for soft bases, such as sulphide ligands, as well as for hard bases,
such as amino, carboxylate, and hydroxyl ligands. Secondly, Zn(II) occurs in a
single oxidation state in all biology. Consequently, the use of Zn(II) bears no risk
of initiating free radical reactions. Thirdly, the coordination geometry of Zn(Il) is
more flexible than that of most other transition metal cations, and Zn is the only
transition metal ion readily entering a tetrahedral coordination geometry. Thus, Zn
ions are suitable for catalysis of reactions, during which ligands may move be-
tween different coordination geometries around the central Zn ion without ligand
exchange. In addition, Zn selectivity can be enhanced by a tetrahedral coordina-
tion geometry, such as, for example, in most Zn fingers. Fourthly, ligand exchange
for Zn(II) is fast when compared to ions of related chemical properties, i.e. Ni(Il),
Co(1I), Cu(Il), although it is several orders of magnitude slower than for the sig-
naling ion Ca®" (Frausto da Silva and Williams 2001).

The chemical properties of Zn are reflected in its functions in biological chem-
istry. As Zn(Il) is a strong Lewis acid with flexible geometry and fast ligand ex-
change, it is used for catalysis of hydrolytic and oxidoreductase reactions. As a
strong binder devoid of redox activity Zn is also abundantly used for structural
functions within proteins and in protein-protein interactions. The abundance of Zn
in DNA handling functions is particularly striking. Finally, the lack of redox activ-
ity and the relatively fast ligand exchange of Zn could render Zn®" suitable to
function as a slow signaling ion, signaling modulator or “hormone” (Frausto da
Silva and Williams 2001). In the vertebrate central nervous system Zn>" ions act as
a modulator of neurotransmission (Baranano et al. 2001). Several surveys of pro-
teins containing Zn ions with a catalytic or structural role and of their respective
coordination geometries have been published elsewhere (Coleman 1998; Auld
2001). Here we focus mainly on novel and on plant-specific functions of Zn.
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It has to be noted that the prominent role of Zn in DNA regulation, as exempli-
fied by the abundance of Zn finger-containing proteins, appears to be largely re-
stricted to eukaryotes, and is virtually absent in bacteria and archaea (Clarke and
Berg 1998). For example, among the predicted proteins of A. thaliana, 4% contain
at least one Zn finger (Kawagashira et al. 2001), a motif common in transcription
factors as well as in protein-protein interaction domains. This eukaryote bias may
reflect the increase in Zn bioavailability upon transition from a sulphide-rich to an
oxygen-rich biosphere. At the subcellular level, the nucleus and the nucleoli can
be predicted to contain high concentrations of Zn. In addition to numerous tran-
scription factors, a number of enzymes in nucleic acid synthesis and maintenance
contain Zn, for example, all type I, II, and III RNA polymerases present in plants,
DNA polymerases, histone deacetylases and some splicing factors. Plant chloro-
plasts and mitochondria possess additional RNA polymerases homologous to the
T7 phage RNA polymerase, which are independent of Zn. In plants, 456 editing
events have been reported in mitochondrially encoded mRNAs (Giege and Bren-
nicke 1999), and approximately 30 in chloroplast mRNAs (Sasaki et al. 2003).
The editing of RNA involves the conversion predominantly of specific C into U
nucleotides. The enzyme likely to perform this reaction, cytidine deaminase, is a
Zn-dependent enzyme, although its involvement in plant RNA editing is still un-
der debate (Mulligan et al. 1999; Takenaka and Brennicke 2003). There is no
doubt, however, that overall Zn is important for plastid and mitochondrial nucleic
acid metabolism and modification.

Zn also has a central role in the cytoplasm, primarily in the process of transla-
tion and as a cofactor of a number of tRNA synthetases. For example, the transla-
tion initiation factor elF-5 from maize exhibits RNA-binding activity dependent
on the binding of Zn to its CX,CX3CX,C Zn finger motif (Lopez Ribera and
Puigdomenech 1999). According to the functions of homologous eukaryotic pro-
teins, the interaction of elF-5 with the 40S initiation complex, followed by GTP
hydrolysis, is required for the formation of a functional 80S initiation complex.
Translation in mitochondria and in chloroplasts is possibly less dependent on Zn.
Interestingly, in bacteria Zn-dependent proteins of the translational machinery are
replaced by Zn-independent isoforms under Zn deficiency (Panina et al. 2003).

Zn is required in processes leading to protein degradation. An example for the
involvement of Zn in protein-protein interactions is the presence of a RING finger
motif, CXzCX(9_39)CX(1,3)HX(2_3)CXzCX(4,48)CX2C (C3HC4-typ€) blndlng 2 Zn
ions, in the constitutive photomorphogenic protein (COP1) of A. thaliana and
other members of its class of ubiquitin E3 ligases (Torii et al. 1999; Saijo et al.
2003). The activity of the COP1 protein is required for the COP9-signalosome
(CSN) mediated degradation of specific transcription factors in the dark
(Schwechheimer et al. 2002; Sullivan et al. 2003). A query of the Arabidopsis pro-
teome with the search term “ring finger” (TAIR) retrieves 451 proteins containing
RING finger motifs of the C3HC4 or the C3H2C3 (RING-H2) type. The SCF
(SKP1 — Cull — F-box protein) ubiquitin E3 ligase complex, which is thought to
be regulated by the COP9 signalosome, also contains a RING finger-containing
protein (RBX1).
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Another example for the involvement of Zn in protein-protein interactions is
the 60-amino-acid CHORD (cys- and his-rich domain) Zn-binding motif present
in duplicate (CHORD-I and CHORD-II) in the barley Rarl protein and ortholo-
gous proteins of other organisms (Shirasu et al. 1999). Plant Rarl-like proteins act
downstream of pathogen perception and upstream of H,O, production in pathogen
resistance signaling (Liu et al. 2002). The CHORD-I domain of plant Rarl is able
to interact with the SGT1 protein, which itself interacts with the SCF (SKP1 —
cullin — F-box protein) ubiquitin E3 ligase complex and with components of the
COP9 signalosome multiprotein complex (Azevedo et al. 2002). The CHORD-II
domain of Rarl was reported to interact with the heat shock protein HSP90
(Takahashi et al. 2003a).

Not only do a number of protein-protein interactions associated with the ubiq-
uitin 26S proteasome pathway require Zn, but Zn-dependent proteins are also of
key importance in proteolytic processes in this pathway. Metalloproteases contain-
ing a Zn-binding Jabl/MPN-domain-associated metalloisopeptidase motif
(JAMM), EX,;HXHX (D, are necessary for the deneddylation and deubiquitination
activities of the COP9 signalosome (CSN5 subunit) and mediate the deubiquitina-
tion activity of the lid complex of the 19S regulatory particle (RPN11 subunit) of
the 26S proteasome (Sullivan et al. 2003; Wei and Deng 2003). These activities
are required for the biological activities of the respective protein complexes and
for the degradation of target proteins (Yao and Cohen 2002).

In mammals, the lysosome is a subcellular compartment exhibiting high Zn
levels. This is probably due to the use of Zn in a number of hydrolytic enzymes,
namely nucleases, carboxypeptidases, aminopeptidases (Bartling and Weiler
1992), and thermolysin (astacin) family proteases. In plants, vacuoles and the
apoplast are also major compartments for hydrolytic enzymes. Some examples for
known Zn-dependent hydrolytic enzymes of plants are the vacuolar Zn enzyme o-
mannosidase (Snaith and Levvy 1968), plant Zn-dependent carboxypeptidases,
purple acid phosphatases containing a binuclear Fe(IlI)-Zn(II) or Fe(IIl)-Mn(II)
metallocenter (Li et al. 2002), and a protein family of at least five plant matrix
metalloproteinases with a potential involvement in modulation of the plant ex-
tracellular matrix (Maidment et al. 1999). Matrix metalloproteinases belong to the
metzincin superfamily of proteinases, and exhibit a characteristic Zn binding motif
(HEXGHXXGXXH).

Plant chloroplasts contain a comparably small number of Zn-dependent pro-
teins, which, however, perform crucial functions (Fig. 1; see also above). Ap-
proximately 3,500 plant proteins are encoded in the nuclear genome and have to
be imported into the chloroplast after their translation. Recent work has implicated
several Zn-dependent proteases in chloroplast protein import, as well as in the
degradation of proteins following light-dependent damage (Adam and Clarke
2002). During plastid protein import, N-terminal chloroplast targeting sequences
of proteins are cleaved off in an ATP-dependent manner by the Zn-dependent
stromal processing peptidase SPP, which contains a characteristic HXXEH motif.
The SPP protein belongs to the same metallopeptidase family as the mitochondrial
matrix processing peptidase (MPP), which performs the analogous function in mi-
tochondria (Luciano et al. 1998; Richter and Lamppa 1999, 2003). It should be
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mentioned that carrier proteins of the mitochondrial inner membrane are imported
by a distinct pathway, which involves a Zn-dependent function in the intermem-
brane space (Lister et al. 2002). After the targeting sequences have been cleaved
off, they have to be proteolytically degraded, because an accumulation of these
peptides disrupts organellar function (Stahl et al. 2002). This task is performed in
the mitochondrial matrix by a Zn metalloprotease of the pitrilysin family (potato
PreP), with a characteristic Zn-binding motif (HILEHX4E). The PreP protein and
its A. thaliana orthologue were shown to be dually targeted to both mitochondria
and chloroplasts and to degrade both mitochondrial presequences and chloroplast
targeting peptides (Stahl et al. 2002; Bhushan et al. 2003; Moberg et al. 2003).
Inside the stroma, the activities of both of two thylakoid membrane-anchored
Zn metalloproteases of the AAA (ATPase associated with diverse cellular activi-
ties) ATPase family, FtsH2 (AtVAR2) and FtsH5 (AtVARI]) are crucial for the
development of normal chloroplasts. A. thaliana mutants in either gene display a
variegated” phenotype, which is more severe in a varlvar2 double mutant
(Lindahl et al. 1996; Chen et al. 2000; Takechi et al. 2000; Sakamoto et al. 2002).
Moreover, varl and var2 mutants are hypersensitive to photoinhibition (Bailey et
al. 2002; Sakamoto et al. 2002). The role in chloroplast development of VAR1 and
VAR?2 is not fully understood to date. The Arabidopsis chloroplast FtsH1 (Lindahl
et al. 2000) and FtsH2 proteins (Bailey et al. 2002) are capable of turning over
photo-damaged D1 protein (psbA) of photosystem II. The D1 protein is turning
over rapidly in the light because it incurs irreversible damage from reactive oxy-
gen species formed in photosystem II under conditions of photoinhibition. Dam-
aged D1 protein is cleaved into a 10 kDa and a 23 kDa fragment by the serine pro-
tease DegP2 localized on the stromal side of the thylakoid membrane. Lindahl et
al. (2000) showed that the 23 kDa fragment of D1 can be degraded by FtsH1 in vi-
tro. Following photoinhibitory irradiance, cleavage of D1 protein occurs in wild
type A. thaliana, but is disrupted in the var2-2 mutant (Bailey et al. 2002). FtsH
proteins have also been implicated in the degradation of other unassembled pro-
teins in the stroma. There are 12 FtsH proteins in 4. thaliana, all possessing two
N-terminal transmembrane helices and a C-terminal protease domain containing
an HEXXH motif. Eight of the 4. thaliana FtsH proteins are thought to localize to
the chloroplast. VARI1 and VAR2 occur together in a protein complex (Sakamoto
et al. 2003), which appears to also contain subunits of the less abundant FtsH1 and
FtsH8 proteins, presumably in a heterohexameric structure (Yu et al. 2004). The
remaining four 4. thaliana FtsH proteins are likely to localize to the mitochondria,
as do all three known FtsH proteins from S. cerevisiae. A decrease in FtsH tran-
script levels has been implicated in the formation of necrotic lesions in the hyper-
sensitive response of tobacco plants following tobacco mosaic virus infection (Seo
et al. 2000). Since the single and essential E. coli FtsH protein has a number of di-
verse functions, additional functions may be identified for plant FtsH proteins.

2 Variegated plants exhibit patches of different colors in their vegetative tissues. In this
case normally green leaves contain yellow-whitish sectors. Rodermel S (2002) Arabidopsis
Variegation Mutants. The Arabidopsis Book:1-28.
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Zinc is also a cofactor in some of the chloroplast protein chaperones related to
the E. coli protein chaperone Dnal, which contains a Zn binding motif essential
for the binding of protein substrates (Schlicher and Soll 1997). For example, the
Dnal-related protein BSD2 (bundle-sheath-defective 2) is required for the accu-
mulation of the large subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase
(Rubisco) in maize (Brutnell et al. 1999). The authors proposed that BSD2 could
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Fig. 1 (overleaf). Zinc and Copper proteins and homeostasis of the higher plant chloroplast.
Cu(I) or Cu(Il) is most likely delivered to the chloroplast by an unknown metallochaperone
and passes the outer envelope membrane by an unknown mechanism. It is transported
across the inner envelope membrane by AtPAA1 (Shikanai et al. 2003). It is likely that
copper is then bound to one or several distinct metallochaperone(s) for the delivery to the
apo-Cu,Zn-SOD (AtCSD2) or to AtPAA2 for transport into the thylakoid lumen. In the thy-
lakoid lumen Cu is incorporated into apo-plastocyanin. This may involve another Cu metal-
lochaperone. Zn(Il) is delivered to the chloroplast by a metallochaperone or in chelated
form involving a low-molecular-weight chelator. Zn passes outer and inner envelope mem-
branes by unknown mechanisms. Inside the stroma, Zn is passed by unknown mechanisms
to its binding sites, for example, in HSP40/Dnal-related chaperone proteins like ZmBSD2
and other proteins (“DNAJ”) that may assist the folding of the large subunit of Rubisco
(LSU) and of other chloroplast proteins (Brutnell et al. 1999). Alternatively, Zn is passed
on to binding sites in the stromal Cu,Zn-SOD and in FtSH proteins associated with the thy-
lakoid membrane (Lindahl et al. 1996), involving unknown mechanisms. Zn is also incor-
porated in the stromal processing peptidase (SPP), which removes targeting peptides (TP)
from proteins during import into the chloroplast (Richter and Lamppa 1998), and in the pre-
sequence peptidase (PreP), which degrades targeting peptides (Moberg et al. 2003). Metal-
lochaperones are represented by black hexagons, diamonds, or trapezoids. Low-molecular-
weight chelator molecules are represented by curved lines. Cu binding sites are represented
by white crosses. Zn binding sites are represented by white diamonds. Metalloproteins are
represented by black shapes and labeled with specific or generic names. A small selection
of additional proteins are represented by grey shapes.

be part of a protein complex that facilitates the assembly of the Rubisco enzyme
and prevents the aggregation of nascent large subunit peptide chains in the stroma.

When plants are Zn-deficient, the first enzyme activities known to be reduced
are those of carbonic anhydrase (see above) and Cu-Zn superoxide dismutase.
Arabidopsis possesses 14 isoforms of the Zn enzyme carbonic anhydrase
(Moroney et al. 2001). At least one isoform is localized in the chloroplast (Fett
and Coleman 1994). Carbonic anhydrase activity is limiting for CO, assimilation
in C4 plants, which involves the use of bicarbonate anions by PEP carboxylase in
the mesophyll chloroplasts. Carbonic anhydrase activity is thought not to limit the
assimilation of CO, by Rubisco in C; plants (for details, see Marschner 1995).
However, in cyanobacteria, carbonic anhydrase co-localizes with Rubisco in spe-
cialized compartments called carboxysomes where carbonic anhydrase converts
bicarbonate into CO,, thus concentrating the substrate in the vicinity of Rubisco
(Smith and Ferry 2000; Badger and Price 2003). There is no doubt that Zn defi-
ciency reduces net photosynthesis in plants, with a reduction in stomatal opening
and chlorophyll content (Hu and Sparks 1991; Sharma et al. 1995), but the
mechanisms are not yet fully understood. During Zn resupply to deficient cauli-
flower leaves, the recovery of carbonic anhydrase activity correlates with an in-
crease in stomatal aperture.

The enzyme porphobilinogen synthase (E.C.4.2.1.24) catalyses the synthesis of
porphobilinogen from 5-aminolevulinate, which is a common initial step in the
biosynthesis of heme and chlorophyll. The enzyme generally uses Mg instead of
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Zn in organisms carrying out oxygenic photosynthesis (Jaffe 2003). The authors
speculate that performing chlorophyll biosynthesis in the presence of an excess of
Mg, and under exclusion of Zn, may have been selected for because it may reduce
the spontaneous insertion of a Zn ion into protoporphyrin XI. The structures of cy-
tosolic and chloroplast isoforms of D-ribulose-5-phosphate 3-epimerase (EC
5.1.3.1), an enzyme of the Calvin cycle and the oxidative pentose phosphate path-
way, respectively, have recently been solved (Jelakovic et al. 2003). The authors
propose the presence of a Zn ion at the active site of both isoenzymes, although di-
rect evidence was not obtained.

Superoxide dismutases, which catalyze the conversion of the superoxide anion
radicals (O;") to O, and H,0,, are important in the protection of plant cells from
oxidative stress and have been implicated in the generation of the pathogen-
induced oxidative burst (Delledonne et al. 2001). Arabidopsis thaliana possesses
three Cu,Zn-SOD proteins: CSD1 is predicted to localize to the cytoplasm, CSD2
to the chloroplast and CSD3 to the peroxisome. The chloroplast possesses three
additional, iron-dependent superoxide dismutase proteins (FSD1, 2 and 3). Fi-
nally, there is a single mitochondrial MnSOD enzyme. Expression levels of the
cytosolic CSD1 protein, transcript levels for the peroxisomal CSD3 and chloro-
plast FSD protein levels increase in rosette leaves in response to high light, UV
and/or ozone treatments. In contrast, chloroplast CSD2 protein is constitutively
expressed, or even downregulated, in response to UV light (Kliebenstein et al.
1998). The Zn(II) in Cu,Zn-SOD proteins has a structural function whereas the Cu
metallocenter is directly involved in catalysis. The important role of superoxide
dismutases in cellular redox control may constitute a molecular basis for the inter-
dependence of Zn and Cu homeostasis (Wintz et al. 2003).

The number of Cu-dependent proteins in plants is generally smaller than the
number of Zn-requiring proteins. Querying the Arabidopsis proteome with the
search term “copper” yields 105 proteins. The search term “copper-binding” re-
trieves 21 proteins. These smaller numbers are probably largely attributable to the
fact that Cu ions — unlike Zn ions - are not used as structural components because
of their reactivity. As pointed out earlier, Cu and Fe are essential for numerous re-
dox reactions in biological systems due to their ability to exist in two different
oxidation states under physiological conditions. Furthermore, of all the metal ions
available to biological systems, Cu(I) and Cu(Il) are the monovalent and divalent
cations with the highest affinity for O-, N- or S-containing functional groups
(Fratsto da Silva and Williams 2001). It is assumed that the use of Cu redox
chemistry was acquired rather late in evolution, namely only after the advent of
photosynthesis when, as a consequence of O, generation, Cu became more avail-
able than in the reduced environment before. This is also reflected by the fact that
many bacteria living in habitats where solubility of Cu is low — such as alkaline
lakes - do not require Cu.

A particularly important and widely used feature of Cu(l) is its ability to bind
small molecules such as O, as ligands. This explains why Cu is a co-factor of a
large number of oxidases and why Cu-dependent oxidases are the principal cata-
lysts of terminal oxidation reactions in cells. The best-known example is mito-
chondrial cytochrome c oxidase.



Functions and homeostasis of zinc, copper, and nickel in plants 227

Cu centers in Cu oxidases can be grouped into three classes (McGuirl and Doo-
ley 1999). Type I sites are the blue copper centers, in which one cysteine is the
ligand of the sole Cu. Mononuclear sites with non-sulfur ligation are termed type
II, dinuclear centers are termed type III. Cu oxidases often comprise various com-
binations of these centers, and members of the respective classes are present in
plants. Oxidases with mononuclear copper sites are, for instance, amine oxidases
that catalyze the oxidative deamination of primary amines. Plant amine oxidases
are cell wall-associated enzymes catalyzing the oxidation of putrescine. The H,O,
formed in this reaction has been implicated in lignification, cross-linking of cell
wall proteins and programmed cell death (Moller and McPherson 1998). At least
13 different amine oxidase genes are present in Arabidopsis. Important multi-
copper oxidases in plants are ascorbate oxidases and laccases (diphenol oxidases),
both encoded by multi-gene families in Arabidopsis (5 and 20 members, respec-
tively). Ascorbate oxidases are localized in the apoplast. They catalyze the oxida-
tion of ascorbate to monodehydroascorbate and are proposed to play an important
role in regulating the redox state of the apoplast (Pignocchi and Foyer 2003). Plant
laccase activities are also apoplastic and functionally not nearly as well under-
stood as their fungal counterparts. A role in lignification is assumed (Ranocha et
al. 2002). Interestingly, there are apparently also multi-copper oxidase-like pro-
teins such as SKUS5, which are involved in cell wall formation yet lack any detect-
able oxidase activity (Sedbrook et al. 2002).

Some smaller proteins with one mononuclear blue copper (type 1) center do not
function as oxidases, but as electron carriers. The best-known and quantitatively
most important example in plants is plastocyanin, which accounts for about 50%
of the plastidic Cu (Marschner 1995). This protein mediates the electron transfer
from the cytochrome bsf complex to photosystem I (Fig. 1). Unlike in some algae
and cyanobacteria that can use cytochrome c¢ for electron transfer in place of plas-
tocyanin under Cu deficiency (Merchant and Bogorad 1986b; Cavet et al. 2003),
plastocyanin is presumably indispensable in higher plants, as demonstrated for a
plastocyanin-deficient Arabidopsis mutant (Weigel et al. 2003). In addition to
plastocyanin, there is a large number (>32) of related proteins (blue-copper bind-
ing proteins) with unknown functions encoded in the Arabidopsis genome
(Nersissian et al. 1998). Several of these have been reported to be transcriptionally
stress-responsive (Richards et al. 1998). For a cell wall plantacyanin from lily
stigma it was recently shown that it induces chemotropism of the pollen tube (Kim
et al. 2003b).

Cu proteins are not only interacting with molecular dioxygen. Another impor-
tant small molecule that is bound by a Cu protein is ethylene. The function of the
ethylene receptor ETR1 is dependent on a Cu(I) ion bound by a Cys and a His
ligand (Rodriguez et al. 1999). Molecular genetic dissection of the ethylene sig-
naling pathway has yielded important insights into Cu metabolism in plant cells
(Hirayama et al. 1999; Woeste and Kieber 2000).

A distinctive feature of the Cu use by living systems, congruent with the onset
of Cu usage later in evolution, is the almost complete absence of Cu-dependent
proteins from the cytoplasm. Most of the oxidases are extracellular, i.e., apoplastic
in plants. Plastocyanin is found in the thylakoids, cytochrome ¢ oxidase in mito-
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chondria, ethylene receptors in the plasma membrane. The only known exception
in plants and other eukaryotes is the cytosolic Cu,Zn-SOD.

The concentration of Cu required in vegetative plant parts is between 1 and 5
ng g dry biomass (Marschner 1995). These numbers vary substantially depend-
ing on the plant species, the developmental stage and environmental factors such
as N supply. Plants grown under high nitrogen supply require significantly more
Cu. In agreement with the predominant use of Cu in electron transfer and in oxi-
dases, the most pronounced effects of Cu deficiency in vegetative tissues are on
photosystem I efficiency and on lignification. Understandably, the latter is accom-
panied by anatomical changes. Overall, reproductive tissues are most severely af-
fected by Cu deficiency. Anthers and ovaries normally show the highest Cu con-
tent. Molecularly, little is known about the effects of and responses to Cu
deficiency in plants. Leaf Cu levels above which toxicity symptoms can be ob-
served are in the range of 20 to 30 pg g™ dry biomass (see Marschner 1995).

Ni is required in vegetative tissues of plants only in trace amounts of between 2
and 4 ng g”' dry biomass (Dalton et al. 1988) and up to 90 ng g dry biomass in
barley (Brown et al. 1987a). Ni toxicity can be observed above concentrations be-
tween 10 and 50 pg g’ dry biomass. Ni deficiency has been reported in A.
thaliana after cultivation of several subsequent generations in highly pure Ni-free
growth media (Zonia et al. 1995). Ni deficiency symptoms are the accumulation of
toxic concentrations of urea in several plant species (Eskew et al. 1983, 1984;
Brown et al. 1987b), the inhibition of seed germination in cereals (Brown et al.
1987a) and in nitrogen-limited Arabidopsis thaliana (Zonia et al. 1995), and the
disruption of the grain-filling process in barley (Brown et al. 1987a). Ni is found
in a number of hydrogenases, dehydrogenases and methyl reductases in anaerobic
bacteria and archaebacteria, but is hardly used as a cofactor in higher eukaryotes.
This has been attributed to the fact that, in general, the favorable properties of Ni
in redox catalysis are restricted to anoxic, sulfur-rich environments (Fratisto da
Silva and Williams 2001).

Urease (E.C. 3.5.1.5), which catalyses the hydrolysis of urea to carbon dioxide
and ammonia, is the only known Ni-requiring enzyme in higher plants. Curiously,
jack bean (Canavalia ensiformis) urease was the first enzyme ever to be crystal-
lized (Sumner 1926). Plant ureases form a homotrimer or a homohexamer, in
which each subunit consists of three fused domains homologous to bacterial
urease subunits o, 3, and y (encoded by ureC, ureB and ureA, respectively). Each
plant urease subunit contains two Ni ions in its catalytic center. In soybean there
are two isoforms of urease encoded by the Eu/ and the Fu4 gene, respectively
(Meyer-Bothling and Polacco 1987; Torisky et al. 1994). In bacteria, urease oper-
ons also contain genes encoding accessory proteins necessary for urease activa-
tion, UreD, UreF and UreG, and a Ni metallochaperone protein required for the
incorporation of Ni(II) into the urease apoenzyme named UreE. The structure of
UreE is related to the yeast Atxl Cu metallochaperone. Orthologues of UreD,
UreF (Bacanamwo et al. 2002) and UreG (Freyermuth et al. 2000; Witte et al.
2001) have been identified in plants. There is one additional soybean gene, Eu2,
which encodes an accessory protein essential for urease activity, the identity of
which is still unknown (Meyer-Bothling and Polacco 1987). In soybean and
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Arabidopsis, a protein with similarity to UreG contains a his-rich N-terminal ex-
tension and was reported to bind Ni ions (Freyermuth et al. 2000). A soybean eu3
mutant devoid of the UreG-related protein lacks activity of both urease isoforms.
These results suggest that in plants UreG may act as a Ni metallochaperone. It is
possible that some, if only very few, additional Ni-dependent enzymes will be
identified in plants.

No transporters specifically mediating Ni uptake or translocation have been
identified. The Thlaspi goesingense MTP1 protein was proposed to mediate cellu-
lar Ni(II) efflux, but is also able to transport Zn(II) (Persans et al. 2001; Kim et al.
2004). The in planta role and substrate specificity of this transporter remain to be
clarified.

2.2 Homeostasis of Zn, Cu, and Ni in higher plants

2.2.1 General aspects of metal homeostasis in plants

Higher plant metal homeostasis involves the mobilization, uptake, bind-
ing/chelation, trafficking, storage, long-distance, and short-distance transport of
metals, as well as the regulation of these processes (Clemens 2001; Clemens et al.
2002).

The concentrations of free metal ions or metal chelates in the soil solution are
generally rather low. An overwhelming proportion of the total soil metal content is
associated with the mineral fraction. Metal ions in the soil solution have a high af-
finity for inorganic and organic binding sites of soil components, as well as for
binding sites in the cell walls and on the outer membrane surface of plant root
cells. All these binding sites act as a pool of exchange sites for metal and other
cations, including protons, in the rhizosphere. In addition, metal ions are sparingly
soluble at near-neutral pH, especially in the presence of phosphate, and readily
form precipitates. In 15 soil samples from metal-contaminated and non-
contaminated sites in the Netherlands and Belgium, which contained between 10
and 496 pmol kg™ total Cu and between 98 and 7073 pumol kg™ total Zn (Weng et
al. 2001), between 0.046 and 2.06 pmol kg™ Cu and between 0.68 and 84 pmol
kg Zn readily entered the soil solution (free aqueous metal ion concentration be-
tween 0.012 and 0.226 pmol kg™ for Cu*" and between 0.368 and 72.7 pmol kg™
for Zn*"). In the soil solution of non-contaminated soils, Zn concentrations are
generally in the sub-micromolar to micromolar range, whereas Cu concentrations
are in the nanomolar to micromolar range (del Castilho et al. 1993; Marschner
1995).

The first important process in plant metal homeostasis is the acquisition of mi-
cronutrient metals, beginning with the modification of metal bioavailability in the
rhizosphere by the plant. Under Fe deficiency, plant roots modify the rhizosphere
by acidification through increased plasma membrane proton pump activity and by
electron transfer via ferric chelate reductases to reduce Fe(II) to Fe(IT) and Cu(II)
to Cu(l), as found in dicotyledenous and non-graminaceous monocotyledonous
species (strategy I), such as Arabidopsis and tomato. Another Fe-deficiency re-
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sponse is the secretion of metal chelator molecules, as primarily known in grami-
naceous species such as rice, maize, and wheat, which secrete phytosiderophores
(strategy II; see Chapter 8). In addition, Fe deficiency induces changes in root
morphology (Schmidt and Schikora 2001). Responses specific to other micronu-
trient deficiencies have not been extensively characterized in plants (see also be-
low). Root Fe deficiency responses also affect the chemical speciation and avail-
ability of other metal ions for uptake by plant roots. For example, Fe chelator
molecules form complexes also with other micronutrient cations (von Wiren et al.
1996), and plant roots are able to take up these complexes (see below).

Almost all plants establish root symbioses, for example, with vesicular-
arbuscular mycorrhizae or with ectomycorrhizae, or associations with growth
promoting rhizosphere bacteria (Strack et al. 2003). These microorganisms modify
the rhizosphere and are believed to contribute to plant macronutrient (Rausch et al.
2001) and micronutrient acquisition, but the interaction is not well-understood to
date (Marschner 1995). In addition, metal acquisition may involve root growth re-
sponses dependent on micronutrient demand and local availability. So far, such re-
sponses have only been observed under conditions of metal excess. The roots of
Zn-sensitive plants were found to avoid Zn-rich patches in a heterogeneous soil,
whereas the roots of a Zn-tolerant and hyperaccumulating plant, Thlaspi caerules-
cens, were found to proliferate preferentially in Zn-rich soil patches (Schwartz et
al. 1999; Whiting et al. 2000). These results may reflect either or both differential
metal tolerance of the two species and an acquisition response in 7. caerulescens,
because metal hyperaccumulation can be viewed as a strongly enhanced metal re-
quirement.

The final step in plant micronutrient acquisition is their uptake. Micronutrient
ions or chelates enter the symplasm of plant roots by passage through specific or
non-specific membrane transport proteins (see below). In the uptake step, and pos-
sibly also prior to uptake within the plant cell wall, competition between cations
appears to play an important role. For example, increasing the concentration of
Ca’" ions in the medium is well-known to decrease Cd*" uptake (Clemens et al.
1998; Perfus-Barbeoch et al. 2002). The activity of metal uptake systems is gener-
ally induced under deficiency of the respective metal, and some of the transport
proteins involved have been characterized at the molecular level in plants (see be-
low). Soils experience extreme seasonal and local variations in nutrient and metal
concentrations. Mechanical treatments, for example, freeze-thaw cycles or plow-
ing, are known to increase metal bioavailability. Soil pH and redox state can rap-
idly change depending on microbial activity, water status and deposition of com-
pounds on the soil, for example, by rainwater or fertilization. Finally, a fluctuating
water status directly changes metal ion concentration, mitigated by the buffering
capacity of soil binding sites and the precipitation of metal salts, mainly phos-
phates and oxides. It is clear that metal acquisition processes have to be regulated
by the plant to maintain an adequate influx of metal ions.

Based on results from bacterial metal sensors and metallochaperones, the con-
centrations of free, hydrated metal ions in the symplasm of plant cells are believed
to be in the femtomolar and attomolar range for Zn and Cu ions, respectively (Rae
et al. 1999; O'Halloran and Culotta 2000; Outten and O'Halloran 2001). These low
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values contrast sharply with total cellular Zn and Cu levels, which correspond to
around 100 pM Zn and 2 pM Cu in rosette leaves of soil-grown A. thaliana plants.
In plants, metal compartmentalization and binding by metallochaperone proteins
(primarily for Cu), metal-binding (“buffer”) proteins and high-affinity low-
molecular-weight chelators (primarily for Zn) are thought to contribute to this,
preventing the binding of metal ions to adventitious binding sites within the cell.

The non-proteinogenic amino acid nicotianamine (see below and Chapter 10),
which is ubiquitous in higher plants, is an important chelator not only for Fe, but
probably also for Zn, Ni, Mn, and Cu in plants (Stephan and Scholz 1993; Taka-
hashi et al. 2003b; Vacchina et al. 2003; Becher et al. 2004; Weber et al. 2004).
Thermodynamically, nicotianamine (as the L* anion containing three carboxylate
groups) chelates Fe(Il) (pK; = 12.8), Co(Il) (pK; = 14.8), Zn(Il) (pK = 15.4),
Ni(Il) (pK = 16.1), Cu(Il) (pK = 18.6) and Fe(IIl) (pK; = 20.6) with high affini-
ties (Stephan and Scholz 1993; von Wiren et al. 1999; Reichman and Parker
2002). For predictions of chelation it is important to consider that the apparent
stability constant of a complex defines the complex stability under the given con-
ditions. The apparent stability constant is derived from the thermodynamic stabil-
ity constant (pKj), the protonation constant (pK,) of a chelator molecule and the
pH of the solution, which together determine the extent to which free electron
pairs of the chelator molecule are protonated and thus unavailable for the com-
plexation of metal ions (Dawson et al. 1986). In addition, other ligands and pre-
cipitation, above all the precipitation of Fe(Ill) as a hydroxide, may compete with
chelation by nicotianamine at given pH values and solute concentrations
(Reichman and Parker 2002). Computer programs, for example, Geochem-PC, are
available for the modeling of metal chelation (Parker et al. 1979).

Nicotianamine concentrations are highest in regions of cell division, differen-
tiation and expansion (Stephan et al. 1990). The nicotianamine-deficient tomato
mutant chloronerva exhibits severe growth and developmental defects and consti-
tutive Fe deficiency symptoms (Stephan and Scholz 1993). Mapping of the
chloronerva mutation led to the identification of the gene encoding the enzyme
nicotianamine synthase (EC 2.5.1.43), which catalyses the biosynthesis of nico-
tianamine from three molecules of S-adenosylmethionine, releasing three mole-
cules of 5’-methylthioadenosine (Higuchi et al. 1994; Herbik et al. 1999; Ling et
al. 1999). It should be noted that the biosynthesis of the important metal chelator
nicotianamine originates in the sulfur assimilation and methionine biosynthesis
pathways. The substrate S-adenosylmethionine is also a substrate for the synthesis
of the precursor of ethylene, 1-aminocyclopropane-1-carboxylate, generating 5°-
methylthioadenosine as a second product. The enzyme aminocyclopropane-1-
carboxylate oxidase, which produces ethylene, is a non-heme iron enzyme. The
molecule S-adenosylmethionine or its downstream products are also used in sper-
midine synthesis and in methyl transfer reactions. By modifying the flux at impor-
tant branchpoints of these metabolic pathways, the plant may be able to regulate a
subset of them in concert or alternate between them.

In most plant species, excess metal ions are primarily immobilized in the root —
either in the apoplast or by sequestration, presumably inside the vacuoles. The
proportion of metals that is kept mobile is translocated from cell to cell towards
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and into the stele, followed by a final export from the cytoplasm of xylem paren-
chyma cells into the apoplastic xylem. Inside the xylem sap, chelation by ligands,
for example, nicotianamine or organic acids, and the exchange with cell wall bind-
ing sites determine the rate of movement of a metal cation into the shoot with the
transpiration stream (Clemens et al. 2002).

Inside the shoot, metals, or metal complexes are unloaded from the xylem by
transport into cells in processes that are similar to the initial uptake into root cells.
There are reports that different cell types differentially capture metal ions. For ex-
ample, in the presence of excess metal supply epidermal cells (Brune et al. 1995),
trichomes (Salt et al. 1995) and hydathodes (Tung and Temple 1996) have gener-
ally been reported to accumulate higher metal concentrations than, for example,
mesophyll cells. In contrast, under exposure to low metal concentrations, metals
were preferentially accumulated in mesophyll cells of barley leaves (Brune et al.
1995). Thus, a distribution system is likely to exist, which involves differential
capture of metals in different cell types, and possibly efflux from cells and sym-
plastic transfer from cell to cell. There is some circumstantial evidence to suggest
that chelation, for example, by nicotianamine (Takahashi et al. 2003b), and puta-
tive cellular efflux systems such as 4. thaliana FRD3 (ferric reductase defective 3,
TC 2.A.66.1) could be of primary importance in the distribution of metals between
cells (Delhaize 1996; Rogers and Guerinot 2002).

Inside each individual cell, metal ions are delivered to apo-metalloproteins in
all compartments. The mechanisms for this are still poorly understood (see be-
low). The central vacuole appears to be a primary storage site for excess or toxic
metal ions (Brune et al. 1995; Kramer et al. 2000; Sarret et al. 2002; Dréger et al.
2004). In Arabidopsis, metal ion stores are known to be formed in internal mem-
brane-delimited structures during embryo development (Otegui et al. 2002). These
stores are remobilized from the vacuole during germination in a process dependent
on the metal transporters NRAMP3 and NRAMP4 (Lanquar et al. 2004). In sink
tissues cells are likely to require net metal import to assemble the machinery of
metalloproteins needed for metabolism. When a metalloprotein is degraded in a
mature plant cell, the bound metal is likely to be liberated and has to be captured
and redistributed in the cell. The plant central (lytic) vacuole is a site for metal
storage and detoxification as well as for the degradation of proteins, analogous to
the mammalian lysosome (Vitale and Raikhel 1999). The vacuole may thus repre-
sent a transient storage site in the cycling of metal ions liberated during protein
degradation, until these metal ions are exported from the vacuole and incorporated
in newly synthesized apometalloproteins. Recently, a relatively small number of
46 proteins functionally involved in membrane transport were identified in puri-
fied vacuole preparations from rosette leaves of Arabidopsis in a proteomics study
(Carter et al. 2004). It is interesting to note that only two metal transport proteins
were among these, either fortuitously or because they are quite abundant: the natu-
ral-resistance-associated macrophage protein NRAMP4 (TC 2.A.55) and a mem-
ber of the copper transporter-2 (CTR2; TC 9.A.12) family. The NRAMP4 protein
has been shown to localize to the vacuolar membrane as a chimeric GFP fusion
protein (Lanquar et al. 2004). According to heterologous expression in yeast and
reverse genetics in A. thaliana, the homologous AINRAMP3 was concluded to be
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a rather non-specific metal transporter that can import metal cations - primarily
Fe**, but also Mn** and Cd*" - from the vacuole into the cytoplasm (Thomine et al.
2000; 2003). The yet uncharacterized putative tonoplast Cu transporter-2 from 4.
thaliana is most homologous to the yeast ScCtr2 protein, which has been shown to
transport Cu ions — presumably as Cu" — from the lumen of the vacuole into the
cytoplasm (Rees et al. 2004). Taken together, this supports the idea that in vegeta-
tive photosynthetic tissues of A. thaliana, the export of metal ions from the vacu-
ole could be an abundant and important function in the cycling of metal ions. De-
spite the function of the vacuolar lumen in metal storage it contains metallo- and
other enzymes that maintain their functions. These enzymes are likely to be pro-
tected from the replacement of their metal ion cofactors or from deactivation by
adventitious binding of metal ions. The molecular basis of this is unknown.

At a larger scale, metal remobilization via the phloem is widely important dur-
ing the senescence of plant organs and possibly during major developmental tran-
sitions, for example, the formation of the inflorescence bolt in Arabidopsis
thaliana or grain filling in rice. In source tissues, this requires the transport of
metal ions or metal-nicotianamine complexes (see below), into companion cells of
the vasculature, either symplastically or apoplastically (Oparka and Turgeon
1999). Subsequently, metals are symplastically released from the companion cells
into the phloem. From the phloem sap of various plants, researchers have isolated
nicotianamine complexes of various metals (Stephan and Scholz 1993) as well as
a late embryogenesis abundant protein capable of metal binding (Kriiger et al.
2002). Both may represent long-distance transport forms of metals. In sink tissues,
metals have to be released from companion cells, a process that is believed to be
symplastic in vegetative growing sink tissues, such as young roots and leaves, and
apoplastic in other sink tissues, such as seeds or storage organs.

In the following sections, we will summarize our specific molecular knowledge
of plant Cu and Zn homeostasis using two examples: Firstly, since Zn is a major
factor determining human fertility, as well as pollen fertility in plants, we will de-
scribe how Zn reaches developing pollen grains of a flower. We will focus on the
importance of nicotianamine and related low-molecular-weight metal chelator
molecules in the maintenance of Zn mobility and homeostasis inside the plant.
Secondly, we will outline the pathway of Cu into the major Cu protein plastocya-
nin in the thylakoid lumen. We will describe the important role of Cu in photosyn-
thesis and consider the involvement of metallochaperones in the trafficking of Cu
to apometalloprotein Cu binding sites.

2.2.2 The journey of a Zn** ion from the rhizosphere into a pollen
grain

The precise root cell type(s) involved in primary Zn uptake, as well as its precise
location are unknown. Based on the current state of knowledge it is likely that
multiple transporters contribute to Zn uptake by plant roots (Fig. 2). These are
primarily transporters of the ZRT-IRT-related (TC 2.A.5) transporter family
(Maser et al. 2001), which has 17 members in A. thaliana (Hanikenne et al. 2005).
In A. thaliana ZIP1 and ZIP3 were the first proteins found to complement a yeast
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Fig. 2 (overleaf). A working model of zinc and copper homeostasis in Arabidopsis
thaliana. Two examples are given: a possible pathway for a Zn>" ion from the rhizosphere
into developing pollen in an anther (top and right, see also Section 2.2.2) and a possible
pathway for a Cu®" ion from the rhizosphere into a leaf mesophyll cell (left, see also Sec-
tion 2.2.3). Cu(l) may be transported into root cells via COPT1 following reduction of
Cu(Il) to Cu(I), presumably by a ferric chelate reductase similar to FRO2. Cu is likely to be
transferred to a metallochaperone after uptake. It is not known whether or in which chemi-
cal form Cu moves symplastically from cell to cell via plasmodesmata. Cu efflux from the
xylem parenchyma cells into the apoplastic xylem could be mediated by a P-type Cu-
ATPase. The radial cell walls of the endodermis, which is the cell layer surrounding the
vasculature, are lined with the hydrophobic substance suberin (Casparian strip) within dif-
ferentiated regions of the root. It is generally accepted that the Casparian strip largely pre-
cludes an entirely apoplastic pathway for the entry of solutes from the rhizosphere into the
xylem. Inside the xylem, Cu is present as a nicotianamine (NA) complex (CuNA). Free NA
could be transported into the xylem in a distinct transport process. Alternatively, a Cu-NA
complex could be transported into the xylem. Solutes move into the shoot in the xylem with
the transpiration stream (1). Cu is transferred from the xylem into mesophyll cells in a cel-
lular uptake step, which could involve a COPT1-related transporter. Alternatively, this step
could involve a YS1-like transporter, which would transport a Cu-NA complex. On the cy-
toplasmic side of this uptake system, Cu is likely to be transferred to a metallochaperone.
Zn*" is probably taken up into root cells by transporters of the ZIP family. Inside the root
symplasm, at least a proportion of Zn is likely to be present as a low-molecular-weight che-
late, for example, as Zn-NA (ZnNA). This may allow symplastic mobility of Zn across the
root cortex, endodermis and into the vascular cylinder via plasmodesmata. Release from the
xylem parenchyma cells into the xylem involves the P-type metal ATPases HMA2 and
HMAA4. In the xylem, an equilibrium is likely to exist between various Zn species, for ex-
ample, free aqueous Zn>* ions, Zn-chelates such as Zn-NA and Zn bound to cell walls lin-
ing the xylem. The transfer of Zn from the xylem into the phloem system can be assumed to
incorporate a key transport step resembling cellular uptake. Inside the phloem Zn undergoes
mass flow-driven movement (2) from source (mainly photosynthetic leaves) towards sink
tissues such as the anthers. In the phloem, Zn is likely to move as a Zn-NA complex, or
possibly bound to proteins. Inside the developing anther plasmodesmata connect the
phloem to the connective and to the endothecium (see Goldberg et al. 1993; Lee and
Tegeder 2004). The subsequent passages from the endothecium through the middle layer
and the tapetum into the microspore involve repeated transport across the plasma mem-
brane of different cell types for Zn efflux and Zn uptake, respectively. Several of the cellu-
lar efflux steps are likely to involve HMA?2 and/or HMA4. Low-molecular-weight chelator
molecules are represented by curved lines. Metallochaperones are represented by black
hexagons, diamonds, or trapezoids. Cu binding sites are generally represented by white
crosses. Zn binding sites are represented by white diamonds. Movement down the electro-
chemical gradient for cations is symbolized by a transporter symbol containing a single
straight arrow. Movement against the electrochemical gradient for cations is denoted by a
transporter symbol containing an additional curved arrow. This could represent directly en-
ergized transport (ATP), such as HMA2-mediated transport, or transport energized by the
proton gradient. Please note that the substrate for transport may in some cases be a non-
cationic metal-chelate complex.

mutant defective in Zn uptake (Grotz et al. 1998). The steady-state transcript lev-
els of ZIP1, ZIP2, ZIP3, ZIP4, ZIPS5, and ZIP9 (Grotz et al. 1998; Wintz et al.
2002) are all upregulated in roots in response to Zn deficiency. All of these and
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possibly additional transporters may contribute to Zn uptake into the root sym-
plasm of Arabidopsis, but we do not know the localization of the gene products in
the root nor the subcellular localization in the root cell. The 4. thaliana irt] mu-
tant (Varotto et al. 2002; Vert et al. 2002), which is defective in high-affinity Fe
uptake, also accumulates less Zn, suggesting that IRT1 makes a significant contri-
bution to plant Zn uptake (Henrique et al. 2002). It is likely that Fe and Zn influx
into A. thaliana roots are linked because of the lack of specificity of the IRTI
high-affinity iron uptake transporter of A. thaliana, which — in addition to Zn**
and Fe’* - can also mediate cellular influx of Mn®", Co?" and Cd** ions
(Korshunova et al. 1999). The IRT] transcript is present at very low levels, and
induced under Fe deficiency specifically in epidermal cells of the root hair zone.
The IRT1 protein transports Fe*" ions following the reduction of poorly soluble
extracellular Fe(IIl) by the NADPH-dependent ferric chelate reductase FRO2
(Robinson et al. 1999). Similar to irt/ mutants, fro2 mutants exhibit an Fe uptake
defect. The contribution of FRO2 to Zn uptake is presumably minor because there
is no need for Zn reduction prior to uptake, and FRO2 might influence Zn solubil-
ity only by the reduction of Fe(II) and subsequent breakdown of mixed oxides in
the rhizosphere. However, FRO2 may link Fe uptake and Cu uptake (see below).

Under Fe deficiency, roots of graminaceous plants produce and secrete phyto-
siderophores, which chelate Fe(Il) in the rhizosphere (Marschner 1995). Phyto-
siderophores are high-affinity low-molecular-weight chelator molecules, which
are derived from the metal chelating amino acid nicotianamine by consecutive re-
placement of amino groups by hydroxyl groups at various positions and to differ-
ent degrees. This is initiated by the formation of 2’-deoxymugineic acid involving
the enzyme nicotianamine aminotransferase and the oxygenase deoxymugineic
acid synthase (Takahashi et al. 1999; Kobayashi et al. 2001). Compared to nico-
tianamine, the replacement of amino by hydroxyl groups stabilizes the complexes
with Fe(IlT) and renders phytosiderophore-metal complexes more stable at low pH
values that may be encountered in the immediate surroundings of the roots (von
Wiren et al. 2000). So far, phytosiderophores have only been detected in gramina-
ceous plants.

The Fe(I11)-phytosiderophore complexes are then taken up by specific transport
systems, among which the yellow stripe 1 (YS1; TC 2.A.67.2.1) transporter is
likely to be the primary uptake system in maize (von Wiren et al. 1994; Curie et
al. 2001). Maize roots can also take up Zn(II)-phytosiderophore complexes (von
Wiren et al. 1996). According to the complementation of yeast mutants and two-
electrode voltage-clamp analyses of YS1-expressing oocytes of Xenopus laevis,
YS1 operates as a metal-phytosiderophore proton cotransporter and can mediate
cellular uptake of complexes of the phytosiderophore 2’-deoxymugineic acid with
Fe(III), Ni(Il), Zn(I), Cu(Il) and, at lower rates, Mn(II) and Cd(I) (Schaaf et al.
2004). Evidence that YS1 is capable of mediating cellular import of nicotianamine
(NA) complexes of Ni(Il), Fe(Il), and Fe(IlI) was also obtained. In another study,
expression of YS1 did not complement a yeast mutant strain defective in Zn up-
take in the presence of another phytosiderophore, mugineic acid (MA). Evidence
for uptake into YSI-expressing yeast cells was obtained for Fe(III)-MA, Fe(II)-
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NA, Cu(Il)-MA and Co(I)-MA complexes (Roberts et al. 2004), only partially
confirming the results of Schaaf et al. (2004).

The YS-like transporter subfamily, which belongs to the oligopeptide trans-
porter family (OPT; TC 2.A.67), has 18 members in rice (OsYSL1 to OsYSL18),
suggesting that cellular uptake of metal complexes is important and widespread in
this plant (Koike et al. 2004). Transcript levels of OsYSL2 are induced under Fe
deficiency in leaves, and promoter activity is restricted primarily to phloem com-
panion cells and the embryo and outer endosperm layer in developing seeds. An
OsYSL2-GFP fusion protein was localized to the plasma membrane (Koike et al.
2004). Two-electrode voltage clamp analyses in Xenopus oocytes suggested that
the protein transports NA complexes, but not DMA complexes, of Fe(Il) and
Mn(II), and not of Zn(IT) and Cu(Il). A similar role, the transport of metal-NA
complexes within the plant, is being envisaged for the eight YS-like transporters
of A. thaliana AtYSL1 to AtYSLS (DiDonato et al. 2004). Heterologously ex-
pressed AtYSL2 is capable of conferring Fe(II)-NA and Cu(Il)-NA, as well as
Fe(II)-MA uptake to yeast cells (DiDonato et al. 2004). AtYSL2 was proposed to
mediate the lateral movement of Fe and Cu in the vascular system (DiDonato et al.
2004). In conclusion, although YS-like transporters are clear candidates for trans-
port of Zn(II)-NA or Zn(Il)-phytosiderophore complexes, direct evidence is
scarce.

In fact, ZIP-like transport proteins are not only important for Zn uptake in non-
graminaceous species, but appear to contribute to Zn uptake by the roots of grami-
naceous plant species, as well. The OsZIP1 and OsZIP3 cDNAs complement a
yeast mutant defective in Zn uptake. Transcript levels are upregulated under Zn
deficiency and localize to the root epidermis and vasculature, as well as to the
vascular bundles of leaves and stems of rice (Ramesh et al. 2003).

Inside the cytosol, incoming Zn*" ions are likely to undergo controlled binding,
either to metallochaperone or metal buffering proteins or to low-molecular-weight
chelator molecules. The latter may involve glutathione (GSH), which has a high
affinity for Zn at cytoplasmic pH values, and GSH-derived molecules. The role of
nicotianamine in Zn chelation has been characterized most extensively to date (see
also Chapter 10). Expression of various nicotianamine synthase isoforms partially
complemented Zn hypersensitivity of mutant yeast strains of Saccharomyces cere-
visiae and Schizosaccharomyces pombe, or conferred Ni tolerance to yeast cells
(Vacchina et al. 2003; Becher et al. 2004; Weber et al. 2004). Moreover, roots of
the highly Zn-tolerant Zn hyperaccumulator 4. halleri contain higher steady-state
nicotianamine concentrations than the roots of its Zn-sensitive relative 4. thaliana
(Weber et al. 2004). Cytoplasmic chelation of Zn(II) may contribute to maintain-
ing its symplastic mobility for transfer into the vascular bundle.

The P g-ATPases HMA2 and HMA4 have an important role in the transloca-
tion of Zn(Il) from the root to the shoot of A. thaliana (Eren and Arguello 2004;
Hussain et al. 2004; Verret et al. 2004). Both proteins are metal ion pumps of the
P-type ATPase superfamily, which use ATP to drive metal ion transport and form
a phosphorylated intermediate during the reaction cycle (Axelsen and Palmgren
2001). Compared to the wild type, the A. thaliana hma2-2hma4-1 double mutant
accumulates only about half the Zn concentrations in the shoot and approximately
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twofold higher Zn concentrations in the root. Shoots of double mutant plants dis-
play severe symptoms of Zn deficiency (see above). Chimeric GFP fusions of both
proteins have been localized to the plasma membrane (Hussain et al. 2004; Verret
et al. 2004), suggesting that they function in the export of Zn(II) from the cell.
Consistent with a role in root-to-shoot transport of Zn, promoter activities of
AtHMA?2 and AtHMA4 are localized to the vascular system of roots, stems and
cauline leaves, and were detected in the vicinity of both sieve elements and xylem
vessels. In agreement with these results, leaves of A. thaliana overexpressing
AtHMA4 accumulate higher concentrations of Zn and Cd, when compared to the
wild type. Microsomal vesicles prepared from yeast cells expressing AtHMA2
displayed ATP-dependent Zn accumulation (Eren and Arguello 2004). ATPase ac-
tivation was highest in the presence of Zn(II) and Cd(II), and approximately 50%
in the presence of Cu(I), Cu(Il), Ni(Il), or Co(II). Taken together, these data pro-
vide solid support for an involvement of HMA2 and HMA4 in cellular export of
Zn(II), enhancing root-to-shoot translocation and possibly decreasing Zn(II) reten-
tion by vascular cells along the xylem transport pathway.

The speciation of Zn(Il) during transport in the xylem is unknown. During the
vegetative phase of growth of A. thaliana, Zn is transported into rosette leaves
with the transpiration stream. The proteins involved in the retrieval of Zn(II) from
the xylem have not been identified. The phenotypes of tobacco and tomato plants
lacking nicotianamine suggest a model, in which a significant proportion of Zn, as
well as major proportions of Cu and Fe, enters young developing leaves and flow-
ers in a nicotianamine-dependent manner via the phloem. The remainder may be
delivered via the phloem in other binding forms or via the xylem. Nicotianamine
is reduced to virtually undetectable levels in both the tomato mutant chloronerva,
which has a defect in a nicotianamine synthase gene (Ling et al. 1999), and to-
bacco ectopically expressing a barley nicotianamine aminotransferase (naat-A,
Takahashi et al. 2003). In both these systems, only young leaves exhibit in-
terveinal chlorosis, which is a typical symptom of Fe deficiency. This chlorosis
disappears gradually when leaves mature (Stephan and Scholz 1993; Takahashi et
al. 2003b). In chloronerva, leaves have been reported to gradually accumulate an
excess of several metals. In leaves of naat-A-expressing plants, there is an en-
hanced gradient of metal ion concentrations between the leaf veins and interveinal
regions, suggesting that NA is needed for the distribution of metals within the leaf
blade. In addition, young leaves contain decreased concentrations of Cu, Fe, Zn,
and Mn.

Both chloronerva and naat-A plants have severe flowering defects, with
chloronerva being unable to develop floral organs and naat-A developing sterile
flowers of abnormal morphology. Pollen development is disrupted in raat-A
plants, anthers and stigma are deformed and pistils shortened. The concentrations
of Cu, Fe and Zn, but not Mn is strongly reduced in flowers and floral organs of
naat-A plants. The defects were partly alleviated by supply of exogenous NA, or
by grafting of naat-4 shoots onto rootstocks of NAS-overexpressing tobacco
plants. These data suggest that a deficiency in NA mainly affects the supply of nu-
trient metals to sink organs (compare Section 2.2.3). Since NA is mainly accumu-
lated in sink organs a proportion of nutrient metal ions including Zn(II) are likely
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to move in the phloem as nicotianamine complexes. Prior to the long-distance
movement inside the phloem these metals may be transported into the phloem
companion cells as NA complexes by YSL transporters. Tobacco plants engi-
neered to overexpress NAS accumulate higher Fe, Zn, and Cu concentrations in
young leaves, flowers, and all floral organs (sepals, petals, filaments, anthers, pol-
len, pistils) and higher Fe and Zn concentrations in seeds, when compared to wild
type tobacco plants.

If considerable proportions of micronutrient metals are delivered into sink tis-
sues via the sieve tubes, as implicated by the work mentioned above, transfer is
required from the xylem into the phloem. The molecular basis for this is unknown.
It is likely that some, but not all floral abnormalities in nicotianamine-deficient
plants are caused by suboptimal Zn supply to floral organs, because nicotianamine
deficiency also causes Cu and Fe deficiency in flowers. There is convergent evi-
dence for an important role for Zn from another study. In addition to exhibiting Zn
deficiency symptoms in the shoot, the 4. thaliana hma2hma4 double mutant (see
also above) is unable to form mature pollen and may also exhibit defects in ovule
or embryo development (Hussain et al. 2004). The phenotype may be caused by a
general lack of Zn in shoot tissues, and by a specific function for HMA2 and
HMAA4 inside developing anthers. The HMA2 and the HMA4 promoters are active
in the endothecium, middle layer and tapetum regions of developing anthers and
in developing immature pollen grains (Goldberg et al. 1993; Hussain et al. 2004;
Lee and Tegeder 2004). Tapetum cells secrete nutrients into the locule fluid that
surrounds the pollen grains, and Zn secreted by HMA2 and HMA4 may be among
these nutrients. The activities of HMA2 and HMA4 promoters inside developing
pollen grains, however, suggest that the microspores also exhibit Zn(II) efflux
pump activity. More information concerning the precise localizations of the
HMA2 and HMAA4 proteins is needed to fully understand their role in pollen de-
velopment.

2.2.3 The journey of a Cu*" ion from the rhizosphere into the
plastocyanin protein

Cu(Il) ions are tightly bound to soil particles because of their tendency to form
stable complexes with, for instance, carboxyl or phenol groups. Still, it is not clear
if and to what extent plant roots actively mobilize Cu ions. Phytosiderophore se-
cretion by monocots is known to enhance Cu mobilization (Romheld 1991). How-
ever, there is no evidence for the uptake of Cu-phytosiderophore complexes by
plant roots.

Uptake of Cu ions is apparently mediated by members of the CTR family (Fig.
2), which is ubiquitous in eukaryotes (Puig and Thiele 2002). The first CTR-like
transporter in Arabidopsis thaliana, COPT1, was cloned by complementation of
the S. cerevisiae high-affinity Cu uptake-defective mutant ctr/ctr3 (Kampfenkel et
al. 1995). The Arabidopsis genome contains 6 genes encoding CTR-like transport-
ers, i.e. COPT1 to 5 and an unnamed CTR-like protein (Sancenon et al. 2003; Car-
ter et al. 2004). COPT1, COPT2, COPT3, and COPT5 have been shown to com-
plement the ctrictr3 mutant (Sancenon et al. 2003). These proteins have not been
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functionally characterized in sufficient detail. COPT1 is expressed in various tis-
sues including most embryonic cells during heart stage. In mature plants, expres-
sion is detected in stomata, trichomes, pollen, and root tips (Sancenon et al. 2004).
COPT1 is hypothesized to represent an important component of Cu uptake in
Arabidopsis roots. Antisense lines show reduced **Cu uptake rates, lower leaf Cu
content and reduced growth in the presence of the Cu chelator BCS. However, the
subcellular localization of COPTs has not been determined so that the pathways
for entry of Cu ions into plant cells remain to be identified. Recently, the exclusive
role of CTR-like transporters in plant Cu uptake has been questioned. Transporters
of the ZIP family have been suggested to contribute to Cu uptake into plant cells.
ZIP2 and 4 were both found to rescue a yeast Cu uptake-defective mutant. In addi-
tion, ZIP2 is transcriptionally upregulated under Cu deficiency (Wintz et al. 2003).
Thus, although the analogy to the better-characterized eukaryotic model systems
yeast and mice strongly suggests a key role for CTR-like transporters in plant Cu
uptake, we cannot rule out the contribution of other transporter families.

The actual substrates of CTR transporters — Cu(I), Cu(Il) or a Cu-ligand com-
plex - have not been unequivocally determined yet. It is presumed that Cu(I) is the
substrate of yeast and mammalian Ctr transporters (Lee et al. 2002). The same is
suggested for the plant COPTs (Sancenon et al. 2003). This would obviously re-
quire reduction of Cu(Il) prior to uptake. Physiological studies showed that Fe-
deficient dicot roots express not only ferric chelate reductase activity but also
Cu(Il) reductase activity (Welch et al. 1993; Holden et al. 1995). It appears likely
that ferric chelate reductases such as FRO2 account for this activity. In S. cere-
visiae, the ferric reductases Frel and Fre2 possess cupric reductase activity, as
well, and have been shown to be involved in Cu uptake (Georgatsou et al. 1997).
This would also help to explain why Cu excess causes Fe deficiency (see below).

Because of the high affinity of Cu(I) and Cu(II) for various functional groups in
biological molecules and based on the available evidence from S. cerevisiae, it is
generally accepted that there are no free hydrated Cu ions inside a cell (Rae et al.
1999). Instead, specific distribution systems ensure delivery of Cu ions to Cu-
requiring organelles and proteins (O'Halloran and Culotta 2000). In Arabidopsis,
orthologues of the known S. cerevisiae metallochaperones ATX1, CCS and
COX17 — which are required for Cu delivery to the P-type ATPase CCC2, the cy-
tosolic Cu,Zn-SOD and cytochrome ¢ oxidase, respectively — have been identified
(Himelblau et al. 1998; Balandin and Castresana 2002; Wintz and Vulpe 2002;
Abdel-Ghany et al. 2005a).

As in the other model systems, namely S. cerevisiae and mammalian cells, the
transfer of Cu ions taken up via CTR transporters to metallochaperones is not un-
derstood. It is unknown whether there is a direct interaction of the chaperones with
the transporters or rather the involvement of as yet unidentified proteins. In root
cells — just like in all other cells — some of the Cu will be channeled to sites such
as the mitochondria and the cell walls where Cu is needed as a cofactor.

A fraction of the acquired Cu needs to be maintained in a mobile form in order
to be available for transport into the shoot. Prime candidate as ligand for Cu ions
in the cytosol as well as during transfer through xylem and phloem is nico-
tianamine (NA). NA forms stable complexes with Cu(Il) in vitro (Benes et al.
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1983). The NA deficient tomato mutant chiloronerva displays symptoms of Cu de-
ficiency in the leaves — Cu concentration in leaves is reduced by 80% - while root
Cu accumulation is increased (Pich et al. 1994). Similarly, tobacco plants artifi-
cially rendered NA-deficient by overexpression of a barley nicotianamine ami-
notransferase display lower Cu contents in young leaves (Takahashi et al. 2003b).
Analysis of the xylem sap of chloronerva plants showed much lower Cu content
as compared to wild type (Pich et al. 1994). Furthermore, NA is detectable in the
xylem sap of wild type tomato in sufficient amounts and based on the stability
constants, the pH and the concentrations of NA and metals in the xylem sap, NA
is predicted to chelate all of the Cu (von Wiren et al. 1999). Thus, a strong case
can be made for NA as the major Cu chelator in the xylem (Pich and Scholz 1996)
and against previous assumptions that asparagine, histidine, and citrate would
serve this function (Rauser 1999).

The path of Cu ions from the cytosol of root cells into the xylem is far less un-
derstood. It is difficult to test whether NA is the main binding partner for Cu also
in the cytosol because the number of potential binding sites is far higher than in
the xylem sap, and because pure cytoplasm cannot be sampled in sufficient
amounts for metal-ligand analysis. Assuming that Cu enters the xylem following
symplastic passage across the endodermis — just like other nutrients — transfer of
Cu into the xylem requires a membrane passage. It is conceivable that Cu is trans-
ported in a complex with NA. Alternatively, NA and Cu ions might be transported
separately. Candidate mediators for Cu efflux into the xylem are P-type ATPases
(compare HMA2/HMA4 and Zn loading into the xylem). In S. cerevisiae and
mammalian cells it was shown that metallochaperones deliver Cu ions to Cu
pumps which remove Cu ions from the cytosol (see above and Chapters 2 and 5).
Most likely, as yet unidentified proteins are required in plant cells as well.

It is quite possible that metallochaperones also play a role in long distance
transport of Cu. There are >30 genes in Arabidopsis encoding proteins that carry a
heavy-metal binding domain similar to the one present in Atx1 (Wintz and Vulpe
2002). The functions of these proteins — which according to sequence-based pre-
dictions are targeted to different cellular compartments including the nucleus, the
secretory pathway and plastids — are largely unknown. The CCH protein was de-
tected extracellularly and is hypothesized to be involved in Cu mobilization from
senescing tissues (Mira et al. 2001). The Cd**-induced protein CdI19 (Suzuki et al.
2002) is able to bind Cu as shown by CD spectra, and Cdl19 transcript levels are
increased under conditions of excess Cu.

Cu arriving via the xylem might be taken up into leaf cells as Cu ion or as a Cu-
ligand complex. For the latter alternative, Cu-NA complexes are the most likely
candidates according to the current state of knowledge. The transporter AtYSL2 is
the first characterized Arabidopsis transporter of the YSL family showing similar-
ity to the Fe-phytosiderophore uptake system yellow stripe 1 (YS1) from maize
(Curie et al. 2001). Expression of AtYSL2 has been shown to enable cells to take
up a Cu-NA complex (DiDonato et al. 2004). The Arabidopsis genome encodes 8
predicted YS-like transporters that need to be studied with respect to tissue distri-
bution, subcellular localization, regulation and substrate specificity.
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Once taken up into a leaf mesophyll cell there is still a long way to go for a Cu
ion to reach plastocyanin. Assembly of Cu-plastocyanin occurs only after import
of apoplastocyanin into the thylakoid lumen (Merchant and Dreyfuss 1998) so that
Cu ions have to be transported through the cytosol, across the outer and inner
chloroplast envelope membrane, through the stroma and across the thylakoid
membrane. A metallochaperone pathway to the plastids of plant cells has not been
identified to date. In light of the knowledge about Cu homeostasis in other eu-
karyotic cells, however, there is no doubt that such a delivery system exists (see
Chapters 2 and 5). The best-characterized example for Cu distribution in plant
cells to date was uncovered through studies on the ethylene signaling pathway.
The Arabidopsis ranl mutant displays typical ethylene responses when treated
with an ethylene antagonist. When the corresponding gene was cloned it was
found to encode a P-type ATPase similar to CCC2 from S. cerevisiae (Hirayama
et al. 1999). This ATPase is homologous to the human Menke’s disease protein,
which pumps Cu ions into post-Golgi vesicles. By analogy, RAN1 is hypothesized
to mediate the respective activity in plant cells, thereby delivering Cu to the ethyl-
ene receptor. The interacting metallochaperone, which is expected to be ortholo-
gous to S. cerevisiae Atx1 or human HAH1 (Hamza et al. 1999), is unknown.

Basic mechanisms of plastid Cu homeostasis can probably be inferred from
knowledge gained on Cu homeostasis in cyanobacteria (Cavet et al. 2003). A P-
type ATPase, CtaA, is required for Cu import into Synechocystis PCC 6803 cells.
An Atx1 homolog is hypothesized to shuttle Cu between CtaA and a second P-
type-ATPase, PacS, which is located in the thylakoid membrane and is essential
for the synthesis of holo-plastocyanin. Synechocystis Atx1 has been shown to in-
teract with both CtaA and PacS.

The two analogous plastidic Cu pumps have recently been identified in Arabi-
dopsis. The P-type ATPase PAA1 is proposed to transport Cu across the inner en-
velope membrane (Fig. 1). Arabidopsis paal mutants are impaired in photosyn-
thetic electron transport and show reduced plastid Cu levels (Shikanai et al. 2003).
A second P-type ATPase, PAA2, is responsible for the final membrane passage
into the thylakoid lumen (Abdel-Ghany et al. 2005b). The metallochaperone shut-
tle between the two pumps remains to be identified. Also, it is unknown whether
specific chaperones are required for the synthesis of mature plastocyanin. Chla-
mydomonas reinhardtii pcy2 mutants are known to carry the wild type plastocya-
nin allele, yet, they accumulate apoplastocyanin (Li et al. 1996). The role in plas-
tid Cu homeostasis of the Arabidopsis Cu-binding protein CUTA, which is
assumed to be localized in the intermembrane space, remains to be elucidated
(Burkhead et al. 2003).
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3 Metal Regulation

3.1 Known and likely levels of metal regulation in plants

Plants respond to a change in metal supply by marked alterations in their steady-
state transcriptome. The first known example was /RT! (Eide et al. 1996), which
encodes the major high-affinity Fe uptake system of A. thaliana and is induced
under Fe-deficient conditions in A. thaliana (Vert et al. 2002). Several genes en-
coding Zn transport proteins, namely ZIP1, ZIP3 and ZIP4 (Grotz et al. 1998),
were shown to be induced under Zn-deficient conditions. Since then, microarray
studies have identified numerous additional genes that respond to micronutrient
deficiencies at the transcript level (Wintz et al. 2003; Colangelo and Guerinot
2004). In contrast, only a small number of genes appear to respond specifically to
an excess of Zn, Cd, or Cu (Becher et al. 2004; Weber and Clemens, unpublished).
Instead, transcriptional responses to metal excess largely resemble general stress
responses.

It has been shown that Fe-deficiency-induced transcripts, for example, /RT!
and FRO2, are also induced under mild excess of Zn (Connolly et al. 2002, 2003;
Becher et al. 2004). When present in excess, Zn”" ions are likely to replace Fe ions
in metalloproteins, and are thus capable of inducing Fe deficiency as a result of a
metal imbalance. Alternatively, there may be an underlying crosstalk between Zn
and Fe directly in the Fe sensing mechanism of an Fe sensor protein. The cis ele-
ments and trans factors involved in transcriptional responses of plants to their Zn,
Cu or Ni status are unknown.

The only higher plant metal regulatory transcription factors identified so far are
involved in Fe regulation (Ling et al. 2002), for example, Arabidopsis BHLH29
(basic helix-loop-helix 29), also designated FIT1 (Fe-deficiency-induced tran-
scription factor 1, Colangelo and Guerinot 2004). In a fit/ mutant, a number of Fe-
deficiency-induced transcripts, for example, FROZ2 encoding a root ferric chelate
reductase, are no longer upregulated, suggesting that FIT1 is required for their
transcriptional induction (Colangelo and Guerinot 2004; Jakoby et al. 2004).
Steady-state FIT! transcript levels are upregulated under Fe deficiency. The FIT!
gene is expressed in the epidermis of the root hair zone of iron-deficient seedlings,
as observed previously for JRTI and FROZ2 expression. This highlights the tissue-
specific expression of many metal homeostasis genes. Another example is the ex-
pression pattern of the putative cellular Cu uptake system COPTI, which is re-
stricted to specific cell types, for example, the external cell layers of a small apical
zone in the root (Sancenon et al. 2004). Promoter sequence elements have been
identified, which confer iron-regulated expression of reporter genes (Wei and
Theil 2000; Petit et al. 2001; Kobayashi et al. 2003).

There is also evidence for post-transcriptional regulation in iron-deficiency-
induced gene expression. Plants transformed with p35S::IRTI or p35S::FRO?2 dis-
play constitutive ectopic overexpression of /RTI or FROZ transcripts, respec-
tively, but protein levels remain iron-regulated as in wild type plants (Connolly et
al. 2002; 2003). So far, nothing is known about post-transcriptional regulation in
response to changes in Zn, Ni, and Cu supply.
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In higher plants, there is no published evidence for the post-translational regu-
lation of metal homeostasis proteins. However, there is solid evidence for the
regulation of sub-cellular protein localization and stability in the yeast Saccharo-
myces cerevisiae and in humans (see below). It is, thus, likely that similar mecha-
nisms operate in higher plants.

Plants can be postulated to contain specific metal sensors that detect changes in
metal status, i.e., deficiency or excess, and trigger signaling cascades that activate
the appropriate responses. In higher plants, the involved signal transduction path-
ways have not been identified. The activation of distinct mitogen-activated protein
kinase pathways has been reported upon exposure of Medicago sativa seedlings to
very high, toxic concentrations of Cu or Cd, respectively (Jonak et al. 2004). It
remains to be established to which extent the activation of the respective MAP
kinase cascades is metal-dependent or an effect of oxidative stress and thiol group
reactivity of high concentrations of Cu and Cd.

3.2 Long distance signaling in metal homeostasis

In plants, photosynthetic organs or the shoot apex are likely to be important metal
sinks, but the site of metal uptake is at a distance in the root. There is a need for
long distance signaling for the maintenance of metal homeostasis. Grafting ex-
periments employing the pea dg/ and brz mutants suggested that a shoot-derived
signal is sufficient to induce Fe deficiency responses in pea roots (Grusak and
Pezeshgi 1996; Vert et al. 2003). The chloronerva mutant of tomato, which is
nicotianamine-deficient, contains lower shoot Cu than wild type plants, but accu-
mulates higher concentrations of Mn, Fe, and Zn in all leaves except the apex
(Pich et al. 1994). Yet the chloronerva mutant constitutively exhibits root Fe defi-
ciency responses and chlorosis of young leaves.

Constitutive root Fe deficiency responses have also been described in the A.
thaliana frd3 (manl) mutant lacking a putative transporter of the MATE (mul-
tidrug and toxin efflux; multi-antimicrobial extrusion) family, which is mainly ex-
pressed in the root vasculature (Delhaize 1996; Rogers and Guerinot 2002). Green
and Rogers (2004) observed ferric Fe accumulation in the root vasculature of frd3.
Although frd3 mutants accumulate Mn, Cu, Fe, and Zn in their leaves, intracellu-
lar Fe concentrations are lower in fid3 leaves than in wild type leaves. Grafting
experiments suggested that a frd3 root is sufficient to generate a frd3 phenotype.
This led the authors to suggest that FRD3 is involved in the transport into the xy-
lem of an Fe chelator or another compound that maintains Fe in - or is necessary
for the transfer of Fe into - a chemical form that can be taken up by cells inside the
shoot (Green and Rogers 2004).

Both the chloronerva and the frd3 mutants have in common that they generally
accumulate higher concentrations of several metals, including Fe, around the vas-
culature and in the apoplast of their leaves, respectively, when compared to wild
type plants. Despite metal accumulation in the leaves, Fe deficiency responses are
induced in the roots, probably because the metal ions do not reach their destination
in the leaves. Thus, plant cells may sense their Fe status in close proximity to Fe-
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requiring sites, for example, in the leaves, and generate signals that act in a long-
distance manner, for example, in the root. Similar regulatory mechanisms can be
expected to operate for other metals.

3.3 Principles of Cu and Zn regulation in model organisms

3.3.1 Cu regulation in Chlamydomonas reinhardltii

Cu-dependent transcriptional regulation has been analyzed in the unicellular green
alga Chlamydomonas reinhardtii. When no Cu is available for the formation of
holoplastocyanin in C. reinhardtii, apoplastocyanin is rapidly degraded, presuma-
bly through a non-specific pathway (Merchant and Bogorad 1986a). Instead, sev-
eral Cu-deficiency-induced proteins are induced at the transcriptional level, in-
cluding a heme-containing cytochrome c¢ (Cyc6), which acts as a functional
substitute for the Cu-dependent plastocyanin in the photosynthetic electron trans-
port chain when Cu availability is low (Merchant and Bogorad 1986b; Hill and
Merchant 1995; Quinn and Merchant 1995; Moseley et al. 2000; Quinn et al.
2000, 2002). The upregulation of genes in response to Cu deficiency is dependent
on a Cu-responsive element (CuRE) in the 5 upstream region of Cu-deficiency
induced genes, containing a core GATC sequence. The transcriptional activator
responsible for Cu-deficiency-induced gene expression is Crrl (copper-responsive
regulator 1). The Crrl protein shares some similarity with the plant-specific
squamosa-promoter-binding protein family (SBP) and contains Zn fingers in its
DNA-binding domain. Binding of a Cu ion to a C-terminal cysteine-rich domain
of Crrl is thought to result in its dissociation from the CuRE (Merchant et al.
2004).

The Crrl protein is also required for growth under hypoxia, and some Cu-
deficiency-induced genes, including Cyc6, are also induced under hypoxia. In ad-
dition to Crrl, hypoxia-dependent gene expression requires a second cis element
named hypoxia-responsive element. Other hypoxia-induced genes are induced via
a Crrl-independent pathway (Quinn et al. 2002). Hypoxia alone does not induce a
reduction in Cu absorption or internal Cu availability in C. reinhardtii. This sug-
gests that the coupling of hypoxia and Cu-deficiency signaling may be an indirect
effect, for example, related to Fe acquisition, or may have an evolutionary or an
environmental significance. Another interesting feature of Crrl-dependent gene
regulation is that the Crrl protein can function as a transcriptional activator or as a
repressor, depending on the position of the CuRE (Moseley et al. 2002).

3.3.2 Known principles of metal regulation

The example of Cu regulation in C. reinhardtii outlined above highlights a num-
ber of principles of metal regulation that have been found in several model organ-
isms. Metal-sensing transcription factors controlling the transcription of target
genes are a common feature in metal regulation. These are examples for very di-
rect metal-dependent regulation, not requiring upstream signal transduction cas-
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cades. For example, under conditions of Cu deficiency the Cu-binding Maclp
(metal-binding activator 1, for details see Chapter 2) transcription factor of S. cer-
evisiae binds as a homodimer to copper-responsive sequence elements (CuRE) in
the promoters of the genes ScCTRI and ScCTR3, which encode Cu(I) uptake sys-
tems (Jungmann et al. 1993; Labbe et al. 1997; Yamaguchi-Iwai et al. 1997; Zhu
et al. 1998; Rutherford and Bird 2004). Maclp is able to bind 4 Cu(I) ions in a
poly-copper cluster within its transactivation domain. The binding of Cu(l) to
Maclp triggers an interaction between the transactivation and DNA binding do-
mains of Maclp, thereby inhibiting the functions of both domains. Under condi-
tions of Cu excess, the Cu-dependent transcriptional activator ScAcelp is acti-
vated by the binding of four Cu(I) ions and activates the transcription of genes
involved in the protection of yeast cells from Cu toxicity, for example, the gene
encoding the Cu-buffering cysteine-rich Cupl protein (Rutherford and Bird 2004).

Two other well-known examples are the Zn-sensing transcription factors Sac-
charomyces cerevisiae Zapl (Zn-dependent transcriptional activator protein 1, for
details see Chapter 3), which regulates Zn deficiency responses (Zhao and Eide
1997), and the human MTF1 (metal-regulatory transcription factor 1, for details
see Chapter 6), which is involved in the responses to an excess of Zn and other
metals, and other stresses (Westin and Schaffner 1988; Smirnova et al. 2000; An-
drews 2001; LaRochelle et al. 2001). Both proteins possess high-affinity Zn fin-
gers in their DNA-binding domain and regulatory Zn fingers with Zn affinities in
the nanomolar to sub-nanomolar range. Similar to Crrl, Zapl can also act as an
activator or repressor of transcription of a target gene depending on the position of
the Zn-responsive cis element (Bird et al. 2004). In many cases, regulation by
metal-sensing transcription factors involves additional levels of regulation, for ex-
ample, nucleo-cytoplasmic shuttling (for example, MTF-1; Smirnova et al. 2000),
phosphorylation (MTF-1; LaRochelle et al. 2001) and protein degradation (for ex-
ample, Maclp; Zhu et al. 1998).

In plants no homologues of Zapl or MTF1 can be clearly identified. Moreover,
the 5° sequences upstream of Zn deficiency induced genes like A¢ZIP1 or AtZIP4
do not contain sequences related to the S. cerevisiae Zn responsive elements found
in the ZAP1 regulon. Further research is needed to identify plant Zn- and Cu-
regulatory cis elements and trans factors and to investigate whether plants possess
transcription factors that directly sense metal ions.

A second important level of metal regulation is the metal-dependent regulation
of transcript stability. The expression of the S. cerevisiae CTH2 gene is induced
under Fe deficiency. The Cth2 protein binds to AU-rich elements in specific
mRNAs encoding Fe-metalloproteins and targets them for degradation (Puig et al.
2005).

Availability and insertion of the metal cofactor into apoplastocyanin controls
the stability of the translation product in the chloroplast of C. reinhardtii (see
above). Although not all apometalloproteins are unstable, the insertion of metal
ion cofactors is likely to be an important factor controlling the activity and/or sta-
bility of proteins, and possibly of biological processes.

A well-known post-translational mechanism of metal regulation is the metal-
dependent re-localization or degradation of metal transport proteins. The human
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Cu-pumping ATPase ATP7A or MNK (for Menkes), mutations of which are re-
sponsible for Menkes disease (see Chapter 5), exhibits Cu-dependent sub-cellular
localization (Petris et al. 1996). The protein was proposed to cycle continuously
between the Golgi and the plasma membrane. Under most conditions the major
proportion of the MNK protein localizes predominantly to the #rans-Golgi, sup-
plying Cu ions to the lumen of this compartment. Under exposure to high Cu con-
centrations, the steady state is shifted towards localization in the plasma mem-
brane, where the bulk of MNK protein exports Cu to the exterior of the cell (Petris
and Mercer 1999). In Cu-deficient cells, the human copper uptake transporter
hCtrl localizes to the plasma membrane, but undergoes Cu-stimulated endocytosis
under Cu re-supply. Two putative Cu-binding methionine-rich sequence elements
of hCtrl are involved in the regulation of endocytosis, suggesting that direct Cu
sensing by hCtrl may be controlling hCtrl localization (Guo et al. 2004).

Under Zn-deficient conditions the S. cerevisiae high affinity Zn uptake system
Zrtl is expressed at high levels in a Zap1-dependent manner. When Zn-deficient
yeast cells are transferred to a Zn-supplemented medium, the Zrtl protein is
ubiquinated and internalized by endocytosis, followed by its degradation in the
vacuole (Gitan et al. 1998, 2003; Gitan and Eide 2000). Zinc-stimulated endocyto-
sis also controls plasma membrane localization and, thus, Zn uptake activity
through the mouse ZIP1, ZIP3, and ZIP4 transporters, which are homologues of
ScZrtlp (Kim et al. 2003a; Wang et al. 2004a, 2004b). Zn-dependent localization
has also been reported for Zn transporters of the so-called cation diffusion facilita-
tor (SLC30 or TC 2.A.4) protein family (Kelleher and Lonnerdal 2003). It is very
likely that some plant metal transport proteins also undergo metal dependent re-
localization.

Some of the known metal regulatory events exemplify very direct regulation:
binding of a metal ion modifies the biological activity of a protein involved in the
homeostasis of this metal ion. As pointed out earlier, the delivery or withholding
of a metal ion through the metal homeostatic machinery could also modify the ac-
tivity of biological processes. For example, Zn®" ions modulate signal transduction
in animal neurotransmission and development (Baranano et al. 2001; Hajnal
2002). The presence of metal ions in hormone receptors and related proteins, for
example, of Cu(l) in the ethylene receptor (Rodriguez et al. 1999) or Zn(II) in the
auxin-binding protein ABP1 (Napier 2004), may provide micronutrient check-
points in plant signaling cascades. In this context, it is interesting to note that the
EIN2 (ethylene-insensitive 2) protein possesses an N-terminal domain sharing
strong homology with NRAMP (natural-resistance associated macrophage pro-
tein) family metal transport proteins, although no metal transport activity could be
demonstrated for EIN2 (Alonso et al. 1999). Along a similar line, IARI (IAA-
alanine resistance protein 1) is a member of the ZIP family of divalent transition
metal cation transport proteins (Lasswell et al. 2000).

Protein modifications, for example, ubiquitination or phosphorylation, appear
to be common in metal homeostasis and are likely to involve metal-dependent sig-
naling cascades. These are largely unknown, although Zn sensing and signaling
pathways in mammalian cells are being discussed (Hershfinkel et al. 2001; Maret
2001; Azriel-Tamir et al. 2004). In addition, future work will have to clarify to
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which extent Zn>" acts as a signaling ion beyond the regulation by Zn of its own
homeostasis.

4 Toxicity and tolerance in plants of Cu, Ni, Zn

4.1 Toxicity of excess concentrations of Cu, Ni, and Zn

When present in excess in the growth medium, metal ions can cause toxicity in
plants. Easily detectable symptoms are a reduction in photosynthetic electron
transport and photosynthetic efficiency, the inhibition of root elongation, reduced
shoot growth, leaf chlorosis, and necrosis of tissues. The precise mechanistic se-
quence of events in metal toxicity is poorly understood. Critical toxicity levels for
Zn range between 100 and 300 pg g dry weight (Marschner 1995). For Ni, criti-
cal leaf toxicity thresholds vary between 10 and approximately 50 pg g dry bio-
mass. Plants are very sensitive to Cu, with critical toxicity concentrations around
20 to 30 pg g dry biomass in the leaves of crop plants (Marschner 1995). The lat-
ter figures have been confirmed for young maize seedlings (Mocquot et al. 1996)
by using the Cu-elicited increase in peroxidase activity as a marker for toxicity.
Few other recent studies have attempted to determine the toxicity threshold based
on sensitive indicators. Most reports instead describe effects of exposure to Cu
concentrations that result in root or foliar Cu contents, which are substantially
above the minimal toxic concentration.

Fertilization, primarily with nutrient metals like Fe or Ca, has repeatedly been
reported to alleviate metal toxicity (Marschner 1995). This highlights one major
mechanism of toxic action of all transition metal ions: the efficient competition of
metal ions, which are found at the left end of the Irving-Williams series, for bind-
ing sites of metal ions that are found downstream in the Irving-Williams series.
Primary effects of this are displacements of essential metal ions from their binding
sites, for example, of Mg in chlorophyll, which generally result in deactivation of
the respective protein. It is difficult to distinguish primary displacement from sec-
ondary displacement effects. The latter are nutrient deficiencies caused by an ex-
cess of another metal ion. For example, an excess of Zn*" or Cu®* can cause Fe or
Mn deficiency (Marschner 1995). Photosynthesis, especially the functioning of
photosystem II, is particularly sensitive to the toxicity of a number of metals in-
cluding Zn, Ni, and Cu (Jegerschold et al. 1999; Pitsikka et al. 2002; Cho et al.
2003). For example, it was shown for intact plants and in vitro for isolated thyla-
koids that Cu®* enhances the sensitivity of photosystem II (PS II) to photoinhibi-
tion (Yruela et al. 1996a, 1996b). It is, however, still a matter of debate whether
this is due to a direct effect of Cu®" on PS II components or rather due to an indi-
rect effect. A recent study suggests that the primary cause is a reduction in chloro-
phyll content, possibly attributable to a competition between Fe and Cu ions in the
root (Pétsikka et al. 2002).

A further effect of the presence of excess metal ions is the inactivation of me-
tabolites or proteins by adventitious binding, for example, to thiol groups of en-
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zymes (Van Assche and Clijsters 1990). Metal-induced disruption of electron
transport chains and of enzymatic reactions can lead to secondary oxidative stress.
In addition, oxidative stress can be caused indirectly by a depletion of reduced
glutathione, the major redox buffer in plant cells, through formation of metal-
glutathione complexes. Excess Cu ions elicit the synthesis of phytochelatins (PC)
from GSH, and it is well-documented that the glutathione pool decreases tran-
siently upon the onset of PC synthesis (De Vos et al. 1992).

Two possible modes of Cu toxicity have been discussed predominantly: inhibi-
tory effects on photosystem II (see above) and membrane damage due to lipid
peroxidation. Due to the ability to change its redox state under biological condi-
tions, Cu — but not Ni or Zn — can cause oxidative stress directly. Cu(l) ions can
react in a Fenton-type reaction with H,O, to generate hydroxyl radicals (OH), one
of the most reactive molecules occurring in biological systems. In a Haber-Weiss
reaction oxidized Cu(Il) can be reduced by superoxide radicals (O,7) and then re-
act with H,O, (Halliwell and Gutteridge 1984). Indeed, root cells exposed to ex-
ternal growth-inhibiting Cu®" concentrations show K" leakage (De Vos et al. 1991;
Murphy et al. 1999; Quartacci et al. 2001). Copper-induced lipid peroxidation was
observed to begin after a lag period of 4 h in Arabidopsis roots. Copper-induced
long-term net K leakage between 0 h and 36 h correlated with Cu sensitivity in
different accessions of 4. thaliana (Murphy and Taiz 1997). However, short-term
K" and citrate release from roots within 4 h of Cu*" exposure was inversely corre-
lated with Cu sensitivity in these Arabidopsis accessions, and was attributed to the
activation of ion channels.

4.2 Basal metal tolerance in plants

In order to avoid metal toxicity all plants possess basal tolerance mechanisms. At
the physiological level, this involves the immobilization of excess metals in the
root, thus excluding the metals from the shoot. In the cytoplasm, this could in-
volve the binding of free metal ions to metal-buffering proteins, e.g., metal-
lothioneins or metallochaperones, or to low-molecular-weight metal chelator
molecules (for details see Chapter 10). Definitive molecular proof for a direct in-
volvement of metallothioneins in Zn or Cu detoxification is still scarce (Murphy
and Taiz 1995; Cobbett and Goldsbrough 2002). Phytochelatins, low molecular-
weight cysteine-rich metal-binding peptides of the general formula (y-EC),G (n =
2 to 11), are known to be of major importance in the basal tolerance of plants to
Cd, Cu and arsenic (Grill et al. 1985; Clemens et al. 1999; Ha et al. 1999; Vata-
maniuk et al. 1999; Schmoger et al. 2000; Hartley-Whitaker et al. 2001). Phyto-
chelatins are synthesized from glutathione by the enzyme phytochelatin synthase.
The sequestration of excess metal ions in the vacuole is also important for detoxi-
fication. Metal-phytochelatin or metal-glutathione complexes are likely to be
transported into the vacuole via transporters of the ATP-binding cassette trans-
porter family (Ortiz et al. 1995; Rea et al. 1998). Zinc transporters of the so-called
cation diffusion facilitator family, such as ZAT (Zn transporter of Arabidopsis
thaliana) or MTP1 (metal tolerance protein 1), participate in the cellular detoxifi-
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cation of Zn in the vacuole (Van der Zaal et al. 1999; Kobae et al. 2004; Des-
brosses-Fonrouge et al. 2005; Krdmer 2005). When ectopically overexpressed in
A. thaliana the poplar PtdMTP1 as well as the 4. thaliana ZAT/MTP1 confer en-
hanced Zn tolerance (Van der Zaal et al. 1999; Blaudez et al. 2003). However,
ZAT or PtdMTPI transcript levels are not upregulated in response to Zn treatment.
This suggests that these transporters may have a housekeeping function instead of
a specific detoxification function, or that they may be regulated post-
transcriptionally or post-translationally in response to excess Zn. Another detoxi-
fication mechanism is the direction of excess metals to specific cell types, for ex-
ample, trichomes or the epidermis of leaves (Brune et al. 1995). The molecular ba-
sis for this is unknown.

4.3 Naturally selected metal hypertolerance and hyperaccumulation

Some plants have evolved naturally selected metal tolerance. For example, spe-
cific accessions of Silene vulgaris, which originate from various metal-
contaminated sites (Ernst 1974), are known to be tolerant to either Zn, Cd, or Cu
(Schat et al. 1996). A segregation analysis of crosses between accessions of S.
vulgaris exhibiting tolerance to different metals suggested the involvement of a
small number of genes in each Zn, Cd, and Cu tolerance, respectively (Schat et al.
1993; Schat and Vooijs 1997). A similar conclusion has been reached in a genetic
analysis of Cu tolerance in a naturally selected Cu-tolerant population of Mimulus
guttatus (Macnair 1993). Tonoplast-enriched membrane fractions isolated from
roots of a Zn-tolerant accession of S. vulgaris exhibited distinct Zn®" transport
characteristics, including an increased rate of Zn®" transport, when compared to a
Zn-sensitive accession (Chardonnens et al. 1999). An enhanced sequestration of
Zn in the vacuoles of roots, which removes Zn from the cytoplasm and is likely to
reduce the mobility of Zn for movement into the shoot, may thus contribute to Zn
tolerance in S. vulgaris.

It was demonstrated for Silene cucubalus (vulgaris) that K efflux is measur-
able at the minimal inhibitory Cu”*" concentration and is correlated with membrane
damage (De Vos et al. 1991). No differences were found in plasma membrane
lipid composition between Cu-sensitive and Cu-tolerant Silene populations. It was
proposed that naturally selected Cu hypertolerance involves enhanced efflux of
excess Cu ions, which was suggested to reduce damage to the membranes (De Vos
et al. 1991). Indeed, comparing Cu-tolerant and Cu-sensitive accessions of S. vul-
garis, an enhanced ATP-dependent cellular Cu efflux activity was reported in
plasma membrane preparations of the Cu tolerant accession (Van Hoof et al.
2001b). This supports the idea that Cu tolerance in S. vulgaris is based on Cu ex-
clusion from the plant. Using the progeny of crosses between Cu-sensitive and
Cu-tolerant accessions of S. vulgaris, a co-segregation analysis was carried out to
analyze the role of enhanced transcript levels of a metallothionein gene related to
A. thaliana MT2b in Cu tolerance in S. vulgaris (Van Hoof et al. 2001a). The au-
thors concluded that high MT2b transcript levels conferred enhanced Cu tolerance
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only to Cu-tolerant plants, which excludes M72b as a major gene in naturally se-
lected Cu tolerance of S. vulgaris.

A small group of metal-tolerant plant taxa are designated metal hyperaccumula-
tors (for more see Chapter 11), because they specifically accumulate very high
concentrations of metals in their shoot biomass without developing any toxicity
symptoms (Baker and Brooks 1989). Since geologically Ni-rich soils, so-called ul-
tramafic soils, are quite widespread worldwide, Ni hyperaccumulation is most
common, with approximately 350 taxa (R. Reeves, personal communication)
known to date, which accumulate between 1000 pg g Ni and just below 40,000
ng g Ni. There are also 11 known Zn hyperaccumulator taxa (R. Reeves, per-
sonal communication). Copper hyperaccumulation to leaf concentrations above
1000 pg g dry biomass was reported in plant specimens of 34 plant taxa (R.
Reeves, personal communication). Although these concentrations may be the re-
sult of contamination, the Cu concentrations accumulated in leaves of these plants
may still be substantially higher than in other plants. In metal hyperaccumulators
the concentration of the hyperaccumulated metal is generally higher in the above-
ground biomass than in the roots (Baker et al. 1994; Krémer et al. 1996). Metals
are detoxified primarily by sequestration in shoot vacuoles (Krdmer et al. 2000;
Cosio et al. 2004; Ma et al. 2005).

To date, we know little about the mechanisms underlying metal hyperaccumu-
lation. A microarray-based comparison of the transcriptome of a Zn and Cd-
tolerant Zn hyperaccumulator, Arabidopsis halleri, and the sensitive non-
accumulator A. thaliana has recently resulted in the identification of a number of
candidate genes, which together may be responsible for hyperaccumulation and
associated tolerance (Becher et al. 2004; Weber et al. 2004). Surprisingly, there
were only minor gene expression changes upon exposure of the hyperaccumulator
or the non-accumulator to high, but non-toxic, Zn or Cd concentrations. Instead, a
number of metal homeostasis genes were constitutively very highly expressed in
A. halleri. In roots and shoots, the encoded proteins were distinct isoforms of
membrane transport proteins of the ZIP family (see above) with a predicted func-
tion in cytoplasmic import of metal ions. In addition, a P,p-type metal ATPase and
an MTP1-like protein with a putative function in effluxing metal ions from the cy-
toplasm were implicated primarily in the shoots. Finally, distinct isoforms of nico-
tianamine synthase were identified in roots and shoots and shown to mediate cel-
lular Zn detoxification when expressed in yeast (see also Section 2.2.1). These
results suggest that the low-molecular-weight chelator molecule nicotianamine is
involved in naturally selected Zn tolerance of 4. halleri and possibly in the hyper-
accumulation of Zn (Weber et al. 2004; see also Chapter 10).

Increased rates of Zn®' influx into roots of the Zn hyperaccumulator T.
caerulescens were reported to correlate with high transcript levels for the ZIP fam-
ily genes ZnT1 and ZnT2, when compared to the non-accumulator 7. arvense
(Lasat et al. 2000; Pence et al. 2000; Assuncgdo et al. 2001). In 7. arvense the ZnT1
orthologue was upregulated after two weeks of growth in a hydroponic solution
lacking Zn, and no expression was detected at 1 pM Zn. This is analogous to the
known regulation of several ZIP genes in A. thaliana (see above). A downregula-
tion of ZnT1 transcript levels in roots of T. caerulescens, however, was observed



252 Ute Krdmer and Stephan Clemens

only at a high Zn concentration of 50 pM. Similarly, the nicotianamine synthase
gene NAS2 was found to be highly expressed under control conditions in 4. halleri
and upregulated in a Zn-deficient medium in A. thaliana (Weber et al. 2004). This
supports the idea that Zn hyperaccumulation may involve an alteration of the regu-
lation of Zn homeostasis. A decreased Zn-sensitivity of a Zn sensor or down-
stream signal transduction pathway may contribute to metal hyperaccumulation.
Based on the direct Zn regulatory mechanisms known to operate in the yeast Sac-
charomyces cerevisiae, this could involve, for example, a decreased affinity for Zn
of a Zn-sensing transcription factor that negatively regulates the expression of ZIP
and NAS genes upon Zn binding (see also above). Additionally, the enhanced se-
questration and chelation of Zn(Il) in Zn hyperaccumulators may maintain Zn
concentrations at the site of sensing, for example, in the nucleus, at lower levels
over a wider range of external Zn concentrations when compared to non-
accumulators.

Ni hyperaccumulator species of the genus Alyssum contain constitutively high
concentrations of the free amino acid histidine, which was shown to act as a ligand
for Ni ions in the plants (Krdmer et al. 1996; Persans et al. 1999; Kerkeb and
Kriamer 2003). Supplying the closely related non-tolerant non-accumulator plant
Alyssum montanum with exogenous free histidine increased its tolerance to Ni
(Kramer et al. 1996). Arabidopsis thaliana plants were generated which express a
microbial gene encoding an ATP phosphoribosyl transferase, the enzyme catalyz-
ing the first committed, rate-limiting step in the histidine biosynthesis pathway of
bacteria, yeast, and plants (Wycisk et al. 2004). These transgenic plants contained
increased concentrations of free histidine and were more Ni-tolerant than wild
type plants. This supports a role for the Ni chelator free histidine in naturally se-
lected Ni tolerance. Furthermore, when excised root systems of A. lesbiacum were
immersed in a Ni-containing root medium, both Ni and histidine were translocated
into the xylem at increased rates, when compared to plants immersed in a medium
without added Ni (Krdmer et al. 1996). By contrast, in the closely related non-
accumulators Alyssum montanum and Brassica juncea much lower amounts of Ni
were translocated into the xylem. However, when A. montanum or B. juncea root
systems were pre-treated or concomitantly supplied with exogenous free histidine,
Ni translocation into the xylem was strongly enhanced and accompanied by his-
tidine release into the xylem (Kréamer et al. 1996; Kerkeb and Kramer 2003). His-
tidine may thus also have an important role in the high rate of root-to-shoot trans-
port of Ni in Alyssum hyperaccumulators. However, the histidine-overproducing
transgenic A. thaliana plants did not accumulate higher leaf Ni concentrations than
wild type plants (Wycisk et al. 2004; Ingle et al. 2005). In Zn hyperaccumulators,
transcript levels of orthologues of AtHMA4 are very high (compare Section 2.2.1).
Thus, HMA4 proteins may account for the accumulation of Zn predominantly in
the above-ground tissues of these species (Bernard et al. 2004; Hussain et al.
2004; Papoyan and Kochian 2004).

Transcript analyses revealed a high and generally constitutive expression of
genes encoding proteins similar to the A. thaliana ZAT (also MTP1), primarily in
the leaves of the Ni hyperaccumulator 7. goesingense (Persans et al. 2001; Kim et
al. 2004) and the Zn hyperaccumulators 7. caerulescens (Assungdo et al. 2001)
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and Arabidopsis halleri (Drager et al. 2004). Expression of the T. goesingense and
A. halleri proteins, respectively, rescued a Zn hypersensitive yeast mutant defec-
tive in the sequestration of Zn in the vacuole. A chimeric GFP fusion of the 4.
halleri MTP1 protein was localized to the vacuolar membrane, suggesting a func-
tion for MTP1 in vacuolar sequestration and thus detoxification of Zn (Drager et
al. 2004). Two of a total of three genetically unlinked and highly similar 4. halleri
MTPI gene copies co-segregated with metal tolerance in the back-cross 1 (BC1)
population of a cross between A. halleri and the Zn-sensitive non-accumulator
species A. lyrata. These two gene copies largely accounted for the MTP! tran-
scripts detected in leaves of BC1 individuals, whereas the third AZMTPI gene was
expressed at a low level comparable to the single A/MTP1 locus originating from
A. Iyrata (Drager et al. 2004). This is strong evidence supporting the involvement
of enhanced vacuolar metal sequestration in naturally selected metal tolerance of a
hyperaccumulator. An increase in gene copy number may provide the ability to
synthesize MTP] transcripts in higher amounts and may have allowed the differ-
ent MTP1 gene copies to acquire distinct regulation. A gene copy number amplifi-
cation has also been proposed for the S. vulgaris metallothionein gene M72b (Van
Hoof et al. 2001a). Future work will show whether additional examples of copy
number amplification can be identified for other genes involved in naturally se-
lected metal tolerance or hyperaccumulation.

5 Prospects and developments

During the past 15 years, the small fields of plant metal nutrition and plant metal
tolerance have merged into the much more comprehensive and complex research
field of plant metal homeostasis. From the understanding of functions of single
genes and proteins involved in metal homeostasis, we are gradually progressing
towards the understanding of their regulation and beginning to develop a more in-
tegrated understanding of the functioning of the plant metal homeostasis network
as a whole. The availability of genome sequence information for more and more
plant species will enable us to address the evolution and conservation of metal
homeostasis proteins and systems.

At present, however, huge gaps remain in our understanding of plant metal ho-
meostasis. So far, we have not identified all molecular players and functions. For
example, we do not know precisely which protein(s) mediate(s) the uptake of
Zn(I) from the rhizosphere into the root symplast, and how metals move symplas-
tically from cell to cell. We do not have complete knowledge of all plant metal-
dependent proteins and their metal requirements. We do not know whether spe-
cific metallochaperone proteins control the trafficking of other metals in addition
to Cu and Ni. We do not know the subcellular localization of most plant Cu metal-
lochaperones. We also have not identified the target proteins for Cu delivery by
each of these metallochaperones. Predictions indicate that there are virtually no
free aqueous transition metal ions in the cytoplasm. What are then the real sub-
strates for metal transporters like MTP proteins, which pick up their metal sub-
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strates, believed to be the free aqueous metal ions, in the cytoplasm? Even if the
affinities of these metal transporters for free metal ions were extremely high, a dif-
fusion-controlled acquisition of cytoplasmic free metal ions by these transporters
would be unlikely because transition metal ion dissociation kinetics are slow. How
do the substrates reach the metal transporters within biologically reasonable time
spans? What is the speciation of metal ions in the cytoplasm and in other organ-
elles of plant cells, and are there any fluctuations? Moreover, we have only a very
limited understanding of whether and how metal specificity is achieved by plants.
A number of metal transporters appear to transport multiple metals and the Irving-
Williams series largely determines the stability of metal complexes formed by
many different types of ligands.

At the whole-plant level, we have limited knowledge of differential accumula-
tion of metals in different cell types, and of metal remobilization and relocaliza-
tion, throughout the plant life cycle. In humans, defense against invading patho-
gens involves the active withdrawal of micronutrients, primarily Mn (Supek et al.
1997) and Fe (Laham and Ehrlich 2004). So far, we have no clear evidence that
similar processes contribute to plant defenses against pathogens.

In order to achieve a better understanding of how metals reach their binding
sites in apometalloproteins, we will need to elucidate the structures of plant metal-
loproteins, metal transporters and metallochaperones. It will be particularly re-
warding to obtain information on structural transitions in protein-protein and pro-
tein-metal-chelate interactions during metal transfer. Future research will also
address the organ and cell-type specific needs and functions