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ABSTRACT: Recent information gained from genetic and biochemical studies of iron
transport in yeast, coupled with the identification of specific mutations causing iron uptake
disorders in mice and man, has provided new clues about the mechanisms involved in iron
uptake. This article summarizes these discoveries and discusses their impact on our current
understanding of the biochemistry of iron uptake.
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l. INTRODUCTION

Iron contributes a central and essential
role in the metabolism of nearly all organ-
isms, from microbes to man. Indeed, only
members of thd.actobacillus family ap-
pear capable of sustaining life without iron
(Archibald, 1983). The biological impor-
tance of iron results from its chemistry,
which involves a reversible one electron
oxidation-reduction reaction that exchanges
ferrous and ferric iron between its two com-
mon oxidation states. This chemistry is har-
nessed to enable vital physiological activi-
ties such as the oxygen-carrying capacity of
hemoglobin and the production of ATP sup-
ported by iron-dependent enzymes involved
in electron transport. Unfortunately, the same
oxidation-reduction reaction contributes to
Fenton chemistry converting superoxide and

its dismutation product, hydrogen peroxide,
to the potent oxidizing hydroxyl radical
(-OH):

FENTON REACTION

Fe(lll) + O~ - Fe(ll) + G,
Fe(ll) + HO, - Fe(lll) + -OH + OH

To enable survival, organisms must not only
guard against the capacity of iron to unleash
this highly reactive species, but they must
also devise the means to manage iron in the
face of the extreme insolubility of hydro-
lyzed ferric iron; the solubility product of
Fe(OH) is 10 M4, and it is estimated that
the free iron concentration in neutral solu-
tions is 16'® M. Thus, molecules involved
in iron transport need to acquire and then
maintain iron in a soluble and nontoxic form
that is bioavailable. Therefore, it is not sur-

Copyright © 1999, CRC Press LLC — Files may be downloaded for personal use only. Reproduction of this material

without the consent of the publisher is prohibited.

RIGHTS LI MN Kiy



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/05/12
For personal use only.

prising that multicomponent mechanisms for
iron uptake have evolved to include a com-
plex array of ferrireductases and ferroxidases
as well as permeases. In fact, most organ-
isms display multiple uptake systems under
tight regulatory control. For exampke, coli
utilizes six siderophore-mediated Fe(lIl)
transport systems and one Fe(ll) transport
mechanism (reviewed by Braun et al., 1998).
In response to environmental levels of iron,
the Fur repressor tightly coordinates expres-
sion of these factors by the bacteria. Such
regulation is a common but critical regula-
tory feature of iron uptake by all organisms
in thatiron homeostasis is maintained by
restricting its import rather than modulat-
ing export in states of iron overloa@his
review focuses on the mechanism and regu-
lation of iron uptake by eukaryotic cells and
the recent discoveries that have identified
the molecules involved.

Il. MULTIFACTORIAL YEAST
SYSTEMS

Studies of iron uptake by the ye&stc-
charomyces cerevisideave provided ma-
jor contributions to our understanding of
cellular iron transport through combined
biochemical and genetic approaches. These
investigations have revealed the complexity
of this process through the identification of
multifactorial iron uptake systems involv-
ing both reductases and oxidases that are
tightly coupled to membrane permeases.

A. Ferrireduction and Iron
Uptake

The first problem encountered in the
acquisition of iron is the limited bio-avail-

ability of the ferric form due to the propen-
sity for insoluble ferric hydroxides to form
under aerobic conditions at neutral pH. Early
biochemical evidence indicated that import
of iron by yeast involved the reduction of
ferric chelates to generate Fe(ll) (Lesuisse
and Crichton, 1987), and subsequent ge-
netic analysis led to the identification of the
ferrireductase genes FRE1 (Dancis et al.,
1990, 1992) and FRE2 (Georgatsou and
Alexandraki, 1994). Characterization of the
products of these genes revealed that the
expression of their activity was under tran-
scriptional control in response to cellular
iron levels such that ferrireductase activity
is induced under iron-deficient conditions.
Such studies supported the essential role for
Frel and Fre2 in iron uptake and uncovered
the tight homeostatic regulation of iron im-
port by yeast. The iron-responsive trans-
activator Aftl was later found not only to
modulate FRE1 and FRE2 gene expression
(Yamaguchi-lwai et al., 1995), but also to
control the synthesis of other yeast iron trans-
port factors (Yamaguchi-lwai et al., 1995;
Martins et al., 1998). Klausner and col-
leagues have proposed a yeast “iron regulon”
that becomes induced under conditions of
iron deprivation (Yamaguchi-lwai et al.,
1996), and indeed the dominant mutant
AFT1v allele supports increased yeast
ferrireductase activity and iron.

The Frel protein has a predicted mass
of 79 kDa and appears to be a polytopic
integral membrane protein based on hydro-
phobicity analysis (Dancis et al., 1992).
Sequence comparison reveals similarity with
the large subunit gp9®* of cytochrome
b.-s especially in domains thought to con-
tribute to the binding of FAD and NADPH
cofactors by NADPH oxidoreductase
(Shatwell et al., 1996). The FRE2 gene prod-
uct displays similarity with gp®1°*as well
as FRE1 (Georgatsou and Alexandraki,
1994), and all three resemble the fission
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yeastSaccharomyces pomliierrireductase
Frpl (Roman et al., 1993). Coupled with
p22hox gp9Phoxforms the membrane-asso-
ciatedbgsg flavocytochrome component of
the NADPH oxidoreductase complex in
phagocytes. When phagocytes are stimu-
lated, this complex transfers electrons from
cytosolic NADPH across membranes to re-
duce molecular oxygen, thus generating
superoxide anions to be utilized in host de-
fense against microbial invasion. The ho-
mology with gp9thox led Shatwell et al.
(1996) to speculate that Frel, Fre2, and Frpl
are members of a membrane-associated
flavocytochrome family capable of moving
electrons across the bilayer. Indeed, these
investigators have presented strong spectro-
scopic evidence demonstrating that Frel is
ab-type cytochrome (Shatwell et al., 1996),
consistent with the fact that heme-deficient
yeast lack ferrireductase (Lesuisse and
Labbe, 1989; Amillet et al., 1996). Muta-
tion of any one of four critical histidine
residues of Frel eliminates the entire heme
spectrum associated with its expression
(Finegold et al., 1996), revealing an
intramembrane bis-heme motif that appears
to be conserved in gp9® of the NADPH
oxidase complex as well.

Whether Frel incorporates a flavin group
and is capable of oxidizing NADPH is some-
what equivocal, but yeast overexpressing
Frel do have increased levels of membrane-
associated FAD as well as enhanced dia-
phorase activity (Shatwell et al., 1996).
However, it is significant that unlike the
NADPH oxidoreductase, which effectively
reduces molecular oxygen, Frel does not
(Shatwell et al., 1996; Lesuisse et al., 1996).
The b, flavocytochrome of the NADPH
oxidase complex contains not only the larger
B subunit of gp9F°xwith the NADPH and
FAD binding sites, but also the smalker
subunit of gp22'> which may play a regu-
latory role; the flavocytochrome is coupled

with three additional cytosolic components
in response to a Rac-activated signalling
pathway to generate and transport electrons
producing superoxide. These observations
raise the question of whether Frel acts as a
member of a multicomponent electron trans-
port chain with other yeast factors (Lesuisse
et al., 1996). Although some evidence sug-
gests that levels of NADPH dehydrogenase
activity in isolated yeast plasma membranes
do not correlate with Frel expression, mea-
surements of this diaphorase activity appear
to reflect contributions from membrane-as-
sociated cytochrome P-450 (Lesuisse et al.,
1997), and therefore the precise relation-
ship between Frel and NADPH dehydroge-
nase activity remains to be fully explored.
Shatwell et al. (1996) point out that expres-
sion of FRE1 from a high copy number
plasmid is sufficient to increase cell surface
iron reduction, concluding that any addi-
tional factors, if required, are not limiting
for this activity. These authors also report
that searches for additional ferrireductase-
deficient mutants have failed to yield mu-
tant alleles other than FRE1, although a
mutant in UTR1 does modify reductase ac-
tivity (Anderson et al., 1994). Lesuisse et al.
(1996) also report that while expression of
UTR1 from a multicopy plasmid only sightly
increased ferrireductase activity, co-trans-
formation with FET1 reveals strong syner-
gistic effects. Unlike FRE1, UTR1 gene
expression does not appear to be iron-re-
sponsive. The exact function of its product,
which is predicted to be a cytosolic factor,
remains to be rigorously determined. Be-
cause yeast ferrireductase activity is also
modulated by pleiotropic factors such as
CcAMP (Lesuisse et al., 1991), one specula-
tion is that ferrireduction may be post-tran-
scriptionally regulated by a protein kinase
A-dependent pathway potentially involving
phosphorylation of Utrl (Lesuisse et al.,
1996). This notion arises because ferrire-
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ductase activity persists in iron-rich media
during late exponential growth, conditions
under which FRE1/FREZ2 transcription should
be repressed (LeSuisse et al., 1990).

B. The Role of FET3 Ferroxidase
in Fe(ll) Transport

While the identification and character-
ization of the yeast ferrireductase Frel con-
tributed a great deal of information regard-
ing the mechanisms of iron uptake, the
membrane transport molecules remained
unknown. Biochemical studies revealed that
yeast import iron through at least two dis-
tinct pathways: a high affinity system with
a Km = 0.15uM and a lower-affinity sys-
tem with a Km > 5uM (Lesuisse and Labbe,
1989; Dancis et al., 1990; Eide et al., 1992).
What factors were involved in either of these
process remained unknown, however, until
two different genetic selections converged
to identify an unexpected and surprising
role for copper in high-affinity iron uptake.

Askwith et al. (1994) select&l cerevisiae
mutants defective in iron transport using the
aminoquinone antibiotic streptonigrin, which
is toxic in the present of iron. Cells grown
in low iron have induced expression of Fe(ll)
uptake and therefore increased sensitivity to
streptonigrin when challenged with iron-
rich medium. One mutant that emerged from
this screenfet3 was found to have defec-
tive Fe(ll) uptake despite normal levels of
ferrireductase activity. However, although
FET3 gene transcripts are regulated by iron
as expected based on the selectiofiet
yeast, its product was found to encode a
single transmembrane-spanning domain fac-
tor that had similarity to multi-copper oxi-
dases. Using a different approach, Dancis et
al. (1994) provided evidence that also im-
plicated important role for copper in yeast

iron uptake. To select for yeast mutants
defective in Fe(ll) transport, this group of
investigators utilized the FRE1 gene pro-
moter that confers iron-dependent expres-
sion (Dancis et al., 1992) fused to HIS3 to
produce a strain that was auxotrophic for
histidine under iron-dependent conditions.
Selection was performed on iron-rich plates
without histidine such that mutants sup-
pressed for the conditional auxotrophy could
be identified. Complementation cloning
identified a gene responsible for suppres-
sion in one such mutant given the designa-
tion CTR1. The CTR1 gene product is pre-
dicted to be a polytopic membrane protein
with 11 repeats of the consensus M-X-X-M,
an amino acid motif found in copper-bind-
ing proteins (Dancis et al., 1994). Most sig-
nificantly, CTR1 deletion mutants were
found to be not only defective in copper
transport, but in iron uptake as well.

The relationship between the copper
transporter Ctrl and Fe(ll) import was actu-
ally made evident by the multi-copper oxi-
dase Fet3 implicated in iron uptake. Studies
on the role of copper in Fe(ll) uptake indeed
revealed that copper-deficient cells are de-
fective in iron uptake (Askwith et al., 1994).
Moreover, while the Fe(ll) uptake defect in
Actrl yeast could be suppressed by ex-
tremely high levels of copper (500M),
transport byActrlAfet3 yeast could not be
restored (Dancis et al., 1992). Thus, a model
emerged that the function of Ctrl in copper
transport was required to support Fet3 ac-
tivity, an essential component of a copper-
dependent high-affinity iron transport sys-
tem. Later studies were to reveal the role of
a second transporter, Ccc2, that provides
copper to Fet3 within a cytosolic compart-
ment, indicating that the latter's oxidase
activity is lumenal or extracellular (Yuan et
al., 1995).

The identification of Fet3 enabled the
ultimate discovery of its associated per-
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mease, Ftrl. Using the same selection strat-
egy described above that led to the discov-
ery of Ctrl, Stearman et al. (1996) identi-
fied and characterized a second yeast strain
defective in high-affinity iron transport mu-
tated in a gene designated as FTR1. FTR1
mutants are phenotypically similar to FET3
mutants in the loss of high-affinity uptake
that cannot be corrected by manipulating
media copper concentrations. The FTR1
gene product appears to be a hydrophobic
protein predicted to span the membrane bi-
layer six times, implicating this factor as the
potential permease component of the cop-
per-dependent Fet3-mediated iron uptake
system. Like FET3, FTR1 gene expression
is induced by iron starvation; as both are
under control of the iron-regulated activator
Aftl, they appear to be key components
associated with the yeast iron regulon
(Yamaguchi-lwai et al., 1996; Stearman et
al., 1996). Using high copy number plas-
mids to express these factors independently,
the interactions between Fet3 and Ftrl were
confirmed; when either one is expressed
alone, iron uptake is not enhanced, but trans-
port is increased above wild-type levels
when both are expressed (Stearman et al.,
1996). Importantlyftrl strains display poor
Fet3 oxidase activity due to an apparent
defect in its synthesis, glycosylation, and
cellular localization; conversely, Ftrl does
not appear at the cell surfacdet3deletion

Fet3 is tethered to the membrane via a
single transmembrane spanning domain as
atype 1 membrane glycoprotein. DeSilva et
al. (1995) correlated iron-dependentdon-
sumption with Fet3 expression; trypsinized
spheroplasts lost this iron-dependent activ-
ity confirming the topological disposition
of the membrane protein’s functional activ-
ity as being extracellular. These authors also
confirmed the expected ratio for the
ferroxidase reaction of 4Fe: 10

4Fe(ll) + Q + 4H - 4Fe(lll) + 2HO

Only the human serum protein cerulo-
plasmin has been shown to catalyze this
same reaction, and characterization of Fet3
has revealed its close structural similari-
ties to this multi-copper oxidase. The prop-
erties of a soluble form of recombinant
Fet3 lacking the C-terminal membrane-
spanning domain were investigated by
Kosman and colleagues (Hassett et al.,
1998). The purified protein’s spectral char-
acteristics show that Fet3 has one of each
of the three types of Cu(ll) sites found in
multinuclear copper oxidases like cerulo-
plasmin. Kinetic studies of the ferroxidase
activity associated with soluble Fet3 also
confirms the reaction stoichiometry of
4Fe: 1Q with Km values determined to
be 4.8 and 1.8M, respectively; this analy-
sis is consistent with results reported for

strains. These observations led Stearman et the membrane-bound form of the enzyme

al. (1996) to theorize that Ftrl and Fet3
assemble into an iron transport complex in
the secretory pathway wherein Fet3 acquires
copper delivered by Ccc2 (Yuan et al., 1995).
Arrival of both proteins at the cell surface
together enables high-affinity iron uptake
presumably through the Fet3-mediated oxi-
dation of ferrous iron reduced by the yeast

(De Silva et al., 1997). Despite the struc-
tural similarities with ceruloplasmin,
Hassett et al. (1998) estimate that khg
value for Fe(ll) turnover of the latter is
some 10 to 50 times greater than that of
the soluble Fet3. These authors speculate
that association of the membrane-bound
Fet3 with Ftrl may enhance its capacity

Frel/Fre2 ferrireductases and the subsequentto oxidize Fe(ll) this idea is supported by

transfer of the cation across the bilayer by
Ftrl (Stearman et al., 1996).

the fact that the Km for the ferroxidase
reaction is much higher than the Km value
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of 0.15uM measured for high-affinity iron
uptake of Fe(ll).

Initial studies of the Fet3/Ftrl complex
had indicated that both partners required
each other for their assembly and traffick-
ing to the cell surface (Stearman et al., 1996)
in fact, only when botls. pombéomologs
Fiol (ferrous iron oxidase) and Fip1 (ferrif-
erous permease) are co-expressed is high-
affinity iron uptake restored 8. cerevisiae
fet3yeast (Askwith and Kaplan, 1997). Thus,
the questions of whether the membrane-
bound multicopper oxidase Fet3 was only
necessary for cell surface localization of the
permease Ftrl and to what extent, if any, its
ferroxidase activity was required to support
the iron transport reaction of Ftrl were
raised. To address these issues, Askwith
and Kaplan (1998) performed site-directed
mutagenesis studies. They found that muta-
tions of Fet3 that inactivate its ferroxidase
function did not interfere with its ability to
co-assemble and deliver Ftrl to the cell
surface but did disrupt high-affinity uptake.
Thus, these important studies demonstrated
that not only does Fet3 play an important
role in the membrane targetting and deliv-
ery of Ftrl to the cell surface, but that its
oxidase activity must also be intrinsic to the
mechanism of Ftrl-mediated iron import.

Why ferrireduction that generates
Fe(ll) from Fe(lll) is required for high-af-
finity uptake involving Fet3-mediated
ferroxidation to reproduce Fe(lll) from Fe(ll)
is still ambiguous. Kaplan and colleagues
have proposed that Fet3 activity imparts
specificity and selectivity of high-affinity
Fe(lll) uptake in combination with Ftrl
(Askwith and Kaplan, 1998; Askwith et al.,
1996). Ferrireduction most likely plays an
important role in extracting iron from ferric
chelates to provide Fe(ll), which is more
soluble than the ferric form at physiologic
pH; to prevent insoluble ferric hydroxides
from forming, the ferroxidase activity must
not only oxidize Fe(ll) but also then capture

the Fe(lll) produced, maintaining its
bioavailability for uptake presumably by
providing the cation directly to Ftrl. How-
ever, the precise function of Ftrl as the
putative iron permease remains poorly un-
derstood because its activity has not been
fully characterized. By sequence analysis,
Ftrl appears to be an integral membrane
protein with multiple membrane-spanning
domains, but its true topology has yet to be
verified by biochemical experiments. Ftrl
does display the amino acid sequence
REGLE resembling an iron binding motif
in L-ferritin and mutations within this do-
main disrupt high-affinity transport activity
even though Fet3 oxidase activity is unaf-
fected (Stearman et al., 1996). Because co-
expression of both of ti&. pombé-iol and
Fip1 homologs confers high-affinity uptake
to S. cerevisiadet3 strains (Askwith and
Kaplan, 1997), these two factors appear to
be both necessary and sufficient for this
activity and together they most likely repre-
sent the minimal transport machinery. How-
ever, exactly how Ftrl acts as a permease,
what its energy requirements might be, or
whether Fe(lll) is the actual cationic form
of iron translocated across the bilayer by
this protein are among the unanswered ques-
tions that remain. A second gene with ho-
mology to FTR1 has been identified as FTH1
(Stearman et al., 1996), and the Fet5 gene
product that encodes a multicopper oxidase
similar to Fet3 is also suggested to play a
role in yeast iron uptake (Spizzo et al., 1997),
but these activities and how they may relate
to FET3/FTR1 function need to be more
fully explored as well.

C. FET4 and other Yeast Iron
Transport Mechanisms

The discovery and characterization of
the FET3 gene iBaccharomyces cerevisiae
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enabled genetic screens to identify the genes Moreover, because ferricrocin uptake is un-

responsible for low-affinity iron uptake.
Biochemical studies indicated that low-af-
finity iron transport was unaffected fat3
mutant strains, and this activity was found
to prefer Fe(ll) over Fe(lll) for uptake (Dix
etal., 1994). Usintet3mutants to select for
genes that increase growth on iron-deficient
plates when overexpressed, FET4 was iden-
tified. Like Ftrl, Fet4 is predicted to have
six transmembrane-spanning domains, al-
though it is slightly larger (~65 kDa vs. ~
45 kDa). Uptake of Fe(ll) correlates with
expression levels of Fet4 and site-directed
mutagenesis of selected transmembrane
domain residues alters kinetic characteris-
tics of Fet4-mediated uptake, strongly sup-
porting the idea that this transporter inter-
acts directly with iron as a substrate and
therefore is intrinsic to its transbilayer pas-
sage.

Becausédet3fetdmutant strains still sur-
vive, low-affinity Fe(ll) uptake by Fet4 and
high-affinity Fe(lll) uptake mediated by
Fet3/Ftrl are not the only mechanisms by
which yeast can acquire iron, and at least
two other systems have been reported. One
involves members of the Smf family, which
are thought to be involved in transport of
divalent metals; expression of a mouse pro-
tein called Nramp2 complemergmflsmf2
null mutants, and this factor is implicated to
play a role in mammalian iron transport
(Pinner et al., 1997). Another potential
source of iron for the yeaStaccharomyces
cerevisiaecomes from its ability to scav-
enge iron-binding bacterial siderophores. In
particular, Lesuisse et al. (1998) have char-
acterized the ability det3fetdyeast strains
to take up ferrioxamine B and ferricrocin
via high-affinity transport mechanism(s).
Mutants that have impaired ferrioxamine B
uptake were identified to harbor defects in a
gene designated SIT1 (siderophore iron
transport) that is thought to encode a per-
mease of the major facilitator superfamily.

affected in SIT1 mutants, additional sidero-
phore permeases are predicted to enable iron
acquisition bySaccharomyces cerevisiae
(Lesuisse et al., 1998).

D. From Yeast to Plants

It is worthwhile to note that advances in
our understanding of yeast iron uptake have
had a significant impact on our molecular
understanding of iron transport in plants.
Using the yeadet3fetddouble mutant, Eide
and colleagues (Eide et al., 1996) were able
to clone an iron-regulated metal transport
protein called Irt1 fromArabidopsis thaliana
by functional expression. Their approach
was based on evidence indicating that very
much like yeast, many plants utilize a simi-
lar strategy (called strategy 1) to induce a
surface reductase under iron-poor conditions
to reduce Fe(lll) into its more bioavailable
form (Fett et al., 1998). Although it lacks
significant sequence homology with either
Fet3, Ftrl, or Fet4, the discovery of Irtl has
been complemented recently by the identi-
fication of a ferrireductase gene FRO2
(Robinson et al., 1999). Using degenerate
primers common to the FAD binding site of
gp9Prxand Frel/2, a PCR fragment was
produced to screen DNA libraries in order
to identify plant members of the flavocyto-
chrome family, one of which (FRO2) was
found to be allelic withArabidopss frd1l
mutations that disrupt ferric reductase ac-
tivity. Like other family members discussed
above, the protein encoded by FRO2 is pre-
dicted to transport electrons across the mem-
branes and to bind heme and nucleotide
cofactors, although there is rather little ho-
mology between this factor and gp®1or
Frel/2 based on sequence comparison
(Robinson et al.,, 1999). Nonetheless, the
coupling of ferrireduction to the import of
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iron appears to be a common mechanistic
paradigm utilized by different organisms
because the molecules involved appear to
be relatively conserved in function if not in
sequence.

E. Coordinate Control of Iron
Uptake

As discussed earlier, iron homeostasis
is maintained by regulating its import: un-
der times of deficiency, uptake must be
stimulated, while under iron-rich conditions
transport should be suppressed to prevent
toxicity due to iron overload. The identifi-
cation of the iron-responsive Aftl as a
key transcriptional regulator of FET3,
FTR1, FRE1/FRE2, and the copper trans-
porter CCC2 led to the idea of the yeast iron
regulon coordinating control of iron uptake
(Yamaguchi-lwai et al., 1995; Yamaguchi-
Iwai et al., 1996). Aftl also has been shown
to regulate the expression of the copper
chaperone Atx1, which is responsible for
the delivery of copper to Fet3 (Lin et al.,
1997). Additional studies revealed that the
yeast ferrireductase Frel was also involved
in Cu(ll) reduction and uptake (Hassett and
Kosman, 1995; Georgatsou et al., 1997) and
that FRE1 and other genes responsible for
yeast copper uptake are under the control of
a copper-responsive transcription factor
Macl (Graden and Winge, 1997; Labbe et
al., 1997; Yamaguchi-lwai et al., 1997).
Although additional FRE homologs have
been identified in the yeast genome, unlike
FRE1 they appear to be exclusively regu-
lated by iron (FRE2—FREG6) or copper alone
(FRET7; Finegold et al., 1996; Martins et al.,
1998). Thus, the intricate cross-talk between
copper and iron metabolism mediated
through Macl and Aftl enables yeast to
sense when copper-limiting conditions might
restrict iron transport by upregulating FRE1

to guard against iron deficiency and to en-
sure under iron-limiting conditions that the
necessary cadre of gene products (e.g., Ccc2
and Atx1) are available to fulfill the copper
requirements for FET3 function.

Although FET4 gene expression is regu-
lated by iron, low-affinity iron uptake is not
under control of Aftl-mediated transcrip-
tional activation (Dix et al., 1997). This is a
subtle but important point because of ques-
tions surrounding how Aftl itself senses
cellular iron levels to regulate high-affinity
import. Aftl binds DNA in an iron-depen-
dent manner, and it has been proposed that
Fe(ll) is the species that represses the func-
tion of this trans-activator (Yamaguchi-lwai
et al., 1995; Yamaguchi-lwai et al., 1996).
However, this model presents an apparent
paradox because Fe(lll) would be the pre-
dicted form of iron imported by the yeast
high-affinity Fet3/Ftrl system. Becausg O
also plays a role in the regulation of FET3/
FTR1 genes, Kosman and colleagues have
proposed that dioxygen modulates the ratio
of Fe(lll)/Fe(ll) in a labile pool of cellular
iron responsible for Aftl regulation and that
Fet4 is a likely source for this intracellular
Fe(ll) pool (Hassett et al., 1998). How Fet4
expression itself is regulated by iron still
remains unknown. There is evidence to sug-
gest that the activity of the Nramp family
member Smfl is controlled by posttransla-
tional degradation in response to heavy
metals (Liu and Culotta, 1999), suggesting
that posttranscriptional regulatory mecha-
nisms exist that may regulate the import of
toxic metals by yeast.

[ll. UPTAKE OF TRANSFERRIN-
AND NONTRANSFERRIN-BOUND
IRON BY MAMMALIAN CELLS

Like yeast, mammalian cells have
evolved multiple pathways of iron import
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that are tightly regulated to guard against
deficiency and overload. Despite the rapid
progress in our molecular understanding of
the components involved in yeast iron up-
take, surprisingly little information about
the mechanisms of mammalian cell trans-
port has been garnered from these studies.
Instead, insights have been generated from
recent advances in our understanding of the
molecular basis of genetic disorders found
in mice and humans.

A. TRANSFERRIN-MEDIATED
IRON UPTAKE

To handle the complications of safe and
effective iron delivery between organs and
tissues, mammalian systems have evolved a
serum iron-binding protein, transferrin, to
maintain Fe(lll) in a soluble, circulating form
that is bioavailable yet non-toxic. This
~80-kDa glycoprotein has two homologous
domains, each of which binds an atom of Fe
with extremely high affinity (Kd ~ 183M)
and in a reversible manner. It is synthesized
predominantly in the liver and in a manner
that responds to iron stores, that is, higher
rates of synthesis occur under conditions of
iron deficiency or anemia and are lower
when iron stores are excessive. Transferrin
may acquire newly absorbed dietary iron as
well as iron that has been liberated from
sensecent red cells phagocytosed by mac-
rophages of the reticuloendothelial system
or other non-erythroid sources. Indeed, there
is a high degree of conservation of iron
within the body such that its turnover is
about 30 mg/day, with about 80% of this
pool directed toward heme synthesis in
erythroid cells (for detailed recent reviews
see Ponka et al., 1998; Richardson and
Ponka, 1997).

How these conserved iron pools are rap-
idly turned over and released to circulating

transferrin is rather poorly understood. How-
ever, it is well known that copper-deficient
animals have deranged iron metabolism,
exhibiting what appears to be an iron-defi-
ciency anemia despite adequate levels of
iron. Instead, iron accumulates in duodenal
enterocytes and reticuloendothelial cells of
these animals, leading to the idea that cop-
per is required for the release of iron to the
circulation (Lee et al., 1968). These obser-
vations led to the proposal that loss of the
serum ferroxidase ceruloplasmin activity due
to copper deficiency results in failure to
mobilize iron because the oxidation of Fe(ll)
to Fe(lll) is required for this process to
occur. In fact, restoration of ceruloplasmin
activity promotes the release of iron to the
circulation in the copper-deficient animals
(Lee et al., 1968) and in studies of perfused
liver, Osaki et al. (1971) were able to con-
firm a direct role for the serum ferroxidase
in iron release. More recent genetic evi-
dence that strengthens this model has arisen
from molecular characterization of the dis-
ease aceruloplasminemia; patients with this
disorder lack ceruloplasmin and display iron-
loading in a number of tissues (Harris et al.,
1995; Yoshida et al., 1995). Thus, unlike
yeast, which require the ceruloplasmin ho-
molog Fet3 for high-affinity iron uptake,
mammalian cells appear to utilize the serum
ferroxidase to liberate stored iron instead.
Circulating transferrin binds to specific
cell surface receptors that are constitutively
endocytosed. Much of our knowledge of the
endocytic pathway has arisen from detailed
studies of the transferrin receptor traffick-
ing pathway and its entry and transit through
acidic intracellular compartments called
endosomes (Mukherjee et al., 1997). Trans-
ferrin binds iron tightly at neutral pH but
after entering the acidic milieu of the
endosomal compartment, it discharges iron
(Klausner et al., 1983; Dautry-Varsat et al.,
1983) most likely by a mechanism that is
facilitated by its binding to the transferrin
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receptor (Bali and Aisen, 1992; Bali and
Aisen, 1991; Bali et al.,, 1991; Sipe and
Murphy, 1991). The transferrin receptor is a
type Il membrane glycoprotein with a single
transmembrane domain orienting its C-ter-
minus to the outside of the cell. It functions
as a homodimer with each ~90-kDa subunit
capable of binding one molecule of trans-
ferrin. The crystal structures of both trans-
ferrin (Bailey et al., 1988) and the ecto-
domain of the transferrin receptor have been
solved such that detailed molecular infor-
mation regarding functionally important
residues may now emerge for both proteins.

Transferrin receptor synthesis is post-
transcriptionally controlled in response to
cellular iron levels such that when the de-
mand for iron is high, the pool of receptors
available to bind transferrin is increased.
This effect is mediated through iron-respon-
sive elements (IREs) in thé @ntranslated
region of the receptor message to which
iron regulatory proteins (IRPs) can bind and
stabilize the mRNA against degradation
(Kuhn, 1998). Recently, a second isoform
has been identified with close structural re-
semblance and functional properties related
to the well-characterized transferrin recep-
tor; however, its transcript appears to
lack the necessary IREs to promote iron-
dependent regulation by this mechanism
(Kawabata et al., 1999).

While the transferrin/transferrin recep-
tor cycle has been studied extensively, the
relative physiological importance of this
mechanism remained undetermined until the
recent generation of transferrin receptor
knockout mice Trfr) (Levy et al., 1999) .
Previous studies of mice with hypo-
transferrinemia l{pX) demonstrated that
these animals could survive with little or no
circulating transferrin, although they suffer
from severe anemia (Bernstein, 1987). Of
great interest is the fact thgbx mice actu-

* C. M. Lawrence and S. C. Harrisoim, press

ally absorb iron in an excessive manner
(Buys et al., 1991) and become iron-loaded
(Bernstein, 1987; Craven et al., 1987), sug-
gesting that transferrin was not requisite for
delivery to tissues other than erythroid cells.
However, studies offrfr~~ mice confirm
the central role of transferrin-mediated iron
uptake as homozygous animals idieitero
with impaired erythropoiesis and defective
neurological development. Levy et al. (1999)
hypothesize that therfr-- defects are more
severe than those observed in homozygous
hpx mice because in the latter situation in-
sufficient amounts of transferrin result in
an increased pool of nontransferrin-bound
iron available for uptake by alternative
mechanisms (see below). In the homozy-
gousTrfr--animals, transferrin is present to
chelate free iron, but its ligand cannot be
made bioavailable to cells in the absence of
the transferrin receptor.

A second remarkable advance in our
understanding of the transferrin/transferrin
receptor cycle was uncovered by the mo-
lecular identification of the gene respon-
sible for hereditary hemochromatosis (Feder
et al., 1996). This common autosomal-re-
cessive disease induces progressive iron-
loading of tissues, most notably the liver,
leading to cirrhosis and hepatoma as well as
cardiomyopathies, endocrinophathies, and
arthritis. A single point mutation (C282Y)
that disrupts the function of an MHC class
I-like molecule called HFE is found in ~80%
of patients. The fact that defects in this gene
promote iron overload has been confirmed
in studies of HFE knockout animals that are
found to recapitulate the human disease
(Zhou et al., 1998; Levy et al., 1999). Like
other MHC class | molecules, HFE associ-
ates withf32-microglobulin, and this inter-
action is disrupted by the C282Y mutation
such that the protein fails to be expressed at
the cell surface (Waheed et al., 1997; Feder
et al., 1997). These observations help to
explain the iron overload observed in
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[32-microglobulin knockout animals because
they would also fail to produce functional
HFE (De Sousa et al., 1994; Rothenberg
and Voland, 1996). Characterization of HFE
revealed that not only does it associate with
[32-microglobulin, but immunoprecipitation
(Feder et al., 1998) anih vitro binding
experiments (Parkkila et al., 1997; Lebron
et al., 1998) also demonstrated its ability to
bind to transferrin receptors. Thus, models
of transferrin/transferrin receptor traffick-
ing must now incorporate the additional
complexity of interactions with this MHC
class I-like complex.

The precise functional role of HFE and
its regulation of transferrin receptor activity
remain obscure. HFE interaction with the
receptor is known to lower its affinity for
transferrin ~10—fold (Lebron et al., 1998;
Feder et al.,, 1998). However, the physi-
ological impact of this effect would appear
to be insignificant because circulating lev-
els of transferrin are micromolar compared
with the nanomolar Kd for the receptor, that
is, receptor binding sites would be occupied
with ligand at all times despite the observed
increase in Kd. Using inducible expression
to overproduce HFE in HelLa cells, it has
been shown that HFE rapidly associates with
and is stabilized by its association with trans-
ferrin receptors during biosynthesis in the
secretory pathway (Gross et al., 1998; Salter-
Cid et al., 1999). However, equivocal re-
sults have been reported regarding its sub-
sequent interactions with the receptor in the
endocytic pathway. Enns and colleagues
have demonstrated that HFE and transferrin
receptors co-traffic into endosomes (Gross
et al.,, 1998) and that HFE overexpression
does not alter receptor endocytosis or recy-
cling (Roy et al., 1999). In contrast, Salter-
Cid et al. (Salter-Cid et al., 1999) report that
overexpression of HFE reduces the number
of functional cell surface transferrin bind-
ing sites and impairs receptor internaliza-
tion. Nonetheless, overexpression of HFE

has the net effect of diminishing transferrin-
mediated iron uptake in HelLa cells (Roy et
al., 1999). Roy et al. (1999) propose that
HFE interacts to block release of iron from
the transferrin/transferrin receptor complex
within the endosome, although it is not clear
whether this action is direct or indirect be-
cause HFE dissociates from the receptor at
low pH (Lebron et al., 1998). Alternatively,
these authors suggest that HFE might modu-
late transporters responsible for the passage
of iron across the endosomal membrane in
subsequent stages of iron delivery.

The idea that the endosome is the func-
tional site of HFE action is in keeping with
histochemical studies that show its predomi-
nantly intracellular localization and asso-
ciation with transferrin receptors of intesti-
nal enterocytes (Parkkila et al., 1997;
Waheed et al., 1999). Increased intestinal
iron absorption in hemochromatosis patients
results in the massive overload in other tis-
sues (McLaren et al., 1991), suggesting that
HFE-transferrin receptor interactions must
modulate iron homeostasis at the level of
dietary iron uptake by the enterocyte. How-
ever, enterocytes of hemochromatosis pa-
tients actually appear to be iron deficient
relative to the overload status created by
this disease (Pietrangelo et al., 1995). Thus,
while the functional studies in HelLa cells
suggest that the loss of HFE function in
hemochromatosis promotes iron assimila-
tion from the transferrin/transferrin recep-
tor pathway, how the opposite effect may
be elicited in intestinal cells to regulate di-
etary absorption awaits determination
(Waheed et al., 1999).

B. Nontransferrin-Bound Iron
Uptake

The prediction that specific mechanisms
exist to import nontransferrin bound iron
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(NTBI) is bolstered by studies of thgox
mouse, wherein tissue iron overload occurs
despite the animal’s hypotransferrinemia
(Bernstein, 1987; Craven et al., 1987), and
pathophysiologic states of human iron over-
load such as hemochromatosis, wherein cir-
culating nontransferrin iron levels can reach
micromolar levels (Batey et al., 1980;
Gutteridge et al., 1985). Indeed, this predic-
tion is borne out to the extent that NTBI
uptake has been identified and character-
ized in many different cell types, including
hepatocytes (Brissot et al., 1985; Wright et
al., 1986; Wright et al., 1988; Wright and
Lake, 1990; Barisani et al., 1995; Baker et
al., 1998), reticulocytes and erythrocytes
(Egyed, 1988; Morgan, 1988; Qian and
Morgan, 1991; Quail and Morgan, 1994;
Hodgson et al., 1995), fibroblasts (Sturrock
et al., 1990; Kaplan et al., 1991; Oshiro et
al., 1993), HelLa cells (Sturrock et al., 1990;
Yu and Wessling-Resnick, 1998), CHO cells
(Sturrock et al., 1990; Kaplan et al., 1991,
Chan et al., 1992), K562 cells (Inman and
Wessling-Resnick, 1993; Inman et al., 1994,
Conrad et al., 1994; Attieh et al., 1999),
cardiomyocytes (Parkes et al., 1997), mono-
cyte-derived macrophages (Olakanmi et al.,
1994), and HepG2 cells (Parkes and
Templeton, 1994; Randell et al., 1994;
Mukhopadhyay et al., 1998). The import of
dietary iron across the microvillous mem-

1993; Attieh et al., 1999; Savigni and Mor-
gan, 1998). These properties suggest that
like yeast, mammalian cells have multiple
transport systems to mediate iron uptake,
each with different mechanistic properties.
For example, low-affinity iron uptake can
be mediated the N&g*? antiport system

in erythroid cells (Stonell et al., 1996). In
general, NTBI uptake appears to require
energy (Qian and Morgan, 1991; Quail and
Morgan, 1994; Gutierrez et al., 1998), but
how this is coupled to transbilayer move-
ment of iron remains to be rigorously deter-
mined and is most likely dependent on the
exact transport system utilized. Evidence to
support the regulation of NTBI transport in
response to iron loading has been mixed;
exposure of some cells to iron in the form of
ferric ammonium citrate (FAC) appears to
enhance the Vmax of transport and thereby
induce uptake of iron (Kaplan et al., 1991;
Parkes et al., 1993; Randell et al., 1994).
However, Richardson and Ponka (1995)
have reported that addition of free radical
scavengers suppresses FAC-induced uptake,
suggesting that this process may occur via
FAC-stimulated production of hydroxyl radi-
cals rather than through up-regulation of
transporter synthesis and/or recruitment to
the cell surface. Other trivalent metals also
have been reported to influence NTBI up-
take, but their mechanism of action remains

brane of duodenal enterocytes represents a undetermined (Olakanmi et al., 1997;

unigue and physiologically significant form
of nontransferrin-bound iron uptake and is
discussed further below.

Both high- and low-affinity uptake
mechanisms for NTBI uptake have been
characterized with Km values ranging from
0.5 to 2QuM. These different uptake mecha-
nisms can be distinguished not only by their
apparent affinity for substrate iron, but also
by their sensitivity to various other transi-
tion metals (Sturrock et al., 1990; Kaplan et
al.,, 1991; Inman and Wessling-Resnick,

Chitambar and Wereley, 1997).
Interestingly, despite the intense study
of iron import, iron export or release from
cells remains rather obscure. A prediction is
that the copper-binding ferroxidase cerulo-
plasmin would stimulate this process, but
contradictory results have been reported
(Young et al., 1997; Mukhopadhyay et al.,
1998). However, iron chelators can promote
the efflux of iron from cells and this process
appears to be time-, temperature-, and en-
ergy-dependent (Baker et al., 1981,
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Richardson, 1997). These properties sug-
gest that specific export systems exist for
the release of iron from cells, although

whether this occurs via NTBI import mecha-

nisms pumping in reverse is unclear.

C. Melanotransferrin (p97) and
other Iron Transport Systems

In 1982, Brown et al. (1982) reported
the discovery of a membrane protein struc-
turally related to transferrin that is associ-
ated with human melanomas. Melanotrans-
ferrin (p97) has one intact transferrin-like
Fe(ll)-binding site (Baker et al., 1992), but
unlike transferrin, it is linked to the surface
of cells via a glycosylphosphatidylinositol

tion serves to scavenge iron, like transferrin
it can bind and deliver iron to hepatocytes
that clear circulating lactoferrin by endocy-
tosis (McAbee, 1995). Lactoferrin also ap-
pears to bind to the intestinal brush border
membrane where it may mediate Fe(lll)
delivery as well, although the relative sig-
nificance of its contribution to dietary iron
absorption remains to be fully determined
(for detailed review see Lonnerdal and lyer,
1995).

Finally, it is important to note that a
transferrin receptor-independent pathway
also exists for iron delivery from transfer-
rin. This process is best characterized for
hepatocytes (Page et al., 1984; Trinder et
al., 1988; Trinder et al., 1996; Trinder and
Morgan, 1997), although studies in other
cells have implicated a similar low-affinity

anchor (Food et al., 1994). Because enhanced nonreceptor-mediated absorptive process

iron delivery could potentially aid mela-
noma cell proliferation, it has been specu-
lated that melanotransferrin may represent
an iron import pathway for these rapidly
growing cells (Brown et al., 1982).
Overexpression of melanotransferrin by
transfected CHO cell lines has revealed its
capacity to be internalized and to deliver
iron (Kennard et al., 1995), thereby defin-
ing a novel transferrin receptor-independent
pathway for iron uptake (Jefferies et al.,
1996). The physiological relevance of this
uptake system remains to fully ascertained;
although an iron-binding surface protein that
corresponds to melanotransferrin has been
characterized for the SK-MEL-28 melanoma
cell line (Richardson and Baker, 1990), this
factor does not appear to mediate signifi-
cant levels of iron uptake (Richardson and
Baker, 1991; Richardson and Baker, 1991).
A second transferrin homolog implicated
in an alternate pathway for iron uptake is
lactoferrin. This iron-binding protein is
found not only in milk, as its name implies,
but it is also secreted by neutrophils. De-
spite the fact that its role in immune func-

(Richardson and Baker, 1992; Chan et al.,
1992). The lack of receptor involvement in
this process is confirmed by the fact that
when hepatocytes are incubated with a
blocking antibody against its receptor,
transferrin-mediated iron delivery contin-
ues (Trinder et al., 1988). Furthermore, an
N-terminal “half-transferrin” that binds
poorly to the transferrin receptor still deliv-
ers iron to hepatocytes (Thorstensen et al.,
1995), and suppression of transferrin recep-
tor synthesis using antisense approaches
reduces but does not completely block trans-
ferrin-mediated iron uptake (Sasaki et al.,
1993; Trinder et al.,, 1996; Trinder and
Morgan, 1997). The mechanism by which
cells acquire transferrin-bound iron in the
absence of transferrin receptors appears to
share elements in common with pathway(s)
for NTBI uptake (Trinder and Morgan, 1997;
Graham et al., 1998). Although iron deliv-
ery by the receptor-independent mechanism
can proceed via the endocytic pathway
(Trinder et al., 1996), inhibition studies sug-
gest that some uptake occurs at the cell
surface (Trinder and Morgan, 1997). The
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fact that transferrin coupled to Sepharose
beads can still provide iron to cells without
being internalized further suggests that
plasma membrane components are avail-
able to mediate this process (Oshiro et al.,
1993). Whether this involves the reduction
and release of iron from transferrin at the
cell surface has been debated (Low
etal., 1996; Thorstensen and Romslo, 1988;
Thorstensen and Aisen, 1990), but it does
appear that hepatocytes can effectively
mobilize iron from chelates to extra-
cellular acceptor molecules (Schieber and
Goldenberg, 1998).

D. Biochemistry of Mammalian
Transmembrane Iron Uptake

One of the most intensely studied and
perhaps the most important physiological
system that has been investigated to define
biochemical mechanisms associated with
mammalian iron transport is the uptake and
export of iron by enterocytes. Because iron
is so highly conserved by the body, dietary
iron absorption must be tightly regulated to
prevent overload or deficiency. Thus, the
intestinal mucosa must respond to the body’s
iron levels in an appropriate manner, not
only modulating the uptake of dietary iron
across the brush border, but also controlling
release of absorbed iron across the baso-
lateral membrane to the blood. Furthermore,
the delivery of iron to fulfill the cellular and
metabolic demands of the enterocyte must
be carried out by internalization of transfer-
rin-transferrin receptor complexes into
endosomal compartments with the subse-
guent release of iron and its transmembrane
movement into the cytoplasm or via the
direct uptake of circulating NTBI at the
enterocyte basal surface. Hence, the polar-
ized enterocyte must manage iron import

from two cellular poles as well as its entry
across intracellular endosomal membranes,
while regulating the uptake, transfer, and
efflux of dietary iron across the intestinal
cell to maintain the body’s iron homeosta-
Sis.

The numerous biochemical studies of
intestinal iron transport have led to a three-
component model for iron uptake involving
(1) iron-binding moieties, (2) ferrireductase
activity, and (3) specific transport molecules.
The molecular contributions of various
ligand-binding sites to iron transport remains
ambiguous, but a number of brush border
iron-binding proteins have been described
(Teichmann and Stremmel, 1990; Conrad et
al., 1993; Conrad et al.,, 1990; Danielsen
and van Deurs, 1995; Nichols et al., 1992;
O’Donnell and Cox, 1982). In particular, a
520-kDa membrane complex called para-
ferritin that contains integrin, mobilferrin (a
calreticulin homolog), and flavin monooxy-
genase is suggested by Conrad and co-work-
ers to participate in uptake of dietary iron
bound in the gut lumen by mucin (Umbreit
et al., 1998). While the relative contribution
to the dietary absorptive process of these
various iron-binding moities has yet to be
rigorously assessed, the notion that iron bind-
ing is an initial step in the import process is
consistent with characteristics associated
with NTBI uptake and ligand sites reported
for other cell types (Akompong et al., 1995;
Barisani and Wessling-Resnick, 1996;
Musilkova et al., 1998; Graham et al., 1998;
Schieber and Goldenberg, 1998).

The contribution of a mucosal ferrire-
ductase activity in iron uptake has been stud-
ied in isolated duodenal fragments (Raja et
al., 1992; Riedel et al., 1995), and prelimi-
nary characterization of this enzyme has
been performed using the model intestinal
cell lines Caco-2 (Ekmekcioglu et al., 1996)
and HuTu-80 (Riedel et al., 1995). Its activ-
ity is trypsin-sensitive and heat-labile (Riedel
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et al., 1995), and values for Km @) and
Vmax (3 nmol/min/mg protein) have been
reported with NADH as electron donor
(Ekmekcioglu et al., 1996). The rate of
mucosal ferrireduction is quantitatively
higher than the rate of iron uptake, but in-
creases in the Vmax of this activity parallel
changes in iron uptake induced by iron de-
ficiency (Raja et al., 1992). Moreover,
duodenal mucosal biopsies from patients
with hemochromatosis display higher
ferrieductase activity compared with nor-
mal controls, a finding that is also consis-
tent with higher iron uptake measured for
these specimens (Raja et al., 1996). Finally,
the functional importance of Fe(lll) reduc-
tion in brush border iron import has been
confirmed by studies in Caco-2 cells wherein
inhibition of ferrireductase activity was
found to reduce brush border iron uptake
(Han et al., 1995; Nunez et al., 1994).

The model that reduction of Fe(lll) pre-
cedes uptake of Fe(ll) across the microvil-
lous membrane of the intestine not only
agrees with the defined role of ferrireduction
in iron uptake by yeast and plants described
above, but this mechanism is also compat-
ible with properties found for NTBI uptake
by other mammalian cells. For example,
K562 cells display a surface ferrireductase
activity (Goldenberg et al., 1990; Berczi et
al., 1991; Schweinzer and Goldenberg, 1993)
that has been shown to be involved in NTBI
transport (Inman et al., 1994), and cell-me-
diated ferrireduction also appears to be im-
portant for uptake by HepG2 cell (Randell
et al., 1994) as well as HelLa cells and fibro-
blasts (Jordan and Kaplan, 1994). The fact
that Fe(ll) chelators block transport when
Fe(lll) is presented to cells is consistent
with a mechanism involving a ferrireduction
(Inman and Wessling-Resnick, 1993;
Randell et al., 1994), and further evidence
is provided by the fact that ferricyanide not
only inhibits ferrireductase activity, butiron

uptake as well (Inman et al., 1994). Finally,
cadmium has been found to inhibit K562
cell ferrireductase and iron transport activi-
ties with nearly the same IC50, suggesting
that these two processes are coupled (Inman
et al., 1994).

While the molecule(s) responsible for
the ferrireductase activity implicated to play
arole in intestinal iron uptake have yet to be
identified, a candidate transporter has been
discovered. Using a functional expression
cloning approach iXenopusocytes to iso-
late factors mediating Fe(ll) uptake, Gunshin
etal. (1997) identified a homolog of Nramp1,
a protein that had been previously identified
to function in host resistance to pathogens
(Vidal et al., 1993; Gruenheid et al., 1995).
The characterization of this factor’s activity
elucidated its ability to mediate import of
iron, among other divalent metals, and de-
fined its iron-regulated expression in rat
intestine (Gunshin et al.,, 1997). Using a
genetic approach, Fleming et al. (1997)
found thatmk mice, which suffer from mi-
crocytic anemia due to defects in intestinal
iron absorption (Edwards and Hoke, 1972),
have a mutation in the gene for this same
factor. Thus, these two independent lines of
evidence converged to reveal the role for
DMT1 (divalent metal transporter 1) in in-
testinal iron absorption. This factor is often
referred to also as Nramp2 or DCT1 (diva-
lent cation transporter 1).

DMT1 transport activity is proton
coupled, and it is thought that the stoichi-
ometry of symport is 1 F& 1 H* (Gunshin
etal., 1997). The apparent affinities for¥e
and H are 6uM and 1 to 2uM, respec-
tively. With 77% similarity with Nrampl,
DMT1 is a member of the Nramp family of
polytopic membrane proteins having 12
predicted transmembrane spanning domains
with a conserved hydrophobic core of 10
transmembrane segments and a consensus
“transport” signature (Cellier et al., 1995).
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Nramp family members have been identi-
fied in yeast as Smfl and Smf2. Function-
ally, DMT1 can complemensmfl/smf2
yeast (Pinner et al., 1997), supporting the
idea that this transporter mediates manga-
nese as well as iron uptake because overex-
pression of Smfl by yeast results in in-
creased Mrt uptake (Supek et al., 1996). In
fact, studies of DMT1 activity itrKenopus
oocytes indicate a rather broad substrate
range for transport in the order:*FeZn*?,
Mn*2, Ca, Cd?, Cu?, Ni*2, Pb?2 (Gunshin

et al., 1997). It is known that M%) Zn*?,
Cu?, and Cd? can inhibit intestinal iron
absorption (Rossander-Hulten et al., 1991;
Iturri and Nunez, 1998), reinforcing the role
of a multi-metal uptake system in this trans-
port process.

The DMTL1 protein is heavily gly-
cosylated and migrates on SDS-polyacryla-
mide gels with an apparent M 90 to
100 kDa (Gruenheid et al., 1999). Thk
mutation (G185R) in DMTL1 (which affects
iron uptake activity) corresponds to an adja-
cent residue when aligned with theeg
mutation (G169D) in Nrampl (which con-
fers host susceptibility to infection), prompt-
ing Su et al. (1998) to speculate that the
fourth transmembrane domain may repre-
sent an important functional element for
transport. Unlike Nrampl, however, which
appears to be exclusively expressed in reticu-
loendothelial cells, DMT1 mRNA is found
in many different tissues (Gruenheid et al.,
1995; Gunshin et al., 1997). DMT1 protein
and mRNA are most abundant in the proxi-
mal duodenum and decrease along the dis-
tal axis, consistent with functional pattern
of iron absorption by the intestine (Gunshin
etal., 1997; Canonne-Hergaux et al., 1999).

Transfection experiments in HEK293T
cells, CHO cells, and RAW macrophages
revealed that in addition to the plasma mem-
brane, DMTL1 is localized to endocytic com-
partments involved in the transferrin-trans-

ferrin receptor internalization pathway (Su
et al., 1998; Gruenheid et al., 1999). These
findings suggest that in addition to its ap-
parent role in intestinal iron absorption,
DMT1 may function in iron delivery to
peripheral tissues via transferrin-mediated
uptake and indeed defects in erythroid iron
assimilation bymk animals have been re-
ported (Bannerman et al., 1972; Harrison,
1972). The link between DMT1 function
and transferrin-mediated iron uptake was
confirmed by the remarkable finding that
another animal model of iron deficiency
anemia, the Belgradeb) rat, harbors the
exact same mutation in DMT1 as found for
themkmouse (Fleming et al., 1998). While
defects in intestinal iron absorption have
been reported for therat (Oates and Mor-
gan, 1996), perturbations in iron uptake from
transferrin by Belgrade reticulocytes have
been characterized more extensively (Bowen
and Morgan, 1987; Edwards et al., 1986;
Edwards et al., 1980). Transferrin is
endocytosed by these cells, but iron is not
captured and is instead recycled with trans-
ferrin and the transferrin receptor back to
the cell surface (Farcich and Morgan, 1992;
Garrick et al., 1999). Because functional
defects are observed in NTBI uptake by
Belgrade reticulocytes as well, the lack of
iron assimilation from transferrin cannot be
simply assigned by failure to release Fe(lll)
within endosomes; rather, this effect appear
to be associated with a loss in transmem-
brane transport activity (Farcich and Mor-
gan, 1992) Savigni and Morgan, 1998;
Garrick et al., 1999). Studies on the uptake
of other transition metals further support
the idea that DMTL1 is involved in NTBI
uptake: (1) erythroid Feétransport can be
blocked by several divalent cations (Mn
Zn*?, Ca?, and Ni?) (Morgan, 1988; Stonell

et al., 1996; Savigni and Morgan, 1996), (2)
the uptake of Fé as well as Mr¥, Ca*,
Zn*2, Cd?, and Ni?is reduced in Belgrade
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reticulocytes (Savigni and Morgan, 1998)
and (3) Belgrade animals have defective
manganese metabolism (Chua and Morgan,
1997). These characteristics identify a com-
mon pathway for divalent metal transport
involving DMT1 that is most likely involved

in both cell surface NTBI uptake and efflux
of iron delivered by transferrin from the
endosome. One caveat to this conclusion,
however, is that deficiencies in other metals
caused by loss of DMT1 function could
contribute to impairments in iron uptake
observed fomkandb animals; for example,
copper depletion has been found to reduce
both NTBI uptake and transferrin-mediated
iron assimilation in HelLa cells (Yu and
Wessling-Resnick, 1998).

While both thankmouse ant rat have
severe iron deficiency anemias, iron deliv-
ery must persist at some level to enable
survival, and therefore additional pathways
for iron import are predicted. Using a dif-
ferent functional expression strategyXe-
nopusoocytes, a factor called SFT (stimu-
lator of Fe transport) was identified to
enhance uptake of both NTBI and transfer-
rin-bound iron (Gutierrez et al., 1997). While
the molecular basis for SFT’s effects is still
under study, the characteristics of iron up-
take stimulated by SFT are quite different
than those associated with DMT1 expres-
sion. SFT stimulates uptake of either ferric
or ferrous iron at pH 7.4 (Yu and Wessling-
Resnick, 1998) in contrast, DMT1 prefers
Fe(ll) and its activity is pH dependent, with
optimal function at pH < 6 (Gunshin et al.,
1997). Furthermore, the role for a surface
reductase activity has been linked to SFT-
stimulated iron uptake (Yu and Wessling-
Resnick, 1998), while exogenous reduction
of Fe(lll) by ascorbate has been utilized to
measure DMT1 function (Gunshin et al.,
1997; Su et al., 1998). The idea that
nonDMT1-mediated iron transport occurs
is also consistent with the findings of Savigni

and Morgan (1998). These investigators have
characterized both high- and low-affinity
Fe(ll) uptake systems in erythroid cells but
find that while the high-affinity process is
reduced in Belgrade reticulocytes, the low-
affinity mechanism is unchanged. Finally, a
ceruloplasmin-stimulated iron uptake
mechanism also has been characterized re-
cently that appears to be specific for triva-
lent metals (Attieh et al., 1999). The func-
tional properties of all of these alternative
mechanisms indicate that like yeast, mam-
malian cells have multiple pathways for iron
acquisition, although the molecules involved
remain to be more fully defined.

While DMT1-mediated absorption of
iron appears to be a principle route for di-
etary assimilation, the fact that this trans-
porter resides exclusively at the apical sur-
face of enterocytes (Canonne-Hergaux et
al., 1999) is an indication that it is unlikely
to be involved in the transfer and exit of
iron across the intestinal epithelium. One
theory that has been advanced is that circu-
lating transferrin, either in the holo- or apo-
form, is internalized by enterocytes from
the basolateral surface with its receptor to
acquire iron imported from the apical brush
border (Huebers et al., 1983; Alvarez-
Hernandez et al., 1994; Nunez et al., 1997;
Alvarez-Hernandez et al., 1998; Nunez and
Tapia, 1999). However, the relative signifi-
cance of transferrin in intestinal iron ab-
sorption is unclear because it does not ap-
pear to regulate iron uptake by the duodenum
(Simpson et al., 1986). For example, the
hpx mouse accumulates iron in parenchy-
mal tissues despite the loss of transferrin
(Buys et al., 1991). The recent discovery of
the gene responsible for sex-linked anemia
(sla) in mice may provide new clues about
this exsorption process. This inherited iron
disorder is characterized by the failure to
release iron from the intestine. As perhaps
predicted from earlier studies on the role of
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the copper-binding ferroxidase ceruloplas-
min on iron efflux discussed above, #la
defect has been found to reside in a cerulo-
plasmin homology called hephaestin (Vulpe
et al.,, 1999). Hephaestin mRNA is abun-
dant in the small intestine and colon with
lower levels in other tissues. The protein
itself is predicted to contain a single trans-
membrane spanning domain and to have
ferroxidase activity, but its structure and
function await further biochemical charac-
terization. Vulpe et al. (1999) suggest that
their discovery of hephaestin helps to ex-
plain the paradox that while copper defi-
ciency results in anemia, anemia is not typi-
cally found in Menkes disease, an inherited
disorder of copper transport in man. The
latter disease results from defects in a cop-
per-transporting ATPase (Vulpe et al., 1993),
which is homologous to the yeast Ccc2 trans-
porter (Yuan et al., 1995). Because this de-
fect serves to trap copper within intestine,
hephaestin could still bind copper to enable
its function in mobilizing dietary iron,
thereby preventing anemia. Thus, unlike
yeast, which couple Fet3 ferroxidase activ-
ity to the cellular import of iron by Ftrl,
intestinal cells appear to utilize ferroxidation
in the export or release of iron.

E. Regulation of Mammalian Iron
Transport

To maintain iron homeostasis, dietary
iron absorption must be tightly regulated,
but how the intestine senses body iron de-
mands remains a critical aspect of transport
that is poorly understood. Like transferrin
receptors, DMT1 transcripts appear to har-
bor an iron-responsive element (IRE) in the
3 untranslated region present in one of two
differentially spliced isoforms (Gunshin et

al., 1997; Lee et al., 1998). It is clear that
iron depletion induces a dramatic increase
in DMT1 mRNA in the intestine (Canonne-
Hergaux et al., 1999; Canonne-Hergaux et
al., 1999), leading to the prediction that bind-
ing of iron regulatory proteins (IRPs) to the
IRE stabilize DMT1 message to enhance
transporter synthesis in times of iron depri-
vation. In fact, Han et al. (1999) have found
that DMT1 message is reciprocally regu-
lated in Caco-2 cells in response to cellular
iron status, consistent with this hypothesis.
However, while the transferrin receptor
message possesses fiveREs, DMT1 tran-
scripts only contain one. Moreover, an in-
stability determinant such as that found for
the transferrin receptor mMRNA has not yet
been identified for DMT1 and while the
loop of its IRE contains the consensus 5
CAGUGN-3, the bulge in its stem differs
from other IRE structures. Wardrop and
Richardson (1999) have confirmed that
DMT1 mRNA binds IRPs present in LMTK
cell lysates, but these cells fail to display
iron-dependent regulation of DMT1 tran-
script levels. Moreover, NTBI uptake by
the LMTK- cells does not appear to be regu-
lated by the IRE/IRP system, although trans-
ferrin-mediated import is appropriately con-
trolled (Wardrop and Richardson, 1999).
Other studies predict that IRPs would act to
sense iron status in duodenal enterocytes
(Oates and Morgan, 1997; Schumann et al.,
1999) and the intestinal Caco-2 cell line
(Arredondo et al.,, 1997). Thus, whether
DMT1 expression is modulated by the IRE/
IRP system in a manner that reflects the
body’s iron status still awaits verification.
DMT1 also appears to import other divalent
metals, suggesting that additional elements
must be involved in its regulation. Recent
characterization of the human DMT1 gene
has revealed five potential MREs (metal-
responsive elements) in thé fegulatory
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region, but the functionality of these ele-
ments remains to be explored (Lee et al.,
1998).

While modulation of DMT1 synthesis
might be predicted to control absorption of
iron from the gut lumen, independent
mechanism(s) also exist that regulate its
release to the blood. For example, while the
uptake of inorganic iron species can be
modulated in response to iron status, the
absorption of heme iron is not. Although
this represents a relatively small pool of
dietary iron, its efficient entry across the
brush border provides a source of iron re-
leased to intestinal cells by the action of
heme oxygenase (reviewed by Uzel and
Conrad, 1998). The subsequent transfer of
this pool in combination with iron entering
enterocytes from inorganic sources through
various transport mechanisms must be co-
ordinately regulated at the basolateral face
of the intestinal epithelium. It is this point
of entry that appears to be affected in the
genetic disorder hemochromatosis such that
excessive amounts of dietary iron become
assimilated (McLaren et al., 1991). None-
theless, DMT1 expression levels are reported
to be higher in HFE knockout animals
(Fleming et al., 1999) and in duodenal biop-
sies from hemochromatosis patients (Zoller
etal., 1999), suggesting that its activity may
contribute to the iron overload disorder.
What remains to be uncovered by future
investigations is a comprehensive under-
standing of how multiple pathways of iron
transport are coordinately regulated to main-
tain homeostasis and how factors like
hephaestin contribute to this process. Based
on the identification of iron-responsive
transcription factors like Aftl in yeast
(Yamaguchi-lwai et al., 1995) and the elu-
cidation of posttranscriptional control of
the Nramp homolog Smf1 by protein degra-
dation (Liu and Culotta, 1999), one predic-
tion is that an array of transcriptional, post-

transcriptional, and posttranslational regu-
latory mechanisms may potentially contrib-
ute to the control of mammalian iron trans-
port.
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