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Metal ion transporters and homeostasis

dual tissues. In some of the cellular organelles and the
plasma membrane, low and high affinity transporters act
in concert to maintain the right balance of metal ion

concentrations (Hediger, 1997; Eide, 1998; Radisky and
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Transition metals are essential for many metabolic
processes and their homeostasis is crucial for life.
Aberrations in the cellular metal ion con-
centrations may lead to cell death and severe diseases.
Metal ion transporters play a major role in maintaining
the correct concentrations of the various metal ions in
the different cellular compartments. Recent studies of
yeast mutants revealed key elements in metal ion
homeostasis, including novel transport systems.
Several of the proteins discovered in yeast are
highly conserved, and defects in some of the yeast

Kaplan, 1999). Moreover, highly specific transport systems
function along with a wide range of metal ion transporters
to achieve the right concentration balance. The vacuolar
system of eukaryotic cells is a major player in metal ion
homeostasis not only because it provides several organelles
for storage of metal ions but also by providing the proper
amounts of transporters in the various cellular membranes
through the secretory pathway. In addition, the organelles
that evolved from bacterial endosymbiosis (mitochondria,
chloroplasts and peroxisomes) serve as vital metal ion
reservoirs and contribute to the overall metal ion homeo-
stasis by utilizing their own transport and storage systems
(Nelson, 1992; Supeét al., 1997). The field of metal ion

mutants could be complemented by their human
homologs. The studies of yeast metal ion transporters
helped to unravel the molecular mechanism of macro-
phage defense against bacterial infection and heredit-
ary diseases.
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transporters is in its infancy; therefore | will put forward
some examples while neglecting others.

Compulsion and punishment

Metal ion homeostasis is governed by two evolutionary
consequences. (i) Because redox reactions are fundamental
life processes and transition metals are essential for the
function of most proteins involved in redox reactions,
living cells compete for metal ion resources. (i) The
development of several life processes involves toxic
Metal ions are vital life elements that participate in reagents that, when present in abnormal amounts, cause
numerous metabolic junctions in every living cell. There- damage to the very function that they serve and to proteins
fore, an aberration in metal ion homeostasis might and nucleic acids that are present in their proximity. The
cause death or severe illness. Metal ion homeostasis isbrain utilizes components such as NO, CO and metal ions
maintained through highly regulated processes of uptake,that inflict damage during their normal physiological
storage and secretion. A specific set of transporters func-action (Supelet al., 1997). Moreover, the tendency of the
tion in each cellular compartment to provide a delicate brainto operate onthe edge is exemplified by the utilization
balance of transport activities across their membranes.of glutamic acid as the major excitatory neurotransmitter.
Because metal ions are vital for several life processes,As a chemical, glutamic acid is not toxic and can be
and their action also inflicts damage on DNA and proteins, accumulated in the cytoplasm of most cells to relatively
their proper distribution is vital and a slight alteration in high levels. Following the adoption of glutamic acid as a
their activity could cause severe disease. For example,neurotransmitter, specific systems evolved to render it
abnormal iron uptake has been implicated in the most highly toxic when present outside the brain cells. The
common hereditary disease hemochromatosis, as well assame principle holds for the utilization of transition metals
in neurological diseases such as Parkinson’s diseasejn several metabolic and neuronal functions.
Friedreich’s ataxia and Pica (Babcockt al, 1997, Metal ion transporters provide an efficient tool for
Andrews and Levy, 1998; Askwith and Kaplan, 1998). competition for the limited resources, and at the same
Apparently, any aberration in the cellular metal ion con- time their regulation should provide solutions to the
centrations may cause a shortage of a vital metabolic changing environment and the potential damage inflicted
element or inflict damage that may lead to cell death. by abnormal concentrations. The answer to the challenging
Therefore, limited activity of a single metal ion transporter demand was given by providing the living cells with a
may cause growth arrest, and excess activity of the samewide variety of metal ion transporters acting in concert in
transporter may be toxic, leading to cell death. the various organelles and cellular membranes. The differ-
Recent studies on metal ion transporters painted aent transporters can be grouped into those that are driven
picture of coordinated action of uptake and secretion by the chemical energy of ATP and those that are driven by
systems for achieving the proper homeostasis for indivi- electrochemical gradients of protons and other ions. Some
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of the systems are built up by couples of transporters, endosomes, thereby releasing the bound iron by the low
one of high affinity and low capacity and the other of low pH generated by V-ATPase, and finally iron transport
affinity and high capacity (see Eide, 1997). across the endosomal membrane into the cytoplasm (Supek
The different metal ions may be grouped into redox- et al, 1997; Gruenheiat al, 1999; Nelson and Harvey,

active ions such as Fe, Cw?", Co?" and to a lesser  1999). A defect in the transferrin pathway results in iron
extent Mr#*; and non-redox-active ions such as’Cand deficiency, suggesting the predominance of this pathway.
Zn?*. Zinc and calcium may be targeted to transcription Apparently, mammalian cells experience an iron stress
factors and other enzymes involved in DNA metabolism, that can be overcome by the tight binding of iron onto
because the presence of redox-active metal ions in theseransferrin at neutral pH and its release at low pH. This
places can lead to the promotion of radical reactions that would provide an iron uptake system that can compete
result in nucleic acid damage. The redox-active ions with the natural iron-chelating materials that are present
normally function in enzymes that participate in redox outside the cell. Since the affinity of most iron chelators
reactions and the conversion of active oxygen-containing decreases at low pH, a similar mechanism of iron uptake,

components. All of these processes require defined gperating through the endocytic pathway, may exist in
amounts of specific metal ions at the right position and most eukaryotic cells.

in a timely fashion. A closer look at the overall iron intake into mammalian
cells revealed that the receptor-mediated iron uptake is
The mixed blessing of iron utilization accompanied by transporter-mediated iron uptake (Jordan

) ) and Kaplan, 1994). It was also apparent that even the
The electronic structure of the two redox states of iron, yransferrin-mediated iron transport should be accompanied
Fe* and Fé", renders them the most versatile cofactors 4 transporter that would facilitate the iron transport
in biological redox reactions. Even though iron is a major 5cr0ss the endosomal membrane (Supekal, 1997).
component of our planet, its availability on the earth’s Recent studies indicate a central role for these transporters
surface is limited. The amounts of iron in the oceans i, iron homeostasis (Fleminegt al., 1997; Gunshiret al.
limit the proliferation of phytoplankton and essentially 1997- Andrew et al. 1999). The dis:covery that the
limit the total mass of other organisms that are higher yeast homolog Smflp of the mammalian Nramp (natural
up in the f‘I)Od t‘;h?]'n t()BehrenfeId ;‘nd T(Olber’ 19?]9)' resistance-associated macrophage protein) is a metal ion
Consequently, both bacteria and eukaryotes haveyansnorter paved the way for this advancement (Supeck
developed extremely efficient systems that can competey 5 “1996). Subsequently, it was demonstrated that the

fTor:ethe ;(r)(:jr:jcr:sgtﬁ]rge sztcrzltjgnz? doeTgl?]%rzzncv?/ﬂEL%tlogrsé two mammalian homologs of Smf1p are broad-range metal
ironychglators that can bind iron veryptightly (down to lon transporters and may play a crucial role in iron
10-1% M). The loaded chelators can be either taken up absorption from the dgodenum as well as transport of _the
or provide the iron to the plasma membrane high low pH releasgd iron in the endpsomes. Figure 1 deplpts
affinity transporters (Ardoret al, 1998; Atkinsonet al., a balanced view of the function of key elements in
1998; Fisheret al, 1998; Lestisseet al, 1998). The  lransporters and receptor-mediated iron uptake. Since
oxidized iron is more abundant outside the mammalian

global iron limitation was created by the generation of .
an oxidative atmosphere by photosynthetic cyanobacteriaf:e"S and Nramp2 (DCT1 or DMT1) transports iron only

(Lewin, 1976). This in turn oxidized most of the surface In it+s_reduc_ed form,_ a_copper-mediateoGFt_aeduction to

iron into Fé* that is insoluble at neutral and high pH and Fe" is the first step in iron transport (Askwith and Kaplan,
is not available to the organisms. On the other hand: Fe +998). The mechanism of Fesecretion from the cell is
can be tightly bound to several compounds, and thus mostOt cléar, but in the blood stream another copper protein,
of the siderophores and the cellular iron-binding proteins Ceruloplasmin, oxidizes Fé to Fe" and makes it
such as transferrin and ferritin bind and store iron in its @Menable to bind apotransferrin. Subsequently, trans-
oxidized form (Kaplan and O’Halloran, 1996). Reduction ferrin binds to the transferrin receptor and is internalized
of the bound F& to F&* and/or lowering the pH are by endocytosis to the endosomes; the iron is released by
utilized by the different systems for the release of the the low pH generated by V-ATPase and IS transported
bound iron and for making it available for transport and Into the cytoplasm by Nramp2 (Supekal., 1997; Fleming

the required enzymatic and metabolic processes (Shatwellet al, 1998; Gruenheidet al, 1999). The amount of free
et al, 1996). iron in the cells is controlled by the amount of its uptake

Mammals usually have an abundant supply of iron in and the amounts of iron stored in ferritin. These processes
their food, and their main concern is to regulate the iron are regulated inversely by the iron regulatory protein (IRP)
supply according to the specific demands of the different Which is a non-heme-ion protein with enzymatic activity
tissues and specialized cells. Because of the potentialof aconitase at high iron levels and which binds to an
damage inflicted by the presence of iron in wrong compart- iron-responsive element (IRE) after losing the iron at low
ments or at excessive concentrations, a very elaborateiron concentrations (Gehrirgf al, 1999). The importance
system of uptake, storage and release was developedf iron storage in the mitochondria was elucidated by the
(Hediger, 1997; Andrewst al., 1999). Initial studies with  study of Yfh1p, which is a homolog of the human frataxin
isolated mammalian cells indicated that iron transport is (Babcocket al., 1997). Decreased amounts of the human
mediated predominantly by the transferrin system. This protein cause Friedreich’'s ataxia. Several recent reviews
pathway involves the adsorption of iron onto transferrin, cover the subject of iron uptake and storage in different
followed by the binding of the Fe—transferrin to its compartments of eukaryotic cells (Hediger, 1997; Andrews
receptor, internalization of transferrin-bound receptors into and Levy, 1998; Askwith and Kaplan, 1998; Eide, 1998;
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Fig. 1. Schematic representation of key elements in iron transport and
homeostasis. The different tissues are represented by a duodenal cell
(enterocyte), a blood cell (macrophage) and a parenchymal cell such
as an hepatocyte (cell). It is proposed that DCT1 (Nramp2) is the main
port of iron entry in the duodenum. The reduced iron is provided
directly from the food (meat) or it is enzymatically reduced on site.
Iron is competing for transport with other metal ions. The mechanism
of iron secretion from the cell is not specified. In the blood stream, the
iron is oxidized by ceruloplasmin, binds to transferrin and transferrin
receptors of different cells, is taken up by endocytosis, liberated in the
endosomes by the acidic pH and transported to the cytoplasm by
Nramp2 or Nrampl in specific cells such as macrophages. N, nucleus;
G, Golgi; M, metal ion; Tf, transferrin; Y, transferrin receptor.

Andrewset al., 1999; Radisky and Kaplan, 1999), but the
subject is far from exhausted.

Studies in yeast and their implication for
other eukaryotes

Metal ion transporters and homeostasis

1988; Witteet al., 1988; Yanget al, 1988). The activity

of the purified peptidase is inhibited by chelators such as
EDTA or orthophenantroline and is stimulated by ¥n
Zn?* or Ca?* (Hawlitscheket al., 1988). The temperature-
sensitivemif1-1 mutant may result from reduced stability
of the processing peptidase under limited manganese
concentrations in the medium (Supek al, 1996).
Similarly, Cdc1p may be a Mri-dependent cell division
cycle protein that is also vital for cell growth (Paidhungat
and Garrett, 1998a,b). Asp2mutant that is sensitive to
the presence of EGTA in the medium was generated by
ethyl methanesulfonate (EMS) treatment of yeast cells
(Supeket al., 1996). It was demonstrated that the Csp
phenotype of thecsp2 mutant is caused by a missense
mutation in the CDC1 gene, in which Gly149 was
substituted by arginine. Therefore, thalcl-1 (csp?
mutant exhibited very similar characteristics to thasl

(or mifl-1) mutant, with the exception of their growth-
inhibiting conditions (which are EGTA and 37°C,
respectively). In both cases, the block can be relieved by
supplementing the media with Mh or overexpressing
SMF1 that transports Mri from the medium and elevates
its concentration in the cytoplasm (Supek al., 1996;

Liu et al, 1997). Further studies indicated that SMF1 is
a general metal ion transporter and can transport not only
Mn2*t, Zr?* and Cd* (Supeket al., 1996), but also P,
Cd?*, Ni®* and C8™ (Liu et al, 1997; Supelet al., 1997;
X.Z.Chen, J.B.Peng, A.Cohen, H.Nelson, N.Nelson and
M.A.Hediger, submitted). Yeast cells contain two addi-
tional genes of this familysMF2and SMF3 and indirect
evidence indicates that their products are also broad-range
metal ion transporters but exhibit different specificity
from that of SMF1 (A.Cohen, H.Nelson and N.Nelson,
unpublished).

A mutation in themalvolio (mvl) gene affects taste
behavior inDrosophila The gene is expressed in mature
neurons in the central and peripheral nervous system as
well as in macrophages (Rodriguet al, 1995). It
was shown that the electrophysiological responses of the
peripheral neurons to taste stimuli are normal in these
flies. This suggests that the abnormal taste behavior of
the mutant resulted from a defect in information processing
rather than in the reception of the stimulus (Rodrigues
et al, 1995). Since the amino acid sequence of MVL is
65% identical to that of the mammalian Nramp (Vidal
et al, 1993, 1995; Cellieet al, 1995), it is likely that

Genetic screens have identified several yeast genes thaboth of them have a similar function. The discovery of a
encode metal ion transporters or are involved in metal ion yeast protein (Smflp) that is ~30% identical in its amino
homeostasis. Some of these genes are specific for fungi;acid sequence to Nramp and MVL raised the possibility
others belong to gene families that expand from bacteria that the mammalian anBrosophila proteins also have a

to human. Some yeast and human homologous proteinssimilar function (Supelet al, 1966). According to this
were found to be related to copper and iron transport hypothesis, metal ion homeostasis is impaired inNh&
(Andrews and Levy, 1998; Eide, 1998; Radisky and mutant, resulting in a loss of taste perception for sugars.
Kaplan, 1999), but the most ubiquitous proteins discovered To test this hypothesid/VL mutant flies were allowed to

in that way are the metal ion transporters encoded by thedevelop from eggs to adulthood on a medium containing
SMF gene family (Supelet al., 1996, 1997)SMF1was elevated concentrations of metals. Mutant flies that were
originally cloned as a high copy number suppressor of a reared in the presence of 10 mM Mp@F FeC}, developed
temperature-sensitivenifl-1 mutant (Westet al.,1992). into adults with recovered taste behavior (Orgetdal.,
MIF1 (MAS]) and MAS2(MIF2) encode the processing- 1998). Furthermore, exposure of adult mutant flies to these
enhancing protein and the matrix-processing peptidase,ions in the testing plate for opl2 h was sufficient to
respectively. The two proteins function as a heterodimer restore normal taste behavior. The suppression of defective
to form the active holoenzyme of mitochondrial processing taste behavior suggests that the MVL protein functions as
peptidase, which is vital for cell growth (Polloak al., an Mr?™ and Fé&* transporter and that Mr and/or Fé*
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are involved in the signal transduction of taste perception (Durr et al., 1998). Even though, individually, not one of

in Drosophilaadults (Orgagkt al., 1998). The role of M#i* them is essential for growth, it is possible that collectively
and F&" in neurotransmission and taste perception is not they are vital, and inhibiting their activity through lack of
clear. Their possible involvement in neural development manganese results in growth arrest. The analogy between
was ruled out since Mit and F&" suppressed the mutant the uptake systems and site of activity between iron and
phenotype even when supplied to flies only at the adult manganese is quite apparent. Both systems utilize plasma
stage, when the nervous system had already beenmembrane transporters that are probably driven by electro-
developed. Alterations in metal ion homeostasis are known chemical gradients for the metal ion supply and P-type

to result in several neurological diseases, andOieso- ATPases that function to provide the metal ions to the
phila mutants may provide a useful genetic tool to study lumen of the vacuolar system, facilitating reactions that
their molecular mechanism. require the specific metal ion.

Most of the plasma membrane transporters utilize  The mechanism of metal ion transport by eukaryotic
electrochemical gradients as the driving force for their cells is largely obscure. Most of the information came
transport activity. Several other transporters utilize ATP from electrophysiological studies on DCT1 (Nramp2) and
for transporting substances across the membrane. Most ofSmflp that were expressed Xenopusoocytes (Gunshin
them belong to the superfamily of P-type ATPases that et al., 1997). Figure 2 depicts experimental and kinetic
are integral membrane proteins, having a similar structure elements that may help in understanding the complexity
and mechanism of action to those of M "-ATPases of this transport system. Yeast cells grow at a relatively
and C&"-ATPases (Maedat al., 1998). TheCCC2gene acidic pH and their plasma membrane is energized primar-
in Saccharomyces cerevisiancodes such an ATPase ily by the P-type proton pump Pmalp (Nelson, 1992).
(Ccc2p) that exports copper into the lumen of post-Golgi Consequently, most of their transport systems are driven

vesicles (Fuet al.,, 1995; Yuanet al,, 1997). LikeSMF], by the protonmotive force and several of the transported
this gene was cloned by a complementation of the substances are taken up by co-transport with protons.
seemingly unrelated mutatiorsgl which exhibits C4" Mammalian cells grow at neutral pH and most of them

sensitivity. Several of the ATP-dependent pumps function utilize a sodium electrochemical gradient generated by the
in providing electrochemical energy to secondary pro- Na'/K*-ATPase for driving their uptake systems. Usually
cesses as well as detoxification of the cytoplasm by sodium is co-transported across the membrane with the
exporting a wide variety of substances (Pettial., 1996). various substances (Wrigkt al., 1994). It was therefore
Originally Ccc2p may have functioned in transporting quite surprising to discover that some of the plasma
excess copper from the cytoplasm. The bacterial homologsmembrane mammalian transporters that operate at neutral
of Ccc2p may fulfill this function (Phungt al., 1994). In pH co-transport protons with their substrates (Mackenzie
in eukaryotic cells, the main function of this transporter et al, 1996; Steekt al., 1997; Cheret al, 1999a). It was
apparently is to supply copper to an organelle of the demonstrated that DCT1 co-transport$ Fegether with
post-Golgi network, where assembly of a complex that H* with a stoichiometry of 1:1 (Gunshiet al., 1997).
contains a copper-dependent oxidoreductase and an irorReplacing N& by choline and Clby NO;~ or SCN- had

permease (Fet3p in yeast) takes place (Culettaal., no effect on the F& transport (Gunshiet al., 1997). At
1999). Consequently, mutations in Ccc2p or its mammalian physiological membrane potentials of -90 to
homolog result in iron deficiency. -30 mV, the apparent affinity constant for*Hwas

The vacuolar system of eukaryotic cells serves as a~1pM, suggesting that the membrane potential component
major storage site for metal ions and plays a crucial role of the protonmotive force provides most of the driving
in the homeostasis of calcium and other metal ions (Nelson force for Fé" transport. DCT1 expressed Xenopus
and Harvey, 1999). The vacuolar'FATPase (V-ATPase)  oocytes induces a proton leak at low pH and, under certain
provides the protonmotive force for several of the vacuolar conditions, may operate as an*Huniporter (Gunshin
transport systems. Some other transport processes aret al, 1997). The yeast Smflp, expressedXanopus
driven by primary pumps that are P-type ATPases. Man- oocytes, exhibited quite similar properties to DCT1
ganese homeostasis is modulated by Smflp and Smf2p,(X.Z.Chen, J.B.Peng, A.Cohen, H.Nelson, N.Nelson and
which are plasma membrane residents and by the P-typeM.A.Hediger, submitted). The most striking difference
ATPase Pmrlp, which is situated in the vacuolar system was observed for the uncoupled leak, which was specific
(Antebi and Fink, 1992). Pmrlp was discovered as a for Na" and not H. The physiological significance of
potential C&"-ATPase required for normal Golgi function  this phenomenon is not clear, but similar uncoupled leaks
(Rudolphet al., 1989; Antebi and Fink, 1992; Okorokov were demonstrated for the NzCl-dependent GABA
et al,, 1993). Later, it was discovered that Pmrlp supplies transporter GAT1 and the Né&glucose transporters SGLT1
the secretory pathway not only with €abut also with and SGLT2 (Locet al., 1993; Magett al., 1993, 1996).
Mn?*, which is required for glycosylation and protein The influences of substrates and inhibitors on the leak
sorting as well as degradation in the endoplasmic reticulum currents suggest that they are part of the transport mechan-
(Durr et al,, 1998; Okorokov and Lehle, 1998). It is ism (Wrightet al., 1994; Nelson, 1998).
remarkable that until recently manganese was not Since it is unlikely that the transport of a divalent
considered to be an essential element for yeast growth,cation such as Fé will be driven by additional cation
and only by discovering that mutations in Cdclp and H*, we further studied the influence of anions on the
Mas1p can be complemented by the addition ofMdid currents generated by expressed DCT1 (Nramp2) in
it become apparent that this metal ion is vital (Supek Xenopusoocytes (A.Sacher, A.Argaman and N.Nelson,
et al, 1996; Paidhungat and Garrett, 1998a,b). Manganeseunpublished). A two-electrode recording of currents
functions as a cofactor of some glycosylation enzymes induced by electrogenic transporters with or without
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Fig. 2. Schematic representation of the minimal steps involved in the pre-steady-state currents and metal ion transport of the SMF-like transporters
expressed irXenopusoocytes. A) Schematic presentation of two-electrode voltage-clamp analysis of currents generated by DCT1 expressed in
Xenopusoocytes at+50 or —100 mV. The imposed voltage lasted for 100 ms and an additional 100 ms were recorded upon return to the holding
potential of —=50 mV. In the absence of metal ions, a pre-steady-state current is observed only at a positive imposed potential. Upon return to the
holding potential, a discharge of the pre-steady-state current is recorded. Addition of b&nGks a relatively small outward current at the positive
potential and a large current at the negative imposed potential. The large current at the negative potential is composed of transport pluglarge leak o
slip. (B) °F€?* uptake at different holding potentials in the presence (solid bars) and absence (hatched bars) of chloride ions in the medium. The
chloride was substituted by 100 mM gluconate. A concentration of ~2 niMsQdresent in the gluconate solutio© éndD) Schematic description

of the kinetic coupling and the sequential binding of protons)(Hthloride (Ct) and metal ion (M) as well as the influence of membrane

potential () on the different steps in the mammalian metal ion transporter DCT1 (Nramp?2). In the presence of chloride and the absence of metal
ions and only under positive potential (C), the proton-binding site (dot) is exposed. The proton can bind, move to the internal face of the membrane
and generate pre-steady-state current. Upon return to the holding potential of =50 mV, the process is reversed. Under a physiological negative
potential (D), the metal ions binding open up the proton-binding site and, following translocation inside the oocyte, they are released and a
steady-state current is generated. In the presence of metal ions and negative potential, a large leak current (slip) of protons is generated (left).

their substrates reveals not only the steady-state but alscOocyte-expressed DCT1 exhibits large pre-steady-state
pre-steady-state currents (Wright al.,, 1994; Looet al, currents but only at positive potentials (Gunskinal.,
1998). The steady-state current is the result of net chargesl997). The appearance of pre-steady-state currents only
transported across the membrane with time and is propor-at positive applied potentials is a critical aspect in the
tional to the number of active transporters and to their kinetic puzzle. As shown in Figure 2C, we propose that
turnover under the given driving force. The pre-steady- positive potentials expose the proton-binding site on the
state reflects the exposure or temporary transport of outer surface of the transporter (depicted as a dot that
charges on or across the oocyte membrane under amrmoves from the inside out). The proton binds at low pH
applied potential. As shown in Figure 2A, upon return to with an affinity constant of ~1uM and the binding

the holding potential, the pre-steady-state current will be free energy is sufficiently larger than the inside positive
discharged as a mirror image of the induced one (Loo potential such that the proton can move to the internal
et al, 1998). The number of expressed transporters perface of the transporter. This movement is expressed as a
oocyte can be calculated from the integrals of the transientslow (half-life ~20 ms) inward positive current. Going
currents (Wrightet al,, 1994), and these numbers could back to the holding potential (<50 mV), the pre-steady-
be verified by counting the particles obtained by freeze- state relaxes as an outward positive current with similar
fracture electron microscopy (Eskandai al, 1998). kinetics (Figure 2A, left). Addition of metal ion results in

4365



N.Nelson

Macrophage

the disappearance of the pre-steady-state current, either
by preventing the inward proton movements (see below)
or under competent transport conditions by releasing the
proton and the metal ion from the membrane to the
cytoplasm (Figure 2A and D, right). Both actions would
result in the disappearance of the pre-steady-state current.
Very recently, we observed that substituting” @ the
transport solution with gluconate or isethionate results in
the appearance of large pre-steady-state currents not only
at positive but also at negative applied potential. Moreover,
substitution of chloride anions by gluconate drastically
reduced theéFe&#™ uptake into the oocytes and rendered

it sensitive to membrane potential (Figure 2B). In the
presence of chloride, t8F&" uptake was insensitive to
imposed membrane potentials from —75 #6560 mV
(Figure 2B, and unpublished observations). Therefore,
the metal ion transport is dependent on the presence of
CI~ or other small anions such as N@r SCN but not
SOZ. We propose in Figure 2D that the metal ion is
co-transported with CJ and the steady-state current results
from the transport of positive charges of HThe kinetic
scheme depicted in Figure 2 explains some but not all of the
observations mentioned above. The physiological virtue of
the leak or slip currents in DCT1 and Smflp can be
explained in terms of prevention of excess metal ion
uptake under stress. In the course of our studies on other
transport systems, we came to realize that there is no
biological process without a slip and that understanding
transport processes requires unraveling of the mechanism
of their slippage. The kinetic experiments with DCT1 and g 3 The function of Nramp and its bacterial homolog MIT in
Smflp expressed iXenopusoocytes, together with the  macrophage—pathogen interaction. The infecting bacterium is taken
available yeast mutants, provide a solid foundation for a into the macrophage phagosome where it is challenged by reactive

detailed study of the mechanism of metal ion transport ©XYgen components. The bacterium protects itself by producing
across membranes metalloenzymes such as catalase and superoxide dismutase that can

neutralize the toxic agents. For that it needs a large supply of metal

ions that are taken up from the macrophage into the bacterium by its
metal ion transporter MIT. The macrophage defense is based on the
deprivation of the bacterium of the required metal ions by the activity

Metal ion transport in mammalian cells and

human diseases of the metal ion transporter Nramp1. N, nucleus; V.S., vacuolar
. . . system; M, mitochondria; M.l., metal ions; SOD, superoxide
Metal ion homeostasis and host defense against d?/smutase' Cat, catalase. P

bacterial infection

There has been an upsurge of tuberculosis in many parts

of the world in the past decade. The most catastrophic cytosis of a parasite into the phagosome, the macrophage
phenomenon is the emergence of multidrug-resistant produces reactive oxygen and/or nitrogen intermediates
strains ofMycobacterium tuberculosisThese organisms that are toxic for the internalized bacteria (Segal and Abo,
have caused epidemic outbreaks in healthcare institutes in1993). The survival of the pathogen during the burst of
the USA and some European countries. Due to the macrophage respiratory activity is mediated by microbial
development of antibiotic resistance, there is a quest for enzymes, most of which contain metal ions in their active
other novel modalities of therapy. The cloninghfamp1 centers (Charmt al. 1992). It was proposed that Nrampl1,
identified a gene responsible for the resistance or sensitivity like its yeast homolog, transports metal ions from the
of mice to mycobacteria and defined a novel target for phagosomal lumen into the cytoplasm (Supékl., 1996,
therapeutic agents (Vidat al., 1993).Nramplis identical 1997). Thus the metal ion depletion of the phagosomal
to the Ity and theLsh genes conferring resistance to lumen becomes a rate-limiting step in metalloenzyme
infection by Salmonella typhimuriumand Leishmania production by the engulfed bacteria. This will restrict
donovanj respectively (Planet al, 1982). Although the  mycobacterial ability to produce active enzymes such as
cloning of Nramp identified the gene responsible for superoxide dismutase (SOD) and prevent the propagation
resistance of mice to mycobacteria, its function was of the ingested microorganisms. Conversely, an increased
unknown. The identification of Smflp as the yeast Nramp concentration of metal ions in the phagosome caused by
homolog, and a possibly similar function for those two a defective Nramp transporter (BEgnay promote the
proteins suggested that the mammalian protein functionsgrowth of the mycobacteria and render the organism
as a scavenger of metal ions from the bacteria-containing sensitive to the pathogen. The discoveryNoAmphomo-
phagosomes (Supek&t al, 1996). Figure 3 depicts a logous genes in several bacteria suggests that the pathogens
proposed model for the role of Nrampl in macrophage use the same strategy in competition for the limited
defense against microbial invasion. Following the phago- amounts of metal ions inside the phagosome. Several
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recent studies support this proposal (Agranoff and Krishna, vacuolar system (Golgi or endosomes), and decreasing
1998; Fleming and Andrews, 1998). Studies with yeast iron concentrations in the external milieu would cause the
mutants may provide an amenable system for discoveringrelease of Nramp2 and its deposition on the plasma
new drugs targeted specifically against the bacterial trans-membrane. Furthermore, mutated HFE results in failure

porters. It was demonstrated that the double disruptantof holding Nramp2 in the vacuolar system, followed by

mutant in whichSMF1 and SMF2 were inactivated fail

to grow at pH 8 (Pinneret al, 1997). The restricted
growth of this mutant could be complemented by the
expression ofNramp2 We generated a triple disruptant
mutant in which all threeSMF genes were inactivated
(A.Cohen, H.Nelson, J.Voss and N.Nelson, unpublished).
This mutant is unable to grow at pH 7.5 and could be

excess iron uptake that eventually causes symptoms of
hemochromatosis. A similar mechanism was reported for
Smflp in yeast cells (Liet al, 1997; Liu and Culotta,
1999). The Bsd2p was shown to hold the Smflp in the
vacuolar system, and in its absence much more of the
transporter was deposited on the plasma membrane. This
proposed mechanism is in line with several other regulatory

complemented by expression of the metal ion transporter systems of transport processes including the insulin-

MIT from Mycobacterium leprae A drug against
mycobacteria can be developed by looking for com-

induced regulation of glucose transporter trafficking
(Wrightet al., 1994) and the regulation of monocarboxylate

ponents that inhibit MIT-dependent yeast growth and have transporters by OX-47 (Juel and Halestrap, 1999). Very

no effect onNrampZXtdependent yeast growth.

Hemochromatosis

recently, a locus on the long arm of chromosome 1 was
identified as the location bearing the gene responsible for
juvenile hemochromatosis (Roett al.,, 1999). Affected

Hemochromatosis is the most prevalent hereditary diseasejuveniles did not show linkage to chromosome 6p and do

with an estimated carrier frequency of ~10% (Edwards

not have mutations in thélFE gene. It will be very

et al, 1988). The progression of the disease is a result of interesting to determine whether the new gene influences
excess iron accumulation that is deposited in a variety of the distribution and/or activity of the metal ion transporter
organs. The excess iron causes progressive organ failureDCT1 or the receptor-mediated iron uptake.

resulting in various illnesses such as diabetes, hepatoma,

cirrhosis, cardiomyopathy and arthritis (Bothwel al.,

Metal ion homeostasis and neurological diseases

1995). Severe effects of the disease usually appear in oldTransport of metal ions from the blood to the brain

age after decades of progressive iron loading. Therefore,

involves the crossing of the blood—brain barrier. Studies

the disease did not capture the front pages of newspapersof iron transport in the brain showed that the blood—brain

A gene HFE) encoding MHC class I-like protein, in
which two missense mutations were found in 85% of
patients’ chromosomes, was identified by positional clon-
ing (Federet al., 1996). The majority of the patients were
homozygous for a C282Y substitution in the HFE protein.
This mutation eliminates the ability of HFE to associate
with B,-microglobulin and prevented cell surface expres-
sion (Parkkilaet al.,, 1997; Fedeet al., 1998; Royet al.,
1999). How can an MHC-like protein, in association with
,-microglobulin, control iron homeostasis and cause

barrier permeability of Fe—transferrin is similar to that of
albumin (Morriset al., 1992). The experiments suggested
that uptake of iron into the brain involves the transport of
iron from iron-loaded blood transferrin to a brain-derived
transferrin for extracellular iron transport within the brain
(Morris et al,, 1992). Subsequently, the iron is taken up
via transferrin receptors into the brain cells. High peri-
pheral iron concentrations in hemochromatosis patients
result in elevated iron levels in the brain (van Geléeal.,
1998). Perturbation in iron homeostasis was observed by

hemochromatosis when mutated? The best candidate waghronic treatment of rats with chlorpromazine, a medica-
the transferrin receptor that was found to be associatedtion for schizophrenic patients (Ben-Shacbkaal., 1994).

with HFE (Waheedet al, 1999). The association was This observation suggests that some of the side effects
demonstrated as taking place in crypt enterocytes of thecaused by psychotic drugs may be due to perturbation of
duodenum, where it has a unique intracellular localization. metal ion homeostasis. Manganese is also readily taken

However, the major site of iron uptake is in the villus,
where the receptor has little or no function in iron transport
into the cells. The discovery of Nramp2 (DCT1 or DMT1)
as an iron transporter and its localization in villus cells
suggest a major function for this metal ion transporter in
iron uptake from the duodenum to the cells (Gunshin
et al, 1997; Andrewset al., 1999; Garricket al., 1999).
Recently, a reciprocal regulation ¢iFE and Nramp?2
gene expression by iron in human intestinal cells was
reported (Haret al.,, 1999). WhileHFE mRNA and protein

were increased by increasing cellular iron concentrations,

the level ofNramp2mRNA decreased. Thus, the modula-
tion of Nramp2is in line with cellular needs. It is proposed

up into the central nervous system, most likely as a free
ion (Murphy et al, 1991; Rabiret al., 1993). However,
the transport is affected by plasma proteins such as
albumin and transferrin that bind Mn Except for its
function in metalloproteins, there is no indication of
specific neuronal modulation by manganese. However, the
recent observation that Mh and Fé" affect the taste
behavior of Drosophila suggests that metal ions may
function in novel signal transduction pathways in the brain
(Orgad et al,, 1998). Recent studies demonstrated that
zinc can be considered as a neurotransmitter because it is
accumulated in presynaptic vesicles of excitatory neurons,
is released with synaptic activity, interacts with some

that iron absorption from the duodenum to the enterocyte ionotropic receptors and is taken back by a specific
cells is modulated by the amounts of Nramp2 present on transporter (Assaf and Chung, 1984; Howetllal., 1984;

the plasma membrane (Flemirg al., 1999). The HFE

functions in these cells directly or indirectly as a negative
regulator of Nramp2 trafficking to the plasma membrane.
Large amounts of HFE would hold the Nramp2 in the

Peterset al,, 1987; Westbrook and Mayer, 1987; Seguela
et al, 1996; Senset al, 1997; McMahon and Cousins,

1998). Zinc can interact strongly with a variety of ligands
including sulfur in cysteine, nitrogen in histidine and
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oxygen in acidic amino acids. Therefore, it is likely to be homologs that are responsible for Wilson’s and Menkes
bound to serum proteins, and it may cross the blood—braindiseases (Fet al, 1995; Hunget al, 1997; Yuanet al,
barrier as a ligand of amino acids or other components 1997). These diseases are inherited disorders of copper
that bind zinc. In light of the recent observation of stress- metabolism resulting from the absence or dysfunction of

related breaks in the blood—brain barrier (Kauétral., homologous copper-transporting ATPases that reside in
1998), the mechanism of metal ion accumulation in the the trans-Golgi network of the cell (Schaefer and Gitlin,
brain should be re-evaluated. 1999). The prevalence of Wilson's disease in which

Because metal ions are critical for several metabolic copper accumulates in the liver, kidney, brain and cornea
processes and are poisonous at moderate or high conis ~30 per million. The homozygotic gene carriers
centrations, it is not surprising that growing numbers of eventually develop hepatitis, cirrhosis, amino aciduria and
neurological diseases are connected to metal ion homeo-neurological deterioration, especially in the basal ganglia
stasis. The interplay of specific and general metal ion of the brain. The human gene encoding the copper-ATPase
transporters and the connection between copper and ironresponsible for the disease was cloned and homozygous
transport cause multifarious alterations in metal ion mutations were identified in patients (Bt al, 1993;
homeostasis in each genetic aberration (Radisky andPetrukhinet al, 1993). There are splice variants of the
Kaplan, 1999). In addition, individual physiological gene including arecently discovered night-specific copper-
adaptations can take place during the development oftransporting ATPase that exhibits a diurnal expression
persons bearing an identical mutation in a metal ion rhythm in the pineal gland and retina (Borjigiet al,
transporter. If the mutation causes a mild alteration in the 1999). Menkes disease is a fatal, X-linked, copper defi-
transport activity but does not cause juvenile lethality, ciency disorder that results from defective copper efflux
each individual may adapt differently to the alteration and from intestinal cells (Schaefer and Gitlin, 1999). The
consequently experience a variety of symptoms, if any. human gene encoding the copper-ATPase responsible for
One of the best examples of such an adaptation is thethe disease was cloned, and qualitative or quantitative
neurological disease Pica, which is probably a result of abnormalities in its mRNA were identified in patients
low iron concentrations in certain parts of the brain (Moore (Vulpeetal., 1993). Menkes and Wilson’s copper-ATPases
and Sears, 1994). Individuals who are presumably affectedfunction in the same manner within the cell and they were
by the same iron shortage manifest different psychological spotted at the same location in the secretory pathway.
behaviors that can be grouped collectively as Pica. This Moreover, expressed normal cDNAs of the respective
phenomenon is also common in knockout mice that may genes corrected the copper transport defect of Menkes
develop somewnhat different phenotypes as a result of patient fibroblasts (La Fontaingt al, 1998). Therefore,
identical genetic alteration. The symptoms of Pica include the differences in the clinical expression of the two
a compulsive ingestion of non-food substances including diseases can be a result of the unique tissue-specific
dirt, ice, soap, ashes, chalk, paint and wooden sticks e€xpression of each protein and their specific function in
(Moore and Sears, 1994). The onset of the disease maycopper detoxification by accumulation in the vacuolar
be connected to heredity, environmental hazards andsystem (Wilson's) and copper transport from intestinal
physiological conditions, and may be manifested at differ- Cells to the blood (Menkes). The observation that in the
ent ages, or during pregnancy, iliness and stress. It is nowpresence of elevated copper concentrations there was a
well accepted that iron deficiency is the cause of Pica, rapid trafficking of Menkes protein from the Golgi to the
but the etiology of the disease is poorly understood. The plasma membrane suggests that the cellular biology of
recent discovery that manganese and iron may be involvedthe two copper-ATPases may be different (Peétsal.,
in taste perception iDrosophila(Orgadet al, 1998) may ~ 1996). Thus, both proteins may function in copper
provide a model system for the study of the neurological homeostasis by similar but not identical mechanisms.
consequences of variations in metal ion concentrations. They may supply the vacuolar system with enough copper

Copper homeostasis is critical for mammalian cells not to sustain the necessary iron uptake system and at the
only because it is necessary for several redox enzymesSame time to protect the cells from excess copper either
and to maintain iron homeostasis but also because of itsPy accumulation in the vacuolar system or by secretion
toxicity. Copper is present outside the cells as the oxidized from the cell. o _ _

Cw* form and may be transported in this form by the Hemochromatosis, Pica, Wilson’s and M.enkes _dlseases
metal ion transporters DCT1 in mammals and Smf3p in are only a few proven examples where etiology involves
yeast (Hediger, 1997; A.Cohen and N.Nelson, unpub- metal ion homeosta5|§. The onset ofr_'nany othe_r hereditary
lished). Two yeast genes encoding membrane proteinsa”d _enwronmental diseases, including Alzhelmer’s and
(Ctrlp and Ctr3p) that are involved in the uptake of Parklnson’s, may'eventually be connected leh metal
reduced copper Cuwere identified and studied in detail ions. Early detection and simple treatments with metal
(Dancis et al, 1994a,b). Although their synthesis and Supplements or chelating agents may prevent the damage
degradation are highly regulated by the external COIOIoer|an|cted by the imbalances in metal ion homeostasis.
concentrations, the mechanism of copper transport into

the yeast cells is largely unknown (Oetial, 1996; Labbe ~ Acknowledgements

et al, 1997). cDNAs encoding homologous proteins in This work was supported by a grant from the German Israeli Project
Arabidopsis and humans were cloned and shown to Cooperation (DIP).

complement the yeast null mutaeotrl-3 (Kampfenkel
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