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Abstract Transition metal ions are essential nutri-

ents to all forms of life. Iron, copper, zinc, manganese,

cobalt and nickel all have unique chemical and

physical properties that make them attractive mole-

cules for use in biological systems. Many of these

same properties that allow these metals to provide

essential biochemical activities and structural motifs

to a multitude of proteins including enzymes and other

cellular constituents also lead to a potential for

cytotoxicity. Organisms have been required to evolve

a number of systems for the efficient uptake, intracel-

lular transport, protein loading and storage of metal

ions to ensure that the needs of the cells can be met

while minimizing the associated toxic effects. Dis-

ruptions in the cellular systems for handling transition

metals are observed as a number of diseases ranging

from hemochromatosis and anemias to neurodegener-

ative disorders including Alzheimer’s and Parkinson’s

disease. The yeast Saccharomyces cerevisiae has

proved useful as a model organism for the investiga-

tion of these processes and many of the genes and

biological systems that function in yeast metal

homeostasis are conserved throughout eukaryotes to

humans. This review focuses on the biological roles of

iron, copper, zinc, manganese, nickel and cobalt, the

homeostatic mechanisms that function in S. cerevisiae

and the human diseases in which these metals have

been implicated.
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Introduction

Metals are essential components of a variety of

biological systems. Sodium, potassium, magnesium

and calcium provide the basis for nerve conduction,

muscle contraction, stabilizing nucleic acids and a

plethora of other biological systems and thus are the

dominant metal ions in a cell. The importance of metal

ions in biology is further shown by one in four proteins

in the Protein Data Bank (PDB) containing a metal ion

coordinated to the protein (Shi et al. 2005). Often, the

metal ions incorporated into proteins are not the

abundant metal ions mentioned above but are the less

abundant trace elements that include the transition

metals iron, copper, manganese, zinc, cobalt and

nickel. Proteins that bind transition metals are often

catalytic enzymes with the transition metal ion being

essential for activity. Under physiological conditions,

most transition metals can exist in multiple valence

states and thus can readily participate in single electron
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transfer reactions, making them attractive for inclusion

in biological systems. Metal ions are also found as

components of prosthetic groups, cofactors and com-

plexes prior to insertion into proteins. Although these

six metals (iron, copper, manganese, zinc, cobalt and

nickel) are all found grouped together in the periodic

table, the biological systems in which each them are

involved vary significantly. With the exception of iron

and zinc, which are essential to virtually all organisms,

the utilization of the metals is dependent on the

organism and the corresponding environment. The

number of protein families utilizing each metal ranges

from over 300 for zinc to less than 10 for nickel (Zhang

and Gladyshev 2009). These six transition metals have

been chosen as the focus of this review as they are all

biologically relevant particularly with respect to

human health. Although the metals all have a specific

biological functions essential for life, lack of regula-

tion of intracellular metal pools can lead to toxicity

often through the formation of oxygen radicals

(including the hydroxyl radical) via the Fenton series

of reactions (Valko et al. 2005) The resulting reactive

oxygen species can go on to damage cellular compo-

nents including proteins, lipids and nucleic acids

eventually leading to cell death. Complex systems

have evolved to maintain the delicate balance between

transition metals as essential nutrients and their

potential damaging role as cytotoxins. Perturbations

in this balance are observed in the genetic diseases of

transition metal metabolism that stem from both

overload and deficiency that manifest in a variety of

symptoms. Individuals who are subject to environ-

mental overexposure to transition metals also exhibit a

number of diseases related to the toxicity of the metals.

Although much of the biology of transition metals has

been described, there is still much to be learned about

how cells establish and maintain metal levels and how

the homeostatic mechanisms for each metal intersect

with one another and pathways for other cellular

processes.

Saccharomyces cerevisiae

The baker’s yeast S. cerevisiae is a unicellular

eukaryote that has been used as a model organism for

countless studies. A major advantage of S. cerevisiae

as an experimental system is that is has a life cycle

which that provides for an ease of analysis using

classical genetics and a fully mapped and sequenced

genome that is relatively easy to manipulate. With

approximately 12 million bases containing on the order

of 6000 open reading frames (ORFs) arranged across

16 chromosomes, the yeast genome was the first

eukaryotic genome to be completely sequenced

(Goffeau et al. 1996). Compared to the human genome,

the yeast genome is very compact with 70% of the yeast

genome consisting of ORFs (Dujon 1996) whereas it is

estimated that coding sequences make up less than 5%

of the human genome (Lander et al. 2001). The

compactness results from the yeast genome lacking the

long stretches of non-coding DNA and only 4% of

genes contain introns (Goffeau et al. 1996). As a result

of the compactness of the genome, it is easier to

identify genes and their functions experimentally in

yeast and then probe the human genome for homolo-

gous sequences (with possibly homologous functions).

In addition to the wealth of genetic and genomic

advantages presented by yeast systems, it is also

beneficial that yeast can grow on defined medium. For

example, the transition metal content of Difco yeast

extract is known to be: 57 lg/g Fe, 126 lg/g Zn,

11 lg/g Cu and 3 lg/g Mn (Bovallius and Zacharias

1971). This allows for manipulation of both the

chemical and physical environment for the purpose

of studying biochemical pathways and examining the

interaction between the yeast genome and the

environment.

Saccharomyces cerevisiae is generally regarded as

the most well-understood eukaryotic organism

(Guldener et al. 2005). This wealth of knowledge

combined with the ease of working with yeast has led

to the development of a vast arsenal of molecular

biological tools for studying genetics, biochemistry

and cell biology in the model organism. Among the

most useful tools available to the yeast community is

the systematic deletion library (Winzeler et al. 1999;

Giaever et al. 2002). This deletion library is a

collection of strains containing genetic knock-outs of

over 95% of the predicted ORFs in the yeast genome.

These deletions were made using a PCR based

strategy (Gola et al. 2003) where each gene is

replaced by a KanMX cassette and an ORF specific

barcode of 20 nucleotides. Use of the deletion library

has linked numerous genes to phenotypes and has

aided in assigning function to previously undescribed

ORFs and identifying new functions for known

genes.
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S. cerevisiae as a model organism for studies

in transition metal metabolism

A high degree of conservation has been observed for

genes of transition metal metabolism between yeast

and humans. Obviously this is somewhat limited to the

intracellular aspects of metal homeostasis as yeast

would have no reason to develop intercellular systems

for transporting metals such as the transferrin-trans-

ferrin receptor pair as seen in mammals for the

transport of iron via the blood. In many cases, analysis

of yeast genes has led to the identification of

corresponding human homologs and in most cases,

the genetics and biochemistry of the gene products are

very similar between the homologs. A sample selec-

tion of known yeast-human homologous gene pairs

with known activities related to transition metal

homeostasis can be found in Table 1. One major

difference in transition metal homeostasis between

yeast and humans is the mechanism of storage of

excess metal ions. Most excess transition metal ions

are transported by yeast into the vacuole for storage

from where they can be released when the cell

encounters an environment with limited metal ions

(Joho et al. 1995; Li et al. 2001; Culotta et al. 2005;

Lin et al. 2008). On the other hand, humans have

different mechanisms for coping with different metals.

Copper and zinc are bound by cysteine rich metallo-

thioneins (Blindauer and Leszczyszyn 2010), of which

a yeast homolog does exist but the function in vivo

appears to be limited to copper tolerance (Winge et al.

1985). Iron is stored in the lumen of the ubiquitous

multimeric protein ferritin (Torti and Torti 2002) but

S. cerevisiae is one of the few organisms that does not

contain a ferritin-like protein (Li et al. 2001).

Despite these differences, the value of S. cerevisiae

to the understanding of human transition metal

metabolism has been substantial. Among the many

experiments where S. cerevisiae has proved to be a

useful model organism are then many high throughput

studies that have aided in the identification of genes

and gene products with novel implications in transi-

tion metal metabolism (for examples see Pagani et al.

2007; Jo et al. 2008; Arita et al. 2009; Shakoury-Elizeh

et al. 2010; Takumi et al. 2010; Bleackley et al. 2011).

The contribution of yeast based studies and the

identification of homologous systems in humans will

continue to facilitate advances in the diagnosis and

treatment of diseases involving transition metals while

also contributing to the general understanding of how

cells maintain the balance of metals as essential

nutrients versus toxic entities.

Iron

With an atomic number of 26, iron is a first row

transition metal with oxidation states ranging from

-II (as found in the Fe(CO)4
2- anion) to ?VI (as

found in the ferrate ion FeO4
2-) (Harris 2002) with

Table 1 A selection of yeast metal homeostasis genes with the corresponding human homologs

Yeast gene Human homolog Function

ZRT1 (Eide 2004) SLC39 family of transporters Transport of Zn and other metals from the extracellular

space or lumen of an organelle to the cytoplasm

SMF1 (Portnoy et al. 2000) DMT1 Broad specificity divalent metal transport

YFH1 (Wilson and Roof 1997) Frataxin Regulation of mitochondrial iron availability. Thought to

promote the maturation of heme and Fe/S clusters

ATX1 (Klomp et al. 1997) HAH1 Cytosolic copper chaperone for delivering Cu ions to the Golgi

FET3 Hephaestin/Ceruloplasmin Muliticopper ferroxidases implicated in iron homeostasis

MRS3/4 (Shaw et al. 2006) Mitoferrin Mitochondrial membrane iron transporter

CCC2 (Yuan et al. 1995) Wilson’s/Menke’s protein Golgi copper transporter

BSD2 (Howitt et al. 2009) Ndfip1 Regulator of SMF1/DMT1

CTR1 (Puig et al. 2002) CTR1 Plasma membrane copper transporter

PMR1 (Ton et al. 2002) SPCA1/SPCA2 Golgi Mn2?/Ca2? transport ATPase

This table contains a small selection of genes that function in transition metal homeostasis in yeast that have a human homolog that

performs a similar function. Studies of the biology of the yeast gene products have provided significant insight into the role of the

protein in human biology and metal related disease
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the two most biologically relevant oxidation states

being Fe(II) and Fe(III). Electron transfer between

Fe(II) and Fe(III) is readily accomplished by phys-

iological reducing agents including ascorbate and

molecular oxygen. Fe(IV) and Fe(V) are encountered

in biology but only as reactive intermediates in the

catalytic mechanisms of some iron-containing enzy-

matic processes (Pierre and Fontecave 1999). The

potential of the Fe3?/Fe2? redox couple (0.77 V)

(Harris 2002) is variable by up to 1.00 V in response

to different environments (Lippard 1994; Radisky

and Kaplan 1999), particularly when influenced by

protein-bound coordination ligands. Variability of the

redox potential contributes significantly to the role of

iron as an essential biological metal. Within the range

of biological oxidants and reductants (?0.820 to

-0.320 V representing molecular oxygen and pyri-

dine nucleotides, respectively), electron transfers

facilitated by iron are reversible (Aisen et al. 2001).

In the present day atmosphere, soluble Fe2? sponta-

neously auto-oxidizes to Fe3? which is essentially

insoluble in water at neutral pH (Kosman 2003) and

is therefore significantly less bio-available. This

brings the question of why iron is so prevalent in

biological systems if it is so hard for organisms to

acquire from the environment. The answer can be

found when considering the beginning of life and the

advent of many cellular processes (or at least their

evolutionary predecessors). It is believed that life first

arose on earth in the absence of oxygen, a condition

in which Fe(II) was stable and soluble. As a result,

oceans contained a concentration of ferrous oxygen

of about 50 lM. This abundance combined with the

chemical properties that allow iron to readily partic-

ipate in single electron transfer reactions made it

ideal for incorporation of Fe(II) into biological

systems. Evolution of photosynthetic cyanobacteria

1–2.5 9 109 years ago began the shift to the oxygen-

rich atmosphere found today. However, it is esti-

mated that it took 200–300 million years from the

appearance of oxygen-producing bacteria for the

atmosphere to reach a significant oxygen concentra-

tion because any O2 produced was consumed in the

oxidation of Fe(II) in the oceans (Crichton and Pierre

2001). Oxygenation of the atmosphere with the

corresponding oxidation and precipitation of Fe in

the oceans occurred in stages and can be observed in

the geological banded iron formations seen in sedi-

mentary rocks (Frei et al. 2009). In combination with

the presence of O2, which itself is a very toxic

molecule, the limiting bio-availability of iron caused

a massive extinction event. Organisms that survived

in the newly oxygenated atmosphere developed

mechanisms for scavenging and solubilizing iron

while also combating the new issue of reactive

oxygen species, a problem that is exacerbated by the

presence of transition metal ions such as iron.

Iron in biology

With the exception of some members of Lactobacil-

lus and Bacillus, iron is essential for all forms of life

(Crichton and Pierre 2001). Iron proteins are essential

for the catalysis of a variety of reactions in all cell

types. Incorporation of iron into proteins is observed

in three different classes. Insertion of iron into

protoporphyrin IX yields the heme prosthetic group

which is essential for the function of all aerobic cells

and can be found in proteins including hemoglobin,

myoglobin and cytochromes (Ponka 1999). Combi-

nation of iron and sulfur (from cysteine residues in

scaffold proteins) leads to the assembly of small

inorganic cofactors known as Fe/S (iron–sulfur)

clusters which are then inserted into apoproteins (Lill

and Muhlenhoff 2006). Proteins that contain Fe/S

clusters include ferredoxins, nitrogenases and

hydrogenases (Beinert 2000). The final class of Fe

proteins is known as non-heme iron proteins where

iron is bound to the polypeptide via a variety of

mechanisms; non-heme iron proteins include ribonu-

cleotide reductases which are a limiting factor in

DNA synthesis (Eklund et al. 2001) and mononuclear

non-heme iron oxidases and oxygenases which cat-

alyze essential steps in a number of reactions

including the biosynthesis of antibiotics such as

isopenicillin (Bruijnincx et al. 2008). The same

chemical properties that make iron so useful in

biology also lead to the propensity to catalyze the

formation of free radicals in the presence of oxygen.

Thus, cells have had to develop a system of tightly

regulating and coordinating iron uptake with utiliza-

tion, storage and trafficking with many of these

components being observed from yeast to humans.

Iron homeostasis in S. cerevisiae

Iron uptake in S. cerevisiae occurs through four

distinct pathways (Fig. 1). Three of these pathways
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depend on reduction of iron found in the environment

as Fe3? to soluble Fe2? by membrane bound reduc-

tases Fre1p and Fre2p (Georgatsou and Alexandraki

1994). Fet4p was originally identified as a low affinity

iron transporter in the yeast plasma membrane (Dix

et al. 1994) but has also been shown to transport other

metals such as copper (Hassett et al. 2000) and zinc

(Waters and Eide 2002) and is responsible for the bulk

uptake in iron replete cells (Dix et al. 1997). Smf1p is a

broad specificity divalent metal transporter found in

the plasma membrane that can transport iron with low

affinity (Chen et al. 1999) and depends on a proton

gradient to drive transport. Two homologs of the

SMF1 gene (SMF2 and 3) are also found in the

S. cerevisiae genome and all three are members of

the natural resistance associated macrophage protein

(NRAMP) family of metal transporters but the role of

Smf2p and 3p in iron uptake from the environment is

limited if any at all (Cohen et al. 2000). Under limiting

iron conditions, the iron responsive transcription

factor Aft1p (Yamaguchi-Iwai et al. 1995) induces

expression of the iron regulon which includes the high

affinity iron transport system consisting of the multi-

copper oxidase Fet3p (Askwith et al. 1994) and the

high affinity iron transporter Ftr1p (Stearman et al.

1996) which interact in the membrane (Bonaccorsi di

Patti et al. 2005). Fet3p oxidizes Fe2? that had been

previously reduced by Fre1/2p and directly transports

the resulting Fe3? to Ftr1p for transport into the cell.

Ftr1p will only accept Fe3? directly from the

ferroxidase activity of Fet3p in a process known as

iron channeling (Kwok et al. 2006). Membrane

localization of each protein is dependant on the

presence of the other—without Ftr1p, Fet3p will not

localize to the membrane and vice versa (Stearman

et al. 1996). In contrast, copper loading is not required

for membrane localization of Fet3p and Ftr1p (Singh

et al. 2006).

Iron uptake that is not dependent on the activity of

membrane bound ferric reductases involves uptake of

iron bound by siderophores. Siderophores are small

organic molecules secreted by bacteria, fungi and

grasses under iron-limiting conditions and are among

the strongest Fe3? chelating molecules known

(Neilands 1995). S. cerevisiae does not produce any

endogenous siderophores but it does express the neces-

sary transporters (Arn1p, Taf1p (Arn2p), Sit1p (Arn3p)

and Arn4p (Enb1p)) to scavenge siderophores produced

by other organisms (Kosman 2003). In addition to the

siderophore transporters, a family of cell wall manno-

proteins (Fit1/2/3p) function to retain siderophore-

bound iron in the cell wall (Philpott et al. 2002).

Approximately 20 target genes for the iron-respon-

sive transcription factor Aft1p have been identified.

These included genes encoding siderophore uptake

proteins, the high affinity iron transport complex, and

the metallo-reductases mentioned above along with

other genes that code for other proteins that function

in intracellular metal metabolism (Shakoury-Elizeh

et al. 2004). Evidence has also been provided to

support a role for Aft1p in the response to other metals

including zinc (Pagani et al. 2007) and cobalt (Stadler

and Schweyen 2002). More recently, the role of Aft1

has been shown to extend beyond the realm of metal

homeostasis with implications ranging from cell cycle

progression to cell wall stability being suggested

(Berthelet et al. 2010). The Aft1p DNA binding site

has been determined to be YRCACCR (where Y is a

pyrimidine and R is a purine) and this sequence is

found upstream of genes in the iron regulon

(Yamaguchi-Iwai et al. 1996). However, the mecha-

nism for iron regulation is not yet fully understood.

When cells are iron replete, Aft1p is cytosolic, but upon

iron deprivation Aft1p is translocated to the nucleus

where it induces expression of the iron regulon.

Translocation of Aft1p into the nucleus is thought to

be dependent on an interaction with a complex

consisting of Fra1p and Fra2p, which senses the Fe/S

cluster levels in the cell (which are in turn indicative of

Fig. 1 Iron homeostasis in S. cerevisiae. See text for details of

the proteins in this figure. Transporters are in red, oxidases in

blue, transcription factors in yellow, reductases in olive. Yfh1

and Fre1/2, Grx3/4 do not fit into any of these categories and

have been colored differently
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the iron status of the cell) and Grx3/4p (which are

monothiol glutaredoxins). The interaction with the

Fra1/2p-Grx3/4p complex retains Aft1p in the cytosol,

preventing activation of the iron regulon (Kumanovics

et al. 2008). In another different but not contradictory

study, iron was shown to induce nuclear export of

Aft1p by inducing multimerization. The Aft1p multi-

mers are then recognized by the nuclear exportin

Msn5p which exports Aft1p from the nucleus to the

cytosol (Ueta et al. 2007). This model does suggest that

Aft1p activity is regulated by iron levels and not Fe/S

cluster levels as previously described (Chen et al.

2004). This situation is recapitulated in the IRE-IRP

system of mRNA level regulation of some iron proteins

in mammals where assembly of an Fe/S cluster in IRP1

prevents binding to IREs in target transcripts in iron

replete cells (Pantopoulos 2004). A second iron

responsive transcription factor Aft2p exhibits a par-

tially redundant activity with Aft1p in activating genes

in response to low iron levels (Rutherford et al. 2001)

but there are distinct roles for each in iron homeostasis

with Aft2 playing a larger role in the regulation of

genes that function in vacuolar and mitochondrial iron

homeostasis (Courel et al. 2005).

Synthesis of both heme and Fe/S clusters occurs

within the mitochondria making the organelle a major

site of intracellular iron metabolism (Ferreira et al.

1995; Muhlenhoff and Lill 2000). Two homologous

membrane transporters Mrs3/4p are responsible for

mitochondrial iron uptake in S. cerevisiae (Muhlen-

hoff et al. 2003). Studies of these yeast genes have

provided significant insight into the human homolog

mitoferrin. Once inside the mitochondria, the yeast

frataxin homolog Yfh1p (Babcock et al. 1997) binds

iron and acts as a mitochondrial iron chaperone,

delivering iron to sites where it is required (Bulteau

et al. 2004). In the absence of Yfh1p, iron accumu-

lates in mitochondria as an inorganic precipitate and

generates toxic oxygen species demonstrating the

importance of Yfh1p as a chaperone in maintaining

iron in a soluble form and preventing toxic effects

(Lesuisse et al. 2003). Yfh1p interacts with the Fe/S

cluster assembly complex made up of Isu1p and

Nfs1p; this interaction is increased in the presence of

ferrous iron suggesting a role for Yfh1p in iron

loading of Fe/S clusters (Gerber et al. 2003). An

interaction between ferrochelatase (the protein that

inserts iron into protoporphyrin IX to form heme) and

Yfh1p also occurs (Lesuisse et al. 2003) suggesting

that Yfh1p also controls iron loading into heme.

Genetic analysis of MRS3/4 and YFH1 have also

confirmed to role for these genes in heme and Fe/S

cluster assembly in the mitochondria (Zhang et al.

2005b, 2006).

Vacuoles are the largest organelles in yeast and

function as storage compartments for divalent cations

including iron. Yeast vacuoles are thought to corre-

spond to the human lysosome (Matile and Wiemken

1967). Ccc1p is a membrane transport protein that

functions in the vacuolar iron (and manganese)

uptake from the cytosol (Li et al. 2001). Strains

lacking ccc1 are sensitive to increased iron concen-

trations in the medium, demonstrating the protective

function of the vacuole and Ccc1p to excess iron

concentrations. Iron sequestration in the vacuole is

independent of vacuolar acidification; this makes iron

unique among divalent cations as vacuolar uptake in

generally dependent on a proton gradient (Bode et al.

1995). S. cerevisiae can survive in iron-deficient

medium for a number of generations by mobilizing

vacuolar iron stores. Vacuolar iron efflux is mediated

by the reductase Fre6p (Singh et al. 2007), which

belongs to the same family of proteins as the iron

uptake membrane reductases Fre1/2p and, Smf3p

(Portnoy et al. 2002), (a member of the Nramp family

of divalent metal transporters) and a complex of

Fth1p and Fet5p (Urbanowski and Piper 1999)

(which are homologous to the high affinity iron

transport complex of Ftr1p and Fet3p). Transport of

iron from the vacuole to the cytoplasm is essentially a

replication of iron uptake. Both processes are facil-

itated by a membrane bound reductase, broad spec-

ificity divalent metal transporter and a complex of an

oxidase and a transporter.

Intracellular transport of iron from sites of uptake to

cellular locales where iron is either utilized (mito-

chondria) or stored (vacuole) is a process that remains

to be defined in yeast. PCBP1 is a member of an

mRNA binding protein family that is also capable of

delivering iron to ferritin in human cells (Shi et al.

2008). PCBP1 emerged after the mammalian radiation

and is thus not found in other eukaryotes such as yeast

(Makeyev and Liebhaber 2002). It is thought that an

analogous iron chaperone system must exist for the

safe handling and delivery of iron both in other

organisms and for other cellular pathways—specifi-

cally delivery of iron to the mitochondrial transporters.

An alternative system involving production of a
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siderophore-like molecule in mammalian cells and

binding by a lipocalin (which was previously

described to bind bacterial siderophores as an immune

function) has also been described as a mechanism for

intracellular iron trafficking (Devireddy et al. 2010).

Potential homologs for some of the genes that

constitute this system exist in S. cerevisiae but no

published data exists regarding a potential role in iron

homeostasis and deletion of these genes has not been

found to lead to an iron induced growth phenotype (Jo

et al. 2008; Bleackley et al. 2011).

Iron in human disease

Both the essential nature and toxic effects of iron can

be seen in human disease. The human body contains

3–4 g of iron, most of which is complexed in

hemoglobin of red blood cells. Lack of sufficient

iron-loaded hemoglobin or a decrease in the number

or volume of red blood cells is known as anemia.

Anemias can result from insufficient dietary iron

uptake but there are also a multitude of other

environmental causes (Umbreit 2005). Mutations in

genes coding globin polypeptide chains, iron uptake

and processing proteins and other proteins required

for the synthesis and assembly of hemoglobin and red

blood cells are among the many genetic bases for

anemias (Rund and Fucharoen 2008; Camaschella

2009; Iolascon et al. 2009). Symptoms of anemias

usually consist of a general feeling of weakness and

fatigue due to a lack of oxygen delivery to skeletal

muscles combined with other symptoms that are

indicative of the underlying cause of the disease.

Hemochromatosis is an iron overload disease that

results in tissue and organ failure as a result of the

oxidative damage caused by excess iron deposition.

The most commonly affected organs are the liver,

heart and endocrine systems. Classic hereditary

hemochromatosis (or type 1) is the most common

genetic disease in Caucasians and is characterized by a

mis-sense C282Y mutation in the HFE gene (Andrews

1999). HFE encodes the hemochromatosis protein

which is thought to act as a sensor for body iron levels

by sequestering the transferrin receptor when levels

fall within the normal range (Andrews and Schmidt

2007). The HFE protein also competes with iron

bound transferrin for binding sites in the receptor

(West et al. 2001), lack of functional protein leads to

unregulated iron uptake and results in iron overload in

specific tissue types. It has also been proposed that the

HFE protein is directly involved in regulating dietary

iron uptake by DMT1 (West et al. 2006). Damage

from type 1 hemochromatosis is usually not observed

until later stages of life, which is probably a contrib-

uting factor to its prevalence, and can be avoided

through dietary restrictions if the mutation is detected

early. Mutations in genes for hemojuvelin and hepci-

din that result in iron overload are classified as type 2

or juvenile hemochromatosis. Type 2 hemochroma-

tosis is a severe form of the disease and is character-

ized by a comparatively early onset (Robson et al.

2004). Hemochromatosis type 3 is a rare disease

caused by mutations in the transferrin receptor 2 gene

which interacts with the HFE gene product in

regulating iron metabolism (Roetto et al. 2001).

Ferroportin disease, also known as type 4 hemochro-

matosis, is a result of loss of function mutations in the

iron transporter ferroportin causing iron accumulation

in reticuloendothelial cells and macrophages but

normal to low transferrin saturation levels (Pietran-

gelo 2004; McGregor et al. 2005). The damaging

effect of excess iron is seen in the common disease

phenotype that results from this range of mutations.

Misregulation of intracellular iron also has a

potential for cellular toxicity. Iron has been impli-

cated in the pathology of a number of neurodegen-

erative disorders. Fredrich’s ataxia is an autosomal

recessive disease characterized by degeneration of

Purkinje neurons in the cerebellum. The majority of

patients are homozygous for an expansion of GAA

triplet repeats in the frataxin gene with a smaller

subset being heterozygous with a microdeletion in

one allele and a point mutation in the other

(Campuzano et al. 1996). Frataxin deficiency results

in mitochondrial iron accumulation, decreased Fe/S

cluster synthesis and an altered antioxidant response

due to manganese deficiency and the resultant

decrease in activity of the mitochondrial superoxide

dismutase (Sod2) (Irazusta et al. 2006). Lack of

oxidative protection results in lipid peroxidation and

DNA damage both of which are characteristic of the

disease (Bleackley et al. 2009).

Neuroferritinopathy is an autosomal dominant

neurodegenerative disorder that affects both cognitive

and motor function. A single nucleotide insertion in

the region coding for the carboxy terminus of the

ferritin light chain results in a frame shift that effects

pore formation in the ferritin multimer and results in
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free radical toxicity from iron and ferritin deposition

in the brain (Curtis et al. 2001; Vidal et al. 2004).

Implication of iron in the etiology of other neuro-

degenerative diseases is becoming increasingly com-

mon. A dramatic increase in brain iron levels has been

observed in both Parkinson’s and Alzheimer’s disease

patients, and is thought to mediate neurodegeneration

through the production of reactive oxygen species

(Altamura and Muckenthaler 2009). A potential iron

responsive element (IRE) has been identified in the 50

UTR of the gene coding for a-synuclein, a major

component of the abnormal protein aggregates known

as Lewy bodies that develop in nerve cells in

Parkinson’s disease (Friedlich et al. 2007). Oligimer-

ization of a-synuclein may be mediated by an

interaction with iron and the resultant free radical

damage (Ostrerova-Golts et al. 2000) which impli-

cates iron in pathology of Parkinson’s disease both at

the translational and degradational levels. A putative

IRE has also been identified in the 50 UTR of the

amyloid b precursor protein which is cleaved to yield

the a-amyloid protein that accumulates in the neuritic

plaques found in Alzheimer’s disease (Rogers et al.

2002). Much like in Parkinson’s disease, iron (and

other metals) catalyze the aggregation of a-amyloid

protein (Atwood et al. 2003) once again regulating the

disease on multiple levels.

Regulation of intracellular iron homeostasis is

essential for the survival of an organism. Exceptional

physiological reactivity of iron has made it a key stone

in a plethora of biochemical systems. The same

properties that make iron such a useful biological

molecule also make it extremely cytotoxic as can be

observed in the array of diseases in which it is involved.

Organisms have developed complex systems for

establishing and maintaining iron homeostasis.

Although there is a vast wealth of knowledge related

to iron homeostasis and large portions of the systems

for biological regulation of iron have been previously

described, there are still gaps in the knowledge base

leaving a number of genes and proteins yet to be

identified as key players in iron homeostasis.

Copper

Copper is a first row transition metal with the atomic

number 29 that is found predominantly in two oxidation

states, Cu(I) and Cu(II). As a result of electron affinity,

Cu(II) is the most effective bioavailable divalent cation

for binding organic molecules as is Cu(I) for monova-

lent cations. Cu(I) and Cu(II) both readily form

complexes with organic ligands which makes the redox

pair extremely useful for biological oxidizing reactions

with a potential ranging from ?0.2 to ?0.8 V (Frausto

da Silva and Williams 2001a). As with other transition

metals, the electron transfer properties of copper also

allow for catalysis of hydroxyl radical formation from

hydrogen peroxide through the Fenton reactions (Valko

et al. 2005). Toxicity is also caused by inappropriate

binding of copper to sulfur, oxygen and imidazole

ligands in cells (Culotta 2010). In contrast to iron,

copper is insoluble in the reduced (Cu(I)) form and was

therefore not bioavailable during the early stages in the

evolution of life. With the oxygenation of the atmo-

sphere copper was oxidized to the bioavailable Cu(II)

and a new biochemical redox couple was now available

for incorporation into biological systems (Crichton and

Pierre 2001).

Copper in biology

As with other trace elements, copper is essential to

many forms of life. While not as prevalent as iron or

zinc, specific properties of copper have made Cu

extremely important for cellular redox reactions.

Most enzymes employ copper in electron transfer

reactions, with these enzymes predominantly being

oxidative or involved in energy capture (mitochon-

dria and chloroplasts). When examining the cellular

localization of the approximately 30 copper-contain-

ing proteins, it is striking to notice the vast predom-

inance of extracellular proteins. The few copper-

containing proteins found in the cytoplasm are

involved in protection and detoxification of copper

and the cellular response to copper levels. Biologi-

cally-active copper centers can be grouped into

distinct classes. Type 1 copper centers (also known

as blue copper centers) have the copper bound by two

nitrogen atoms and two sulfur atoms and are found in

small electron transfer proteins such as cupredoxins.

Type 2 copper centers have the copper coordinated

by two or three nitrogen atoms and/or oxygen atoms

and are most often involved in catalysis of oxygen

species. Type 3 centers have copper dimers bridged

by O2 or a hydroxyl and are found along with a type-2

site in multicopper oxidases (MacPherson and Mur-

phy 2007). A unique CuA site is found in the final
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protein in the electron transport chain—cytochrome

c oxidase. CuA sites consist of a dimer of type 1 sites

linked by a Cu–Cu bond (Larsson et al. 1995).

Copper homeostasis in S. cerevisiae

Ctr1p is the high affinity copper transporter respon-

sible for the bulk of copper uptake in yeast (Fig. 2)

(Dancis et al. 1994a). Oligimerization of Ctr1p occurs

in the membrane to form the functional copper

transporter; expression is regulated by copper levels

(Dancis et al. 1994b). CTR3 encodes a second high

affinity copper transporter but the insertion of a Ty2

transposable element that displaces the promoter

from the transcription start site in the common

laboratory strain S288C (Knight et al. 1996). Homol-

ogous to CTR3, CTR2 encodes an expressed vacuolar

copper transporter that functions to mobilize vacuolar

copper stores (Rees et al. 2004). All three transport

Cu(I) and thus are dependent on the activity of a

corresponding reductase. In the case of Ctr1p the

reductase is Fre1/2p, the same reductase involved in

iron uptake (Georgatsou and Alexandraki 1994).

Expression of CTR1, CTR3, FRE1, FRE2 and

FRE7 is controlled by the copper sensing transcrip-

tion factor Mac1p (Labbe et al. 1997). In the absence

of copper, Mac1p binds copper responsive elements

(CuREs) in the promoters of target genes. Binding to

two CuREs with specific spacing is required for

activation by Mac1p (Martins et al. 1998). Under

high copper levels Ctr1p is degraded at the plasma

membrane, not internalized to the vacuole prior to

degradation as with other proteins (Ooi et al. 1996).

Mac1p also seems to be involved in regulating the

degradation of Ctr1p which presents a unique situa-

tion where a transcription factor regulates both

expression of a target gene and the stability of the

gene product (Yonkovich et al. 2002).

Once inside the cell, there are three primary

destinations for copper with transport to each destina-

tion from the transporter facilitated by a distinct copper

metallochaperone (Robinson and Winge 2010). Each

chaperone functions specifically for its pathway.

Complementation is observed using the same chaper-

one from a different species but not between the

different pathways (Harrison et al. 1999). Delivery of

copper from the chaperone to the cognate receptor is

dependent on specific protein–protein interactions.

Cytochrome c oxidase is the terminal protein in the

electron transport chain in the inner mitochondrial

membrane that reduces molecular oxygen and trans-

locates four protons across the mitochondrial mem-

brane. Subunits for the enzyme are encoded by three

mitochondrial genes (COX1/2/3) and eight nuclear

genes (COX4/5A or 5B/6/7/8/9/12/13) (Geier et al.

1995). Cox1p contains a heme prosthetic group and

the CuB copper, Cox2p contains the CuA copper

dimer and cytochrome c binding site (Cooper et al.

1991). Copper is incorporated into the subunits in the

mitochondria with the inner mitochondrial proteins

Sco1p and Cox11p acting as copper donors to the

CuA and CuB sites respectively. Cox17p acts as a

copper chaperone, delivering copper from sites of

import through the cytoplasm to both Sco11p and

Cox11p in the mitochondria (Horng et al. 2004).

Incorporation of copper into the high affinity iron

transport protein Fet3p occurs in the Golgi where

Ccc2p functions as a copper transporting P-type

ATPase (Fu et al. 1995; Yuan et al. 1995). Copper

loading of Fet3p also requires the presence of

chloride anions which bind to Fet3p and exhibit an

allosteric effect on copper loading. Strains with

mutations in gef1, (a voltage gated chloride channel

localized to the Golgi) do not grow on medium

deficient in iron as a result of a lack of copper loaded

Fet3p (Davis-Kaplan et al. 1998; Braun et al. 2010).

Atx1p is the cytosolic copper chaperone that delivers

copper to Ccc2p for incorporation into Fet3p (Lin

et al. 1997). Identification of Atx1p as a copper

Fig. 2 Copper homeostasis in S. cerevisiae. See text for

details of the proteins in this figure. Transporters are in red,

copper chaperones in dark blue, transcription factors in yellow.

Sco11 and Cox11 are not chaperones but do function in copper

loading of Cyt c Ox and have been hashed in blue
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binding protein was accomplished through a high

copy suppressor screen for the oxygen toxicity in

yeast lacking superoxide dismutase (Lin and Culotta

1995) which shows that although the functions of the

chaperones are not redundant between copper traf-

ficking pathways, they can compensate for toxic

effects of excess copper in the cell. These proteins

represent a link between copper and iron metabolism.

Expression of the CCC2, FET3 and ATX1 genes is

regulated by the iron responsive transcription factor

Aft1p; strains deficient in these genes are sensitive to

limiting iron conditions.

The third major function of copper in the yeast cell

is in protecting against oxidative stress, a process that

Cu can also contribute to. Sod1p is the cytosolic Cu–

Zn superoxide dismutase in yeast which is a

homodimer containing one atom each of Cu and Zn

per subunit, which functions to break down superox-

ide to oxygen and hydrogen peroxide (Bermingham-

McDonogh et al. 1988). The metallochaperone for

insertion of copper into Sod1p is Ccs1p which

contains a region of high homology (approximately

50% identity) to Sod1p itself (Schmidt et al. 1999)

suggesting a gene duplication event in the evolution

of this system. Copper is the enzymatically active

metal ion in Sod1p; binding of the zinc ion stabilizes

the fold of the protein around the copper atom.

These copper chaperones provide the clearest

picture for how cells maintain the balance between

the requirement for metals in biology and the detri-

mental effects that can be caused by metal ions that are

not properly regulated. Experiments to characterize the

three distinct systems and the requirement for protein–

protein interactions for the donation of copper ions

from chaperone to receptor provide an elegant frame-

work on which to base hypotheses of how the

distributions of other metals are regulated by cells.

Copper in human disease

Copper is a relatively scarce metal in humans with an

average concentration of 1.4–2.1 mg/kg in healthy

individuals. Aside from the low body concentration,

disruptions in copper homeostasis have implications in

a number of diseases, and deficiencies in copper

absorption have a number of detrimental effects.

Insufficient copper uptake during development inter-

feres with the activity of cuproenzymes that leads to

increased oxidative stress, decreased availability of

nitric oxide, abnormal iron metabolism, problems with

cross linking in the extracellular matrix and altered cell

signaling; in turn, these reactions affect a variety of

tissues and organs including the brain, heart, lungs and

skin (Uriu-Adams et al. 2010). Acquired copper

deficiency can be caused by gastric surgery, malab-

sorption and excess zinc, and results in both hemato-

logic and neurologic abnormalities (Kumar 2006).

Mutations in ATP7A and ATP7B, which encode

proteins homologous to the yeast Golgi copper

transporter Ccc2p, result in Menkes and Wilson

disease respectively (La Fontaine and Mercer 2007).

Menkes disease is an X-linked recessive disorder

associated with copper deficiency (de Bie et al. 2007)

with over 200 mutations in ATP7A identified as

causing the disease (Tumer et al. 1999). Symptoms of

Menkes disease include neurological defects, growth

retardation, hypopigmentation and ‘‘kinky’’ or

‘‘steely’’ hair and result from deficiencies in a

number of cuproproteins (de Bie et al. 2007). Wilson

disease is characterized by a toxic accumulation of

copper in the liver and brain that result in cirrhosis

and chronic hepatitis leading to eventual liver failure,

neurological defects similar to those seen in Parkinson’s

disease and psychiatric symptoms (de Bie et al.

2007). Wilson disease is inherited as an autosomal

recessive disorder (Ala et al. 2007) with two muta-

tions accounting for most cases—H1069Q is pre-

valent in European and North American patients

while R788L is prevalent in South East Asia (Ferenci

2006). Most other identified mutations are unique and

limited to single families. ATP7A and ATP7B are

highly homologous (Bull et al. 1993); the differences

in the diseases caused by mutations in these genes is

the result of differential tissue expression. ATP7A is

expressed in almost all tissue types with a noticeable

drop in expression seen in the liver while ATP7B is

predominantly expressed in the liver with lower

levels detected in kidney, brain, heart, lung, mam-

mary gland and placenta (de Bie et al. 2007).

Ceruloplasmin is a multi-copper oxidase that binds

approximately 95% of plasma copper. Mutations in the

ceruloplasmin gene result in the autosomal recessive

disease aceruloplasminemia which is characterized by

the degeneration of the retina and basal ganglia

together with diabetes mellitus (Harris et al. 1998).

Although the disease is caused by mutations in genes

for a copper protein, the pathological effects observed

are the result of iron accumulation that occurs due to a

794 Biometals (2011) 24:785–809

123



lack of functional protein. No accumulation of copper

is observed in the liver, the major site of ceruloplasmin

synthesis copper does not directly affect expression of

the ceruloplasmin gene; however, improper copper

loading leads to protein instability and rapid degrada-

tion of the protein (Desai and Kaler 2008).

Amyotrophic lateral sclerosis (ALS) is a fatal

disease that is caused by degradation of motor neurons

that leads to muscle atrophy and the potential loss of

all voluntary muscle control. Familial ALS (fALS)

have been linked to mutations in the Cu/Zn superoxide

dismutase (Sod1) gene that are inherited as autosomal

dominant alleles (Deng et al. 1993; Rosen et al. 1993).

Corresponding mutations were studied in the yeast

homolog Sod1p and variable metal-incorporation and

activity were observed within the mutants suggesting

that free radical damage is likely not the only cause of

fALS related to Sod1p mutations (Nishida et al. 1994).

Further studies in transgenic mice expressing both

endogenous Sod1 and human fALS Sod1 provided

evidence that the mutations in fALS were actually gain

of function mutations as the endogenous Sod1 did not

protect against the fALS alleles (Gurney et al. 1994;

Wang et al. 2005). Mouse models of Sod1 in ALS have

also revealed that an accumulation of mutant protein is

common among models and that mutant proteins are

more prone to oligomerization than wild type protein

(Wang et al. 2003). It has been suggested that fALS

mutations in Sod1 hinder the interaction between Sod1

and the copper chaperone CCS which in turn prevents

CCS dependent maturation of Sod1 which includes

insertion of the copper ion and oxidation of a

disulphide bond and the immature protein aggregates

and leads to disease (Seetharaman et al. 2009).

The prion protein that probably plays an important

role in transmissible spongiform encephalopathies

such as Mad Cow disease, scrapie in sheep and

variant Creutzfeld-Jakob disease in humans has been

proposed to function in brain copper homeostasis. In

its normal cellular form (PrPc) the protein is thought

to transport copper into the cell, protect from

oxidative stress and buffer copper in the cell

(Westergard et al. 2007) and has been shown to bind

copper in vitro (Pan et al. 1992). Conversion of the

protein to the scrapie form (PrPsc) is induced by

interaction with copper and other metal ions such as

zinc, iron and manganese (Rana et al. 2009) and altered

metal binding by PrPsc contributes to the pathology of

the consequent diseases (Wong et al. 2001).

Copper (and iron) are found in increased concen-

trations in the striata of Huntington’s disease (HD)

patients (Dexter et al. 1991). HD is characterized by

progressive motor, cognitive and psychiatric deteri-

oration caused by a dominant glutamine expansion in

the N-terminus of the protein huntingtin. Mutant

huntingtin is cleaved by caspase 6 and the cleavage

fragments are thought to mediate the disease

(Graham et al. 2006). Both normal and mutant

huntingtin interact with copper but not other metal

ions. However, copper has been found to promote,

while metal chelation prevents, the aggregation of

mutant huntingtin fragments possibly through the

induction of structural changes in the transition from

monomer to aggregate (Fox et al. 2007). Copper is

also associated with accelerated aggregation of

a-synuclein in the formation of Lewy bodies in

Parkinson’s disease (Rasia et al. 2005) and is known

to interact with the amyloid precursor protein and the

b-amyloid peptide in the plaques of Alzheimer’s

disease (Dingwall 2007).

Zinc

Zinc is essential to all forms of life and is the most

the second most abundant transition metal in both

seawater and humans (Outten and O’Halloran 2001)

and is the most prevalent trace metal found in the

cytoplasm with the cellular concentration of zinc

falling between 0.1 and 0.5 mM in organisms ranging

from Escherichia coli to man (Eide 2006). The Zn2?

ion has a full d orbital making it unique amongst

biologically-relevant transition metals in that zinc

does not exist in multiple valences under physiolog-

ical conditions rendering it not redox active

(Williams 1987) and making it generally considered

less toxic than redox active metals such as iron and

copper. However, Zn2? is a strong Lewis acid due to

the high electron affinity generated by the charge of

2? and its relatively small ionic radius. Utilization of

zinc as a cofactor in catalysis is made more attractive

by the rapid ligand exchange rate that allows for

efficient turnover of reaction products (McCall et al.

2000). Although these properties are not individually

unique for zinc, the combination of structural and

thermodynamic properties with the abundant bio-

availability have led to the incorporation of zinc in a

variety of biological systems.
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Zinc in biology

A vast array of macromolecules require zinc to

maintain proper structure and function and zinc is

know to participate in at least 300 enzymatic

reactions (Tapiero and Tew 2003). Within the zinc

proteins a number of distinct functional classes can

be identified. A set of metalloproteases is know to

bind zinc and includes (1) matrix metalloproteases

with roles in embryonic development, cell motility,

wound healing and reproduction (Amalinei et al.

2007) and (2) carboxypeptidases that function as

digestive enzymes among other families (Hooper

1994). Zinc ions in metalloproteases are coordinated

by specific motifs containing a number of histidine

residues that differ between the families. In all cases,

the zinc ion is required for enzymatic function.

Another diverse set of zinc binding proteins are zinc

finger proteins which are only found in eukaryotes but

have no enzymatic activity. Many zinc finger proteins

are DNA (or RNA) binding proteins in which zinc

finger domains are arranged in tandem where each

domain is structurally similar but the nucleotide

recognition sequence for each domain can be made

unique by varying the amino acid side chains at a

number of key positions (Klug 2010). Unlike other

DNA binding proteins where amino acids interact with

multiple bases and vice versa, DNA recognition and

binding in zinc fingers occurs in a one to one ratio of

amino acid to nucleotide (Pavletich and Pabo 1991).

Three common folds are found among the majority

zinc finger proteins: C2H2-like fold which is the classic

fold found in most mammalian zinc finger proteins

(Laity et al. 2001), treble clef and zinc ribbon (Krishna

et al. 2003). Some zinc finger proteins do have

enzymatic activity and include (1) protein kinase C

(Ono et al. 1989) where the zinc finger binds to small

molecules and is important in signal transduction, (2)

alcohol dehydrogenase (Crow et al. 1995) and (3)

nuclear hormone receptors (Matthews and Sunde

2002). A distinct family of zinc finger domains known

as Really Interesting New Gene (RING) finger

domains exists. RING finger domains contain two zinc

atoms (Borden and Freemont 1996) and function in

ubiquitination of proteins (Matthews and Sunde 2002)

and in mediating protein–protein interactions (Saurin

et al. 1996). Zinc finger proteins have been modified to

act as artificial transcription factors for regulated gene

expression (Sera 2009)and linked to a DNA cleavage

domain from a restriction enzyme to form zinc finger

nucleases which are used in genome engineering for

site specific gene targeting (Durai et al. 2005).

A plethora of other zinc-containing proteins do not

fall into these categories but are in a number of

organisms and function in a multitude of physiological

processes. Other zinc-containing proteins include:

alkaline phosphatase (Plocke et al. 1962), phospholiase

C (Ottolenghi 1965), carbonic anhydrase (Lindskog

1997) and insulin (Emdin et al. 1980). Recently zinc has

also been shown to act a signaling molecule in a manner

thought to be similar to calcium (Yamasaki et al. 2007).

Zinc homeostasis in S. cerevisiae

Uptake of zinc in S. cerevisiae is mediated by two

specific zinc transporters Zrt1p, the high affinity zinc

transporter which is active in zinc deficient cells

(Zhao and Eide 1996a), and Zrt2p, a low affinity zinc

transporter expression of which is time, temperature

and concentration dependent and is active in zinc

replete cells (Fig. 3) (Zhao and Eide 1996b). Both

Zrt1p and Zrt2p are members of the ZIP family of

metal transporters (Eng et al. 1998) and the two

proteins share 44% amino acid sequence identity and

67% similarity (Eide 2003). A double mutant zrt1zrt2

strain is viable (Zhao and Eide 1996a, b), this

observation helped lead to the identification of the

zinc transport function of Fet4p (Waters and Eide

2002). Transport by the phosphate transporter Pho84p

has also been suggested, possibly in uptake as ZnPO4

(Jensen et al. 2003).

Fig. 3 Zinc homeostasis in S. cerevisiae. See text for details of

the proteins in this figure. Transporters are shown in red,

transcription factors are shown in yellow
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The zinc deficiency response is mediated by the

transcription factor Zap1p (Zhao and Eide 1997).

Zap1p is localized to the nucleus irrespective of

the zinc status of the cell and is regulated directly by

zinc binding (Bird et al. 2003). Two independently-

regulated activating domains (AD) and a DNA

binding domain (DBD) containing seven zinc fingers

(Bird et al. 2000) are found in the protein. AD1 lacks a

known zinc binding motif but does bind zinc ions in

vitro; binding of zinc to AD1 is thought to promote an

interaction with the DBD of the protein which in turn

inactivates the activation function of AD1 (Herbig

et al. 2005). Zinc binding to two zinc fingers in AD2

leads to an interaction between the two fingers that

prevents AD2 from recruiting co-activators to pro-

moters (Wang et al. 2006). Zap1p has been implicated

in the regulation of the expression of more than 80

genes (Eide 2009); this is accomplished through

binding to zinc responsive elements (ZREs) in the

promoters of target genes (Zhao et al. 1998) which

include the genes for the zinc transporters ZRT1/2 and

FET4 along with genes involved in vacuolar release of

zinc stores (Lyons et al. 2000). The role of Zap1p in

the response to limiting zinc conditions goes beyond

just a transcriptional activator. Isoenzyme switching

between zinc dependent alcohol dehydrogenases

Adh1/3p, which are among the most abundant zinc

proteins in the cell, and the iron dependent Adh4p is

mediated by Zap1p (Eide 2009). Activation of genes

by Zap1p is also concentration and time dependent,

Zap1 mediates a coordinated response to zinc defi-

ciency where particular genes are induced depending

on the severity and duration (Wu et al. 2008). Part of

this mechanism is controlled by the auto-activation of

ZAP1 and can be seen in the response of ZRT2 to

varying zinc levels. ZRT2 is both activated and

repressed by Zap1p (Bird et al. 2004). Two ZREs

found upstream of the TATA box in the ZRT2

promoter mediate activation whereas a third ZRE

with a lower affinity for Zap1p is found down stream

of the TATA box and functions in Zap1p mediated

repression of ZRT2 thus when exposed to moderate

zinc deficiency Zap1p binds to the activating ZREs

and turns on ZRT2 but when zinc deficiency becomes

severe, ZAP1 auto-activates and the increased level of

Zap1p leads to binding of the repressor ZRE which

prevents ZRT2 expression when it will not aid in zinc

uptake when it will be accomplished solely through

the high affinity zinc transporter Zrt1p (Eide 2009).

Upon the shift from zinc limiting to zinc replete

conditions, Zrt1p levels drop rapidly in a process

involving zinc-induced endocytosis and degradation in

the vacuole (Gitan et al. 1998). This process protects

cells from over-accumulation of zinc when shifted

from low zinc to high zinc medium and is thought to

function more in extreme shifts in zinc availability

where as transcriptional control regulates the response

to moderate shifts in zinc availability (Eide 2003).

Under zinc replete conditions, excess zinc is stored

in the yeast vacuole. Zrc1p and Cot1p are the

transporters that facilitate vacuolar zinc uptake

(MacDiarmid et al. 2000). A proton gradient estab-

lished by the V-ATPase is required for zinc transport

by Zrc1p (MacDiarmid et al. 2002). The role of the

vacuole in zinc metabolism is three fold; the vacuole

and the transporters Zrc1p and Cot1p are essential for

zinc detoxification, when zinc becomes limited Zrt3p,

a protein similar to the membrane zinc transporters

Zrt1/2p, is induced by Zap1p to mobilize zinc stores

(MacDiarmid et al. 2000) and with the activation of the

high affinity zinc uptake system through the activity of

Zap1p the vacuole also functions in resistance to ‘‘zinc

shock’’ where by the vacuolar uptake gene ZRC1 is also

induced by Zap1p in a preemptive mechanism to

protect against the massive influx of zinc ions caused

by activation of Zrt1p (MacDiarmid et al. 2003).

Vacuolar zinc stores are sufficient to provide adequate

zinc for subsequent generations of daughters cells after

a shift from zinc replete to zinc deficient medium as

other cellular compartments do not significantly con-

tribute to zinc stores (Simm et al. 2007).

Some controversy exists in the identification of the

mechanism of intracellular zinc trafficking. One group

suggests that there is a metallochaperone system akin

to that for copper; this, an idea that is supported by

evidence indicating that there is less than one free

atom of zinc in a cell (Outten and O’Halloran 2001).

Conversely, the idea of intracellular metallochaper-

ones has been discounted by other groups citing the

dependence on protein–protein interactions for the

delivery of metal ions to target proteins by chaperone

and the wide variety of zinc proteins in the cell make

this an unlikely situation as there would need to be

almost as many chaperones as there were zinc

proteins. There is also a lack of sequence similarity

among zinc proteins to suggest a common protein–

protein interaction that would allow for a small

number of chaperones to deliver zinc to an array of
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target proteins. As an alternative, it has been sug-

gested that intracellular zinc levels cycle between

deficient and replete allowing for regulation through

transcription factors (Eide 2006).

Zinc in human disease

Adult humans contain about 2 g of zinc that is evenly

distributed throughout the body (Hambidge and Krebs

2007). Zinc deficiency in humans was first hypothe-

sized in the 1960s as a cause of nutritional dwarfism in

the Middle East (Halsted et al. 1972; Prasad et al.

1990). Since then, zinc deficiency has been better

recognized and it is now estimated that between 20

and 25% of the world is at risk of becoming zinc

deficient (Wuehler et al. 2005; Maret and Sandstead

2006). Causes of zinc deficiency range from insuffi-

cient dietary zinc uptake which can be exacerbated by

consumption of foods such as cereal grains which are

rich in phytates (compounds that inhibit dietary

absorbtion of zinc (Fischer Walker et al. 2009)) to

excessive alcohol use to the rare genetic disorder

acroermatitis enteropathica where mutations in the

SLC39A4 gene disrupt the function of the Zip4 zinc

transporter in the gut (Wang et al. 2004). Because zinc

is involved in so many physiological processes, the

symptoms of zinc deficiency are varied but include

alopecia, diarrhea, psychological impairment, male

hypogonadism and neurosensory disorders (Turek and

Fazel 2009). Zinc is essential for the development of

many aspects of the immune system including neu-

trophils, macrophages and natural killer cells along

with growth and function of both T and B cells

(Prasad 2009). In model organisms, zinc deficiency

led to atrophy of the thymus and lymphoid tissue and

they have a decreased response to both T-cell

dependent and independent antigens (Fraker et al.

1977, 1978). The effects of zinc deficiency on both the

innate and specific immune systems drastically alter

host resistance to infection by a multitude of bacteria

and viruses (Shankar and Prasad 1998). The drastic

effects of zinc deficiency are manifested in the

estimated 800,000 deaths annually among children

under 5 years of age where zinc deficiency is a

contributing factor (Hambidge and Krebs 2007).

Zinc toxicity can be observed in both acute and

chronic forms. Acute zinc toxicity is rare and usually

results from consumption of contaminated food and

drinks from galvanized containers and can cause

gastrointestinal irritation, fatigue, muscle pain and

fever. More common is the chronic zinc toxicity that

usually occurs as a result of over use or prolonged use

of oral zinc supplements. Excess zinc can also interfere

with iron and copper levels (Valko et al. 2005).

In contrast to iron and copper which promote

accumulation of amyloid-b peptide (Ab) in the

formation of plaques in Alzheimer’s disease, zinc is

though to play a protective role. Binding of zinc to Ab
causes a conformational change in the peptide that

prevents the association of other metals with Ab and

thus prevents the oxidative damage that is associated

with the metal-Ab complex (Cuajungco et al. 2000).

Oxidative and nitrosative stress lead to a release of zinc

from the vesicular zinc pool and the excess zinc

promotes aggregation of Ab (Cuajungco and Lees

1997; Miller et al. 2010). Zinc at normal physiological

concentrations protects against the contributions of

other metals to Alzheimer’s disease but if the concen-

tration of zinc ions is raised zinc becomes a contrib-

uting factor to the formation of plaques.

Manganese

Manganese is found in three major biologically-relevant

oxidation states: Mn(II), Mn(III) and Mn(IV). Manga-

nese differs from other metals such as iron and copper in

that the middle oxidation state, Mn(III) readily dispro-

portionates to Mn(II) and Mn(IV) where as Fe(III) and

Cu(II), the middle oxidation states for the respective

metals, are the most stable. Mn2? is stable in acidic

environments whereas MnO2 is more stable in alkaline

and oxygenated environments. Biochemically, Mn(II) is

thought to be an intermediate between Ca(II), Mg(II)

and Zn(II) and can replace these ions in specific systems.

Because manganese is present at much lower concen-

trations in cells than other metals, it has become

apparent that manganese is incorporated into biochem-

ical systems under special conditions or used preferen-

tially in cellular compartments such as mitochondria,

the Golgi and vesicles. Manganese is readily bioavail-

able and is soluble in the presence of oxygen. The

solubility of manganese sulphides lead to the hypothesis

that manganese must have been utilized extensively in

early life as it would have been more available than other

transition metal salts which is also supported by the

presence of Mn2? in the cytoplasm of unicellular

anaerobes. Like other redox-active transition metals,
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manganese has the ability to generate reactive oxygen

species when unregulated (Ali et al. 1995).

Manganese in biology

The function of manganese in biology ranges from a

Lewis acid catalyst to crossing a number of oxidation

states to carry out the oxidation of water (Yocum and

Pecoraro 1999). Manganese has long been known to

be important for photosynthesis and has since been

shown to function in photosystem II in the oxidation of

water to O2 (Tommos et al. 1998). Although manga-

nese is capable on contributing to oxidative stress,

many of the enzymes with which it is associated

function in protecting cells against oxidative damage.

Catalases, peroxidases and a mitochondrial form of

superoxide dismutase depend on the incorporation of

manganese ions to break down oxidative molecules in

the cell (Horsburgh et al. 2002). Manganese itself can

also play a direct role in oxidative stress protection in

the absence of Cu/Zn SOD (Reddi et al. 2009b). Many

manganese proteins are localized extracellularly or in

vesicles and the function of many of these proteins in

mirrored by copper enzymes also found in vesicles.

This has led to the hypothesis that when copper

became bioavailable, it replaced manganese in these

systems later in evolution (Frausto da Silva and

Williams 2001b). Coordination of manganese into

proteins does not occur through common mechanisms

between proteins that have been grouped as with

copper. Proteins containing manganese ions include

DNA and RNA polymerases, kinases, decarboxylases,

sugar transferases, phosphatases and arginases

(Frausto da Silva and Williams 2001b; Reddi et al.

2009b). The roles of these and other proteins make

manganese essential for skeletal development, repro-

ductive hormone production, nervous system function

and a multitude of other cellular functions (Santamaria

and Sulsky 2010).

Manganese homeostasis in S. cerevisiae

Uptake of manganese by yeast is somewhat different

from the uptake of other transition metals (Fig. 4).

Smf1p, the broad spectrum divalent metal transporter

of the Nramp family, has been shown to be a proton-

dependent, high affinity manganese transporter local-

ized to the plasma membrane (Supek et al. 1996) and its

over-expression leads to accumulation of manganese

along with other metals including copper and iron

(Cohen et al. 2000). However, a smf1D strain shows no

significant difference in cellular manganese levels to

those found in a wild type strain and consequently, no

defect in manganese proteins was detected in the

deletion strain (Luk and Culotta 2001). Despite the

affinity of Smf1p for manganese, this data suggested

that Smf1p could not be the major plasma membrane

transport protein for manganese uptake. More recently

Smf1p has been shown to function in oxidative stress

resistance where manganese itself acts as an antioxi-

dant and it is brought into the cell by Smf1p (Reddi

et al. 2009a). Although Smf2p is closely related to

Smf1p the function of Smf2p in manganese homeo-

stasis is drastically different. Strains lacking Smf2p

have a defect in manganese accumulation and there is a

lack of activity observed for manganese-dependent

enzymes (Luk and Culotta 2001). Although this is

consistent with the expected phenotype for a mem-

brane transporter that functions in uptake based on

known transporters for other transition metals, no

Smf2p is detected at the cell membrane in localization

experiments. Most of the Smf2p localizes to Golgi-like

vesicles which have been proposed to function as

transient stores for manganese with Smf2p functioning

in release (Culotta et al. 2005). Smf3p has no known

role in manganese homeostasis (Reddi et al. 2009a).

Manganese uptake in yeast has been shown to be much

slower than know rates of transport for Nramp proteins

in other organisms which led to the suggestion that

manganese uptake is facilitated by a very small number

Fig. 4 Manganese homeostasis in S. cerevisiae. See text for

details of the proteins in this figure. Transporters are shown in

red, the other proteins in the figure did not fit into the

categories used throughout this chapter and have been colored

individually

Biometals (2011) 24:785–809 799

123



of membrane localized transporters (Stimpson et al.

2006) and that Smf2p may be the transporter that exists

at sub detectable levels (Culotta et al. 2005). Pho84p, a

high affinity phosphate transporter (Bun-Ya et al.

1991), also functions as a low affinity manganese

transporter that transports manganese as manganese

phosphate and only functions in manganese surplus

conditions (Jensen et al. 2003). Manganese taken up

through Pho84p acts as a toxin rather than as an

essential nutrient or a protectant against oxidative

stress (Reddi et al. 2009a). One explanation is that

Pho84p normally functions in uptake of MgHPO4 but

in conditions of manganese excess, Pho84p can use

MnHPO4 as a substrate (Reddi et al. 2009a) (Fig. 4).

Regulation of transporters for other transition

metals is mostly accomplished through the activity of

metal-responsive transcription factors (Rutherford and

Bird 2004). No manganese-responsive transcription

factor has been identified and levels of Smf1/2p are

regulated post-translationally. Under manganese

replete conditions, the majority of protein molecules

are targeted to the vacuole for degradation. When

manganese becomes limiting, this process is turned off

and the transporters become prevalent at the mem-

brane; under conditions of manganese excess, the

process is enhanced and there is essentially no

transporter localized to the membrane (Reddi et al.

2009a). Targeting of Smf1/2p to the vacuole occurs

through ubiquitination by Rsp5p in a process facili-

tated by Bsd2p (Sullivan et al. 2007) that also requires

the transferrin-receptor like adaptor proteins Tre1p and

Tre2p (Stimpson et al. 2006). The current model has

Bsd2p forming a complex with Rsp5p and this complex

binds to the Tre proteins that have associated with

Smf1p leading to ubiquitination and targeting to the

vacuole for degradation (Sullivan et al. 2007; Reddi

et al. 2009a). The exact mechanism by which Smf1/2p

are redirected to the cell surface under manganese

limiting conditions is still unknown. There is a

complete loss of control by Bsd2p and Tre1/2p and

low Golgi manganese levels are known to correspond

to an increase in Smf1p in the plasma membrane which

suggests that Golgi-sensing controls the manganese

starvation response (Jensen et al. 2009). Under high

manganese conditions, there is an Rsp5p independent

targeting of Smf1p to the vacuole which occurs at a

much slower rate than the ubiquitin mediated process

that is proposed to reflect the anti-oxidant role of

manganese and Smf1p transport (Reddi et al. 2009a).

A key target for cellular manganese is the Golgi

apparatus where manganese is incorporated into

sugar transferases (STases) which glycosylate pro-

teins in the secretory pathway (Luk and Culotta

2001). Transport of manganese (and calcium) into the

Golgi from the cytoplasm occurs via Pmr1p a P-type

ATPase (Durr et al. 1998), a member of the SPCA

(secretory pathway Ca2? ATPases) family, members

of which can be found from fungi to humans (Van

Baelen et al. 2004). Hyper-accumulation of manga-

nese in a Dpmr1 strain and sensitivity to elevated

manganese concentrations (Lapinskas et al. 1995) led

to the identification of a role for Pmr1p in manganese

detoxification by pumping excess metal out of the

cell through the secretory pathway. In combination

with Smf1p, Pmr1p also provides antioxidant man-

ganese for protection against oxidative stress in a

sod1D strain through a mechanism independent of the

manganese dependent Sod2p (Reddi et al. 2009a).

Mitochondria contain the machinery for oxidative

respiration and thus generate a large amount of

oxidative molecules. Sod2p, a manganese superoxide

dismutase, is localized to the mitochondrial matrix

and protects against the damaging effects of oxygen

radicals (van Loon et al. 1986). Each of the four

subunits of Sod2p bind one manganese atom

(Ravindranath and Fridovich 1975). Mtm1p, a mem-

ber of the mitochondrial carrier family (MCF),

facilitates manganese activation of Sod2p but Dmtm1

yeast accumulate slightly higher concentrations of

mitochondrial manganese than wild type indicating

that Mtm1p is likely not a mitochondrial manganese

transporter (Luk et al. 2003). Mitochondrial manga-

nese uptake is thought to occur through a process

mediated by Smf2p containing vesicles as an Dsmf2

strain has diminished Sod2p activity (Luk and Culotta

2001). Based on the accumulation of mitochondrial

iron in an mtm1D strain and the fact that iron can

inactivate manganese superoxide dismutases, it has

been proposed that Mtm1p ensures that Sod2p is

loaded with manganese as opposed to the more

prevalent iron (Culotta et al. 2005).

Excess cellular manganese is concentrated in the

vacuole. Vacuolar uptake occurs through the trans-

port protein Ccc1p (Li et al. 2001), which also

functions in vacuolar iron accumulation. No vacuolar

export mechanism specific for manganese has been

identified but it is possible that the iron export

pathways can also use manganese as a substrate in the
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same manner as Ccc1p. Alternatively vacuolar man-

ganese accumulation could function only in detoxi-

fication and not in storage as seen for iron and other

metal ions.

Intracellular trafficking of manganese occurs

through an unknown mechanism but two systems have

been hypothesized (Culotta et al. 2005). Chaperones

similar to those that function in copper homeostasis

have been proposed to exist to transport manganese

from transporters to cellular locales such as the

mitochondrial and Golgi. Alternatively, a vesicle-

mediated system employing Smf2p for release of

manganese from the vesicle at targets that is analogous

to the suggested system that exists for trafficking iron

to mitochondria in erythroid cells of higher eukaryotes

(Ponka et al. 2002; Zhang et al. 2005a).

Manganese in human disease

On average, an adult human body contains 10–12 mg

of manganese. Manganese deficiency is not known to

occur other than in experimentally induced cases

(Hardy 2009). Overexposure to manganese from

environmental or industrial sources can lead to the

neurological condition know as manganism, symp-

toms of which are similar to Parkinson’s disease

(Roth 2006). Manganism differs from Parkinson’s in

that patients do not respond to dopamine replacement

therapy (Martin 2006). Despite the fact that this

condition was first described in 1837, little is know

about the exact mechanism of neurotoxicity; how-

ever, lesions in the globus pallidus have been

observed with some consistency in post mortem

examinations of brains effected by manganism (Perl

and Olanow 2007).

Hailey–Hailey disease is an autosomal dominant

condition that involves mutations in the gene for the

human homolog of the Golgi Ca/Mn transporter

PMR1, ATP2C1 (Hu et al. 2000; Sudbrak et al.

2000). The disease is characterized by fluctuations of

itchy painful skin lesions that occur in middle age and

are brought on by friction, sweating and UV radiation

with the cause related to a loss of cell–cell adhesion in

the suprabasal layer of the epidermis (Kellermayer

2005). More than 82 mutations have been identified as

contributing to the disease and most of the pathology

on a molecular level has been attributed to calcium

homeostasis; as a result, it is unclear what if any role

manganese plays in the disease (Missiaen et al. 2004).

Prion proteins have been shown to be involved in

the link between manganese and neurotoxicity. Cells

expressing normal prion protein were found to be less

susceptible to manganese-induced cytotoxicity com-

pared to cells lacking the protein. Further results from

this study showed that the prion protein interferes

with manganese uptake and protects against manga-

nese induced oxidative stress and subsequent apop-

totic cell death (Choi et al. 2007). This provides the

basis for the implication of altered manganese

homeostasis in prion diseases.

Cobalt and nickel

Cobalt and nickel are both elements with limited

function in higher eukaryotes. The only known

function of cobalt is as a component of vitamin

B12 which is incorporated into three classes of

enzymes: isomerases, methyl transferases and reduc-

tive dehalogenases. These enzymes participate in

reactions essential to DNA synthesis, fatty acid

synthesis and energy production among other bio-

logical processes (Banerjee and Ragsdale 2003). The

role of nickel is more prevalent in bacteria

(Kaluarachchi et al. 2010) and plants (Tejada-Jimenez

et al. 2009). Concentrations of cobalt and nickel are

sufficiently higher in anaerobic prokaryotes; this is

thought to represent the extensive use of cobalt and

nickel in the early evolution of life in an atmosphere

lacking oxygen. Upon the oxygenation of the atmo-

sphere, zinc and copper became bioavailable and have

a number of chemical advantages over nickel and

cobalt which led to the evolution of systems where

copper and zinc replaced cobalt and nickel (Frausto da

Silva and Williams 2001c).

Molecular details of cobalt and nickel uptake in

S. cerevisiae are not well known but it is likely that

they are transported into the cell by broad-specificity

divalent metal transporters as cobalt is known to

competitively inhibit iron uptake (Lesuisse et al.

1987) and mutant strains with reduced magnesium

uptake are resistant to both nickel and cobalt (Joho

et al. 1991). Excess cobalt is transported into the

vacuole by the vacuolar transporter Cot1p that

functions in cobalt accumulation and detoxification

(Conklin et al. 1992). Similarly, nickel detoxification

also involves vacuolar sequestration of the ion (Joho

et al. 1995) but the mechanism by which this occurs
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is unknown but is dependent on a proton gradient

(Nishimura et al. 1998).

Cobalt and nickel may have a minimal role in

normal biological function of cells but both metals

are toxic in excess—a situation that often occurs as a

result of overexposure often in industrial occupations.

Overexposure to cobalt has been shown to result in

asthma, pneumonia and wheezing and has been

associated with a higher risk of lung cancer when

the cobalt is inhaled (Valko et al. 2005). Cobalt ions

can directly induce DNA damage, interfere with

DNA repair, DNA–protein crosslinking and sister

chromatid exchange (Leonard et al. 1998; Hengstler

et al. 2003). The exact mechanism for cobalt

carcinogenicity remains to be elucidated but it does

involve the generation of reactive oxygen species (De

Boeck et al. 2003). Nickel exposure can result in

dermatitis, cardiovascular and kidney diseases and

cancer. The molecular mechanism of nickel carcino-

genesis is not fully understood but does not seem to

be entirely dependent on oxidative stress (Gilman

1962). Nickel is also not known to interact directly

with DNA, current hypotheses on the mechanisms of

nickel toxicity involve nickel binding to other

molecules in the cell and exerting downstream effects

(Kasprzak et al. 2003).

Conclusion

As reflected by the human diseases that result from

nutritional deficiencies, transition metal ions play a

central role in a variety of biological processes.

However, when not properly regulated, transition

metal ions can be extremely toxic as shown by both

the symptoms of over-exposure to a metal and

inherited gene mutations that inhibit regulatory pro-

cesses. Although much is known about the uptake

mechanisms for these elements and how they are

employed biologically, there is still much to be learned

about the mechanisms by which their levels are

controlled intracellularly to maintain the balance

between necessary and toxic levels of metal ions.

One of the most useful tools in further elucidating such

mechanisms is the model organism S. cerevisiae. The

life cycle and molecular biology of yeast make

identification and characterization of gene products

easier and more cost effective. As technology pro-

gresses, the tools for high-throughput screening of

yeast libraries will continue to advance with the

resulting identification of novel genes that function in

transition metal homeostasis. As misregulation of

transition metals is becoming increasingly implicated

in neurodegenerative disorders, identification of novel

genes and pathways that protect cells against the

potential damaging effects will be of increasing

importance in diagnosis and treatment of such diseases.
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