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ABSTRACT
The suggestion from nutritional studies with mammals of a link between iron and
copper metabolism has been reinforced by recent investigations with yeast cells.
Iron must be in the reduced ferrous (Fell) state for uptake by yeast cells, and
reoxidation to ferric (Felll) by a copper oxidase is part of the transport process.
Thus, yeast cells deficient in copper are unable to absorb iron. In an analogous
way, animals deficient in copper appear to be unable to move Fell out of cells,
probably because it cannot be oxidized to Felll. Invertebrate animals use copper
and iron in ways very similar to vertebrates, with some notable exceptions. In
the cases where vertebrates and invertebrates are similar, the latter may be useful
models for vertebrate metabolism. In cases where they differ (e.g. predominance
of serum ferritin in insects, oxygen transport by a copper protein in many arthro-
pods, central importance of phenoloxidase, a copper enzyme in arthropods), the
differences may represent processes that are exaggerated in invertebrates and
thus more amenable to study in these organisms. On the other hand, they may
represent processes unique to invertebrates, thus providing novel information on
species diversity.
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INTRODUCTION

In a recent, lively review, Kaplan & O’Halloran (80) remind us that ancient
people associated iron with Mars and copper with Venus. The intricate and often
intimate relationship of these two deities has its parallel in the biochemistry of
the ionic forms of these elemental metals. The authors also note that copper
and iron, selected for their abilities to bind oxygen reversibly and to transfer
electrons in biological systems, have as dark sides their capacities to promote
destructive free-radical reactions. It is thus important that these metal ions
be confined within relatively innocuous complexes during their transport and
incorporation into cellular components.

The past few years have seen an explosion in our understanding of how ionic
iron and copper function in biological systems and of their complex interrela-
tionships. Information has come not only from studies with vertebrate cells and
organisms, but from studies on a variety of other eukaryotic cells, most notably
yeast. This review, therefore, not only is timely, it also offers an opportunity to
illustrate the value of a comparative approach to human nutrition.

We intend &) to describe classical nutritional data that suggested an intimate
relationship between iron and copper metabolidmhtg offer an overview of
recent exciting developments in our understanding of iron metaboligno (
show how a combination of biochemistry and genetics has illuminated the iron-
copper connection in yeast celld) (o discuss how findings in yeasts may apply
to vertebrates; ana) to review recent investigations that suggest invertebrates
could be useful models for understanding vertebrate micronutrition. We end
with an assessment of the prospects for future use of a comparative approach
to iron and copper metabolism.

IRON AND COPPER—AN OLD STORY

In 1927, the Wisconsin nutrition group showed that iron salts failed to cure

anemia in rats, while ashed foodstuffs, or acid extracts of the ashes, restored
hemoglobin levels (154). The active constituent of the ashes was shown to be
copper ion (67). Four decades later, Osaki et al (115) demonstrated that the
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conversion of ferrous (Fell) to ferric (Felll) in human serum could be corre-
lated with the oxidation op-phenylenediamine catalyzed by the blue copper
protein, ceruloplasmin. These authors proposed that ceruloplasmin was re-
sponsible for the ferroxidase activity of serum that was necessary for oxidation
of Fell to Felll for transport by transferrin. At this same time, experiments
by Lee et al (89) showed that copper-deficient pigs absorbed iron from the
intestinal lumen into the mucosa at normal rates but failed to pass it on into
the blood. When an iron supplement was injected intramuscularly into these
pigs, increased amounts of iron were found in the reticuloendothelial system,
hepatic parenchymal cells, and sideroblasts. Their conclusion was that cop-
per deficiency impeded the release of iron from tissues. This brief histori-
cal review shows the close metabolic relationship between iron and copper
(63, 80, 92).

VERTEBRATE IRON AND COPPER METABOLISM

Overview of Vertebrate Iron Metabolism

To understand the role of iron in other organisms, itis useful to summarize what
is known about iron metabolism in vertebrate cells. Figure 1 depicts much of
this information. The individual components and their roles are listed below.

The reader is referred to several recent reviews (41, 71, 80, 84, 88), including
two from this series (91, 100), for a more complete understanding.

IRON In agueous solutions, both Fell and Felll exist as ionic hexahydrates.
Protons can be lost from these hexahydrates at characteristic pH values (hy-
drolysis) to yield insoluble hydrated oxides and oxide polymers. An important
difference between the two ionic forms is that the,[&r loss of protons is
much lower for Felll hexahydrate (2—3) than for Fell hexahydraté)( This
means that Fell ions are much more soluble at physiological pH than are Felll
ions (32). Both ionic forms occur in cells. However, since free ionic iron
in combination with molecular oxygen has the capacity for wreaking havoc in
cells through the generation of radicals, ionic iron in biological systems is com-
plexed with a variety of small molecules and proteins. While Felll coordinates
with stronger affinity to “hard” bases containing oxygen, Fell has a greater
affinity for “soft” ligands, such as those containing sulfur and nitrogen (32).
Thus, reduction of a complexed form of Felll to Fell can result in a less stable
complex and a change of partner ligands. In the course of its journey through
living organismes, iron undergoes many oxidation and reduction reactions.

HEME Heme, the Fell derivative of protoporphyrin 1X, is the prothestic group
of a large number of oxidative enzymes and oxygen carriers. In the presence of
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Figure 1 Intracellular regulatory pathways of iron metabolism in vertebrates. Adapted from
O’Halloran (113). Tf: Transferrin; TfR: transferrin receptor; ALAS: erythroid amino levulinate
synthase; IRP1: iron regulatory protein 1; Ft: ferritin.

oxygen, heme also can generate destructive free radicals. This is prevented in
biological systems by complexing heme to other molecules, or by destroying
it through the action of the enzyme heme oxygenase (97). Heme can be trans-
ported safely in vertebrate blood on a carrier protein, hemopexin (105). The
first enzyme in the biosynthetic pathway of herfr@minolevulinic acid syn-
thase, is abundant in erythroid cells, where expression of the gene is influenced
by iron availability (36).

TRANSFERRIN Transferrin (Tf) is an 80-kDa glycoprotein that circulates in
vertebrate blood. Proteins of the same family are also found in milk (lacto-
transferrin) and avian eggs (ovotransferrin), where they are thought to play a
bacteriostatic role by sequestering iron from bacterial invaders (32). Tfs are
composed of two lobes—possibly the result of an early gene duplication event,
since the lobes share similarity in amino acid sequence—each containing an
iron-binding site. Felll is tightly bound to Tf by six ligands, a histidine nitro-
gen, an aspartic acid carboxyl group, two tyrosine hydroxyl groups, and two
oxygens of a carbonate or bicarbonate anion that is ion-paired to an arginine
guanidinium group (1, 62).
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TRANSFERRIN RECEPTOR Transferrin receptor (TfR) is a membrane glycopro-
tein composed of two identical 95-kDa subunits linked by disulfide bridges.
TfRs have two extracellular binding sites with high affinik(~ 10-° M) for
diferric Tfat physiological pH. The receptors are constantly taken up by endocy-
tosis into clathrin-coated vesicles. After uncoating and fusion with endosomes,
the receptors are sorted and returned to the cell surface (39). If diferric Tf is
bound to TfR, Felll is released within the acidified endosome. At the low pH
of the endosome, apoTf remains bound to the TfR. Only when the apoTf-TfR
complex returns to the more alkaline environment of the blood is the apoTf re-
leased to search for more Felll. The process by which Felll in an endosome is
transferred to the cytoplasm and various cellular organelles is largely unknown.

FERRITIN Ferritins (Fts) appear to be distributed in virtually all living organ-
isms. \ertebrate cytoplasmic Fts generally have variable proportions of two
related subunits [heavy (H) and light (L), each about 20 kDa], the products of
distinct genes. H subunits from different animals are more similar in amino
acid sequence than are H and L subunits from the same animal. Of these highly
helical Ft subunits, 24 combine to form a huge (10-nm outside diameter) hollow
sphere, in which Felll is stored as a mixed oxide/phosphate insoluble mineral
(66, 146, 146). The interior of the sphere of some Fts can store as many as
4500 Felll atoms. Iron enters the ferritin core through pores resulting from the
symmetry of the molecule. Cellular Fell is oxidized by ferritin ferroxidase sites
constituted from amino acid side chains, and the resulting Felll is deposited
on a growing mineral inside the sphere. Release of Felll from Ft into the cell
cytoplasm could involve the action of chelating agents or reduction to Fell, or
both. Ftis also found in the serum of vertebrates and is thought to enter the
blood from damaged cells. However, the facts that some subunits of serum Ft
are glycosylated, while cytoplasmic Ft subunits are not, and that serum Ft has
larger subunits than cytoplasmic Fts suggest that serum Ft is a distinct protein
secreted from cells by exocytosis (94). Indeed, rat hepatoma cells in culture
have been shown to secrete a serum-type Ft (130). Linder et al (94) also re-
ported that serum Ft is a smaller molecule than is cytoplasmic Ft, and that it
consists of hexameric, iron-poor molecules. However, the conditions used to
isolate this preparation (7Q at pH 4.8), while they do not degrade cytoplasmic

Ft, might be detrimental to this novel serum form. Of particular relevance to
human nutrition is the report by Beard et al (15a) that ferritin is an effective di-
etary source of iron. These authors suggest that increasing plant ferritin content
might enhance nutritional quality.

IRON RESPONSIVE ELEMENT The iron responsive element (IRE) is a stem loop
structure formed from a stretch of ribonucleotide sequence (26a, 84a, 146a).
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Untranslated regions (UTRs) of the mMRNAs of several proteins involved in iron
metabolism, as well as some other messages (71), have IREs. Binding of the
iron regulatory protein 1 (IRP1) to these IREs can influence the translation of
the message or it can protect the message against degradation.

IRON REGULATORY PROTEIN There are two related IRPs in mammalian cells,
IRP1 and IRP2 (71,91). IRP1, the best studied of the two, is a cytoplasmic
protein that shows about 30% amino acid sequence identity to pig heart mito-
chondrial aconitase, an enzyme of the tricarboxylic acid cycle (16). IRP1 has
two distinct functions. As a holoprotein, IRP1 contains a 4Fe4S cluster and
is identical with cytoplasmic aconitase (83). When iron levels in the cell are
low, the iron-sulfur cluster is destroyed; the protein loses aconitase activity and
gains a high affinity for IREs (16, 59). Ft mRNA contains an IRE in thd BR,

and binding of IRP1 or IRP2 prevents translation. TFTR mRNA has several IREs
in the 3 UTR, and binding of IRP1 to these IREs stabilizes the message and
prolongs its half-life. Thus, IRP1 could serve as a cellular iron sensor that exerts
reciprocal control on the synthesis of Ft and TfR. IRP2 shows similar binding to
IREs but lacks aconitase activity and is degraded rapidly in the presence of iron
(58,10,117,128). IRP1 may also be activated by phosphorylation by protein
kinase C (131), by nitric oxide, and by hydrogen peroxide (71). Regulation of
ferritin synthesis in plants is quite different (83a) and is not discussed further.

The Iron Pathway

Based on current knowledge, the following general pathway can be postulated
foriron metabolism in vertebrates. Iron is absorbed by vertebrates more readily
inthe heme form than in the non-heme form (133). Inthe blood, Felll circulates
in blood tightly complexed with Tf. Diferric Tf binds to TfRs found on cell
surfaces and enters the cells by receptor-mediated endocytosis (Figure 1). Felll
is subsequently released from the Tf-TfR complex in the acidified endosome,
probably reduced to Fell, and transferred to the cell cytoplasm. Intracellular
iron is stored in the Ft sphere as Felll; mobilization of Felll from Ft stores
likely involves reduction or chelation of ionic iron to small molecules that can
diffuse through the Ft pores. Although much is known about iron entry into
cells via the TfR, neither the mechanisms of intracellular transport nor the
reduction and oxidation steps required for iron movement inside the cell and
incorporation into proteins are well defined. In addition to cellular iron uptake
via TfRs, mammalian cells have less well-understood mechanisms for the entry
of non-Tf bound iron (see below).

Overview of Vertebrate Copper Metabolism

Mechanisms of vertebrate copper metabolism are less well understood (and
more controversial) than those of vertebrate iron metabolism. However, some
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of the key components have been defined. A reasonable picture of the current
state of this field is found in recent reviews (65, 92a, 93, 153).

CUIl TRANSPORTERS IN BLOOD Cull is transported in blood by reversible car-
rier proteins that can deliver this ion to tissues. Transcuprein, alarge (270-kDa)
serum protein with a high affinity for Culk( ~ 10-1"M), appears to be the first
acceptor of Cull to enter the blood (93). Little is known of the molecular nature
of this protein (92). Serum albumin, an abundant 67-kDa protein, also has a
high affinity for Cull and can exchange Cull with transcuprein (93). Some
blood Cull also appears to be associated with histidine (153). How copper
bound to these carriers is taken up by cells is not clear.

CERULOPLASMIN The main copper-containing protein of human blood is the
multi-copper (blue) ferroxidase, ceruloplasmin (Cp). Cpis synthesized primar-
ily by the liver, and the six copper ions incorporated during synthesis (64, 129)
are mandatory for ferroxidase activity of the holoprotein (64). The primary
structure of Cp has been known for several years (142); more recently, the
cDNA sequence was completed (46, 86, 161). Yet, the function of Cp as a ve-
hicle for copper transport from liver to peripheral tissues remains a subject of
debate (for contrary views, see 63,153). The resolution to this debate could
be that Cp has at least two essential functions (ferroxidase activity and copper
transport) and possibly others as well.

Several studies have documented the uptake of copper from Cp by tissues
and cells (43a, 62a,118a), and the presence of putative Cp receptors on cell
surfaces (37a) suggests that Cp transports copper. On the other hand, early work
in mice (53) showed that only a small amount of copper from the Cp pool was
exchanged per day. Later work established that copper does not affect the rate
of synthesis or secretion of Cp, only the oxidase activity (54, 64). The recently
completed X-ray crystal structure of Cp (165) accords well with function as
an oxidase, rather than as a transport protein. (Structurally, Cp belongs to a
family of copper oxidases that includes ascorbate oxidase and nitrite reductase.)
Finally, patients with aceruloplasminemia, a genetic disorder resulting in absent
Cp (64, 104), have relatively normal copper tissue levels (102), which suggests
that Cp is not mandatory for copper distribution.

Cp also plays an important role in iron mobilization. The current hypothesis
is that Fell is transported to the cell surface, oxidized to Felll in a reaction
catalyzed by Cp, and immediately bound to plasma Tf (115). Although this
view has been challenged in the past (see, for example, 155), and the form of
iron presented at the cell surface is virtually unknown, evidence strongly favors
this hypothesis. Biochemical and physiological studies have shownahat (
copper deficiency in animals impedes iron release from tissues @%ell
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is oxidized to Felll in the presence of molecular oxygen in plasma (125), and
(c) conversion of Fell to Felll in human serum correlates with the oxidation
of p-phenylenediamine catalyzed by Cp (115). In addition, recent clinical
findings in patients with aceruloplasminemiaindicate that Cp is involved iniron
transport. Symptoms of aceruloplasminemia include low serum iron, elevated
serum Ft, and iron deposition in parenchymal and reticuloendothelial tissues
(104,163). Cp administered to a patient with aceruloplasminemia resulted
in enhanced iron mobilization with increased serum iron (96). Taken together,
these findings suggest that Cp has an important role in the movement of iron out
of tissues. However, Tfiron transport may not be entirely dependent upon Cp.

CELLULAR COPPER METABOLISM Within cells, Cull may be carried by small
chelator molecules or by metallothioneins, small metal ion-binding proteins,
although the role of the latter is uncertain (153).

THE IRON-COPPER CONNECTION

Iron and Copper Transport in Yeast Cells

The transport of copper and iron in bacterial organisms has been reviewed (153)
and is not discussed further here. The many excellent recent reviews of copper
and iron metabolism in yeasts attest to the rapid expansion of knowledge in this
area (5, 8,41, 80, 113, 153paccharomyces cerevisiaas provided a model

for copper and iron transport into eukaryotic cells (Figure 2). These studies
show that high-affinity iron uptake in this organism is dependent upon reduction
of extracellular Felll to Fell by two membrane reductases, Frelp (34) and Fre2p
(52). Reduced iron is then bound to Ftrp, a membrane transport protein (137),
reoxidized by a second membrane-anchored, multi-copper oxidase (Fet3p), and
transported into the cell (9, 40). Fet3p is necessary for placement of Ftrp in the
plasma membrane (137), and Ftrp is required for Fet3p maturation and copper
acquisition. The copper for Fet3p is provided by two copper transport proteins,
Ctrlp (33, 35) and Ccc2p (not shown in Figure 2; 164). Ctrlp transports Cul
acrossthe plasmamembrane, while Ccc2pisinvolved inintracellular membrane
copper transport (164).

Neither the iron-binding sites nor the oxidation state of the iron transported
by Ftrp have been clearly defined. Nevertheless, Ftrp, Fet3p, and Frelp are
all independently required for high-affinity iron uptake by these organisms
(40,137). Why reoxidation of iron is necessary for high-affinity iron uptake is
notimmediately apparent. Stearman et al (137) suggested it could be necessary
for transport through the membrane by Ftrp (40, 80, 137).

S. cerevisia@lso has a mechanism for low-affinity iron transport; Fetdp is
involved in this process and uses Fell as a substrate (43). When overexpressed,
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Figure 2 A model linking copper and iron uptake Baccharomyces cerevisia@dapted from

De Silva et al (41). Frelp and Fre2p are ferrireductases, Ctrlp is a copper transporter, Fet4p is a
low-affinity iron transporter, Ccc2p is a copper transporter P-type ATPase, Fet3p is an extracellular
multicopper oxidase a, and Ftrp is an iron transporter membrane protein.

the gene product of FET4 compliments that of FET3. This system also will
transport other metal ions.

The pathways in yeast reveal many interrelationships between iron and cop-
per metabolism. First, the copper transport proteins are required to provide Cull
for Fet3p. Second, although Frelp is required for high-affinity iron uptake, its
reductive activity is not limited to iron. Frelp also reduces Cull to Cul (68) and
thereby likely contributes Cul for transport by Ctrlp (35). Third, the presence
of either copper or iron will repress transcription of FRE1 (78, 160). Metal-
dependent regulation of gene expression of FREL1 is mediated by at least two
separate gene products. Iron-dependent gene expression of FRE1, FRE2, and
FET3is mediated by the AFT1 gene product (160). Both basal (78) transcription
and copper-dependent (55, 68) control of expression of FRE1 appear mediated
by the MACL1 gene product. Thus, these two transcriptional regulators seem to
allow metal-dependent control of gene expression of separate, but overlapping,
subsets of genes involved in both copper and iron metabolism (160).

Comparative Mechanisms in Yeast and Vertebrates

Mechanisms of mammalian mineral metabolism with similarities to those of
yeast copper and iron transport occur in at least three arapmti@acellular
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transport and efflux of coppet)role of copper oxidases in iron metabolism;
and ¢€) cellular uptake of non-Tf bound iron.

INTRACELLULAR COPPER TRANSPORT AND EFFLUX Aremarkable similarity be-
tween the yeast pathway and the pathway of copper metabolism in humans was
found when Yuan et al (164) reported that the gene encoding Ccc2p is a homo-
logue of the Menkes and Wilson disease genes. Both ofthese inherited disorders
are characterized by defective copper efflux from cells caused by mutations of
two separate genes with expression in different tissues (24, 25, 153). Like yeast
CCC2, the genes for Menkes (MNK) (152) and Wilson (WND) (25, 143, 159)
disease encode copper-transporting P-type ATPases. Recent work indicates
that similar to the yeast protein, the human copper-transporting P-type ATPases
are intracellular copper transport proteins (65). The predicted amino acid se-
guences of the proteins encoded by MNK, WND, and CCC2 also have several
conserved regions characteristic of P-type ATPases. Two of these regions are
of particular interest: N-terminal CXXC motifs (X denoting any other aa) that
are predicted heavy metal association sites; and a 30—amino acid predicted
transmembrane region that contains a CXC motif thought responsible for the
movement of metal ions through the membrane (24, 49, 65). These regions
are of interest not only for their predicted functions, but also because they are
highly conserved among yeast, human, and bacterial proteins (for review see
24) that participate in known pathways of mineral metabolism in these various
organisms.

ROLE OF COPPER OXIDASES IN IRON METABOLISM As noted in the discussion of

Cp, this blue multi-copper oxidase is thought responsible for the conversion of
Fell to Felll in plasma. Multi-copper oxidases couple oxidation of a substrate
to reduction of molecular oxygen (80). The copper binding domains of yeast
Fet3p show a high degree of similarity with those of Cp (9). Yeast Fet3p is
involved in the oxidation of iron for entry into cells, while Cp appears involved
in the oxidation of iron for efflux from cells. As noted above, all cells also must
have mechanisms for intracellular iron oxidation, reduction, and transport in
order to maintain iron solubility, to prevent oxidative damage, and to provide
iron to the appropriate intracellular organelles. It seems probable that other
copper oxidases similar to Fet3p, as well as reductases similar to Frelp/Fre2p,
would be involved in these vertebrate intracellular pathways.

UPTAKE OF NON-TRANSFERRIN BOUND IRON IN VERTEBRATES The intestinal
endothelial cell, which is responsible for absorption of dietary non-heme iron,
is the most obvious tissue where mechanisms similar to those found in yeast
iron transport could apply. Two components of iron absorption could have
similarity to the iron uptake mechanisms of yeasts: surface reductases, which
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reduce Felll to the more soluble Fell form; and apical membrane proteins, which
transport iron into the cell. Studies of the Felll reductase activity of mucosal
tissues are far from complete. Several reports have documented binding of
both Fell and Felll to intestinal brush border membrane vesicles (BBMV) from
different mammals (99, 134, 135). Raja et al (121) demonstrated reduction of
Felll by mouse duodenal tissues, as well as transport of Fell into both mucosal
tissues and BBMV. Nichols et al (109) have shown that the IEC-6 rat intestinal
cells have two different binding sites for Fell and at least four iron-binding
surface proteins. Adenocarcinoma colonic cells (Caco-2) transportradiolabeled
iron across the cell membrane as low-molecular-weight complexes, but results
vary regarding the presence and requirement for apical surface ferrireductase(s)
(3,4,61,110). Whether or not oxidation or reduction are required for iron
uptake by the gut remains unknown.

Several proteins that could serve as transporters during iron absorption have
been isolated, but their roles in vivo remain to be defined. Teichmann &
Stremmel (144) purified a glycoprotein from human brush border membranes
that bound both Fell and Felll. Conrad & Umbreit (29) isolated two proteins
from rat duodenal mucosal homogenates, a higher molecular mass protein
(ca 230 kDa) that appeared to be a surface integrin, and mobilferrin, a cy-
tosolic protein of 56 kDa (30). Finally, O’Donnell & Cox (112) obtained an
Fell binding glycoprotein of 100 kDa from BBMV from rabbit duodenum.
These studies confirm that intestinal tissues have surface iron-binding proteins
that could function as reductases or iron transporters. (For more details on
intestinal iron absorption, see 18,41, 45).

Certain clinical disorders, as well as studies in animal models of these disor-
ders, substantiate that mechanisms for the uptake of non-transferrin bound iron
(NTBI) exist in vivo for tissues other than the intestine. In both hypotransfer-
rinemia (69) and genetic hemachromatosis (11, 108, 151), complicating liver
disease occurs as a result of secondary iron overload due to increased intestinal
absorption. In hypotransferrinemia, absorbed iron is transported in portal blood
in the relative absence of Tf. In genetic hemachromatosis, blood Tf is satu-
rated, and excess circulating iron, probably a citrate complex (57), deposits in
the liver. Studies of animals (31) indicate that NTBI has a half-life:6f5 min
in plasma, and that iron from low-molecular-weight complexes is deposited in
hepatic tissues (22, 31). From these observations, one can conclude that there
is transport of NTBI from the intestine to the liver, that this iron is cleared
rapidly from the circulation, and that uptake of NTBI will allow iron deposition
in hepatic tissues in the presence of high hepatic intracellular iron (79, 138).

A candidate for a membrane surface protein that could serve as a transporter
of NTBI is melanotransferrin (MTf), the human melanoma tumor-associated
antigen, p97. MTf, a sialoglycoprotein that belongs to the Tf family (12, 126),
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has one binding site for iron (12). MTf is attached to cell membranes by a
glycosyl-phosphatidylinositol anchor (2,47) and is present on numerous cell
types (23, 123), including the apical surface of both fetal porcine intestinal
endothelial cells (37) and human epithelial cells derived from colorectal cancer
cells (2). Recent work by Kennard et al (82) demonstrated that mutant Chinese
hamster ovary (CHO) cells transfected with MTf had increased uptake of NTBI.

Several other mammalian cultured cells and tissues show NTBI uptake.
These cell types and tissues include: Hela cells (79,138), rat hepatocytes
(13,132, 148), rat liver (22,158), HepG2 cells (118, 122), melanoma cells
(124), CHO cells (28), K562 cells (75, 76), cultured human fibroblasts (116),
leukemic cells (L1210) (15), and reticulocytes (120). The characteristics of
NTBI uptake vary greatly with the type of cells and tissues studied and are
dependent upon how the studies are conducted. For further details of these
studies, the reader is referred to De Silva et al (41). In summary, many cells are
capable of NTBI uptake, and these mechanisms are operative in certain clinical
conditions. NTBI uptake is currently considered a cryptic transport mechanism
that is induced in vertebrate cells upon exposure to NTBI (41). However, such
mechanisms in other organisms probably represent key survival pathways.

Inadditionto NTBI uptake, several studies have indicated that certain types of
cells have mechanisms for the removal and uptake of iron from Tf at the surface
membrane apart from the well-described TfR pathway (21,111, 141, 147, 148).
Such mechanisms appear to have similarity to the yeast pathway in that release
of iron from Tf involves surface reductases.

IRON AND COPPER IN INVERTEBRATE ANIMALS

Why Invertebrates?

Invertebrate animals encompass the greatest diversity in the animal kingdom.
Adaptationto awide variety of life styles has necessitated resolution of anumber
of problems not encountered by vertebrates. Thus, the metabolism of inverte-
brate animals sometimes emphasizes processes that are not well represented in
vertebrates. Examples are the abundance of serum Ft in insects, as opposed to
its scarcity in vertebrates, and the predominance of copper proteins in some in-
vertebrate sera, as opposed to a minor presence in vertebrates. These examples
illustrate that one can find materials and processes in invertebrates that magnify
and help to elucidate analogous, but uncommon, materials and processes in
vertebrates. Furthermore, invertebrate animals are more economical to main-
tain, are easier to manipulate, and have faster growth and developmental rates
than do vertebrates. Some invertebrates, &msophila melanogasteiare
amenable to genetic studies; indeed, study of this organism has often led to new
understanding of vertebrate nutrition, biochemistry, and molecular biology.
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The differences in vertebrate and invertebrate animals goes beyond the pres-
ence or absence of a calcified central nerve cord. Invertebrate circulatory sys-
tems can vary from fully closed (annelid worms), as in vertebrates, to the open
system found in arthropods, in which the blood, usually called hemolymph, is
pumped from posterior to anterior by a tubular heart but then diffuses through
the body cavity (hemocoel) to the tissues. Hemolymph of invertebrates usually
lacks specialized oxygen-carrying cells, and hemoglobin is a rarity in inverte-
brates, restricted to annelid worms and other animals that live in an oxygen-poor
environment. Thus, invertebrates have oxygenation strategies that differ sharply
from those of vertebrates. The largest group of invertebrates, the insects, do
not carry oxygen in the hemolymph; instead, they use a system of tracheal
tubes that conduct oxygen down to the tissue level, where it reaches the cells by
passive diffusion. Another group of invertebrates, including sipunculid worms
and brachiopods, employ a nonheme binuclear iron oxygen-transporting pro-
tein, hemerythrin, which is carried in erythrocytes in the hemolymph. Most
other invertebrates transport oxygen by means of copper proteins, the hemo-
cyanins (Hc). Thus, because of the difference in oxygenation mechanisms, the
iron requirement of some invertebrates (insects) is much less than that of ver-
tebrates and, in some cases, is supplanted by an increased demand for copper
(most other arthropods and mollusks). Nonetheless, all invertebrate animals
have the universal iron and copper cellular proteins: cytochromes, iron-sulfur
proteins, superoxide dismutase, cytochrome oxidase, etc. Finally, in many in-
vertebrates another copper enzyme, phenoloxidase, assumes important roles in
the immune response, in pigment formation, and in sclerotization, a process for
cross-linking proteins to form a hard exoskeleton.

Invertebrate Transferrins

At the time the sequences of vertebrate Tfs became known, it was postulated
that the two lobes represent a duplication of a gene encoding a precursor iron-
binding protein of approximately half the size of Tf. It has been suggested that
the gene duplication was a fairly recent event, paralleling the development of the
vertebrate kidney. This suggestion was based on two lines of evidence. First,
proteolytic fragments of vertebrate Tf—approximately representing the two
lobes of the intact molecule—injected into the bloodstream of rats were readily
cleared through the kidney, whereas intact Tf was not (156). Furthermore, a
41-kDa iron-binding protein was identified in the hemolymph of a tunicate,
Pyura(98), the DNA of which hybridized with human Tf cDNA on Southern
blots (20). These results suggested thatthis protochordate, which lacks a kidney,
contained putative progenitor of vertebrate Tf. However, no sequence data are
available to show that the isolat&jura protein is related to Tf, or that the
Pyura DNA detected on Southern blots encodes a member of the Tf family.
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On the other hand, a Tf with a molecular weight of 78 kDa was isolated from
an insectManduca sextd14, 74). The amino acid sequence of this protein
showed sufficient similarity to that of vertebrate Tfs to suggest a common origin.
However, theM. sextalf bound a single Felll, and examination of the deduced
sequence showed that amino acid side chain ligands known to be responsible
for iron binding in vertebrate Tfs were present only in the N-terminal lobe of
this insect protein.

Later, a Tf was isolated from a cockroach (77) that bound two Felll and
had appropriate ligands for Felll binding in both lobes. It was subsequently
demonstrated that the cockroach Tf closely resembled human serum Tf in its
requirement for bicarbonate anion, in its pH dependence for iron binding, and
in the circular dichroism and Felll and Cull protein electron paramagnetic reso-
nance spectra (51). These studies demonstrated that an insect Tf is an authentic
member of the Tf superfamily, and that the gene duplication event had to predate
the separation of vertebrate and invertebrate lines. Two other insect Tfs, from a
fly (87) and a mosquitoXedes aegyptil Yoshiga, JH Law, unpublished data),
also contain functional N-terminaliron-binding lobes. However, the C-terminal
lobes of these Tfs not only lack appropriate ligands for iron binding, they also
have large deletions in the polypeptide chains. Whether the C-terminal lobe has
taken on some other function cannot be answered at present. In thisregard, itis
interesting to note that the bullfroRana catesbeiangroduces a member of
the Tf family that lacks iron-binding ligands but binds a neurotoxin, saxitoxin
(103).

Tf-like proteins have beenisolated from other invertebrate organisms (73, 90),
but they are less well characterized than those of insects. It is assumed that
insect Tfs transport iron in insect hemolymph, a role analogous to Tfs in verte-
brates, but this remains to be proven. Injectiof%elll-labeledM. sextaTf
into hemolymph of the same animal showed that the label was quickly cleared
and transferred to tissues (74). It remains to be seen if insect and other inver-
tebrate tissues have TfR. It is also possible that serum Tf in invertebrates could
serve a protective, antibiotic role by sequestering iron and making it unavailable
to invading organisms. The fly Tf appears to be taken up by the developing
oocyte, where it presumably functions to store iron for the developing embryo
(87).

Invertebrate Ferritins

Fts have been isolated and characterized from insects, crustacea, mollusks, and
trematode worms, and Ft-like particles have been observed microscopically in
other invertebrate animals. Locke & Nichol (95, 107) reviewed the distribution

of Fts in insects and noted that in most insects, Fts, though present in the cyto-
plasm, are predominantly found in the lumen of the endoplasmic reticulum and
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in the hemolymph. Insect Fts and their subunits also have larger apparent sizes
than those of mammals (26, 44, 74,106, 157). Some Ft subunits are glycosy-
lated, and it seems likely that insect Fts are heteropolymers composed of both
glycosylated and nonglycosylated subunits (44, 106, 157). Two insect Ft sub-
units from two species (mosquito and moth) have been cloned and sequenced.
Each deduced amino acid sequence contains a putative signal sequence, indi-
cating that the mature protein will be exported from the cell (44, 119). Itis clear
that at least one additional subunit, the product of a separate gene, exists in both
of these insects, but the genes for these subunits have not yet been isolated.

When M. sextaFt labeled with®%Felll was injected into larvae, 20% of
the label was rapidly incorporated into tissues, while the rest remained in the
hemolymph. When pupae were similarly injected, Ft iron was largely se-
guestered in the fat body within 24 h (74). In contrast, housefly Ft leaves the
fat body just prior to the pupal stage (26). These results indicate that insect Fts
can move in and out of insect cells. (The functions of the insect fat body tis-
sues are comparable to the combined roles of the liver, adipose, and endocrine
tissues of vertebrates. Fat body is the site of synthesis of most hemolymph
proteins, and a site of storage of hemolymph proteins during the pupal stage.)
In many of their properties—i.e. glycosylation, mass, and location—the insect
Ft subunits more closely resemble those of mammalian serum Fts than those
of mammalian cytoplasmic Fts. It would be of great interest to determine the
sequence of vertebrate serum Ft and to see whether it resembles insect Ft more
closely than it resembles vertebrate cytoplasmic Fts.

As we examine other invertebrates, the situation is very different. In the
crayfish, Ft is strictly cytoplasmic—none was found in the hemolymph—and
the subunits are of similar size to those of vertebrates. The deduced amino acid
sequence of one subunit showed no signal sequence and no potential glycosy-
lation sites. The sequence was much more similar to vertebrate H chains than
to insect Ft chains (72). Another crustacean protein, artemin, has sequence
similarity to Ft, but this protein is not involved in iron metabolism; it seems
instead to be a storage protein produced in the cyst form of the brine shrimp
(38). The blood flukéschistosoma mansaoaliso has Ft subunits of similar size
to those of vertebrate cytoplasmic Fts, and the deduced amino acid sequences
have no signal peptides and are much more similar to vertebrate H chains than
toinsect Fts. While worms of each sex have both subunits, one is preferentially
expressed in males and the other predominantly expressed in females (42).

The snailLymnaea stagnaliproduces two distinct Ft subunits. One subunit
is cytoplasmic (soma Ft) and similar in sequence to vertebrate H chains, while
the other (yolk Ft) is a vitellogenic protein, secreted into the hemolymph and
taken up by developing oocytes. Like the insect Fts, yolk Ft has a larger
subunit (25 kDa) and a signal sequence (150). Yet, the yolk Ft sequence has
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less similarity to the mosquito Ft sequence than does the soma Ft sequence (44).
For that matter, the yolk Ft sequence shows only modest similarity to either the
soma or the vertebrate Fts (150).

Invertebrate Iron Responsive Elements
and Iron Regulatory Proteins
Rothenberger et al (127) presented evidence for IRPs in cell extracts from
chicken, frog, fish, fly, and annelid worms by means of gel-shift assays per-
formed with labeled RNA transcripts that contained a human IRE. Sequences
encoding putative IREs have been reported in the Ft cDNAs from snails (in the
soma Ft cDNA but not in the yolk Ft cDNA) (150), two insects (44, 119), and
the crayfish (72). Afunctional IRE has been identifie®irmelanogastesuc-
cinate dehydrogenase subunit b cDNA (56, 85, 101). Thus, it seems probable
that the other putative IREs identified in invertebrate Ft cDNAs are functional.
We have recently begun to purify insect proteins that can bind IREs. Extracts
of M. sextafat body contain such a protein, which has now been purified to near
homogeneity (D Zhang, JJ Winzerling, unpublished data). Furthermore, a poly-
merase chain reaction product representing about 30% of the coding sequence
of a cDNA for anM. sextalRP has been sequenced that has 69% identity
and 79% similarity to vertebrate IRP1. These preliminary findings indicate
that IRP1 has been a very well-conserved component of the iron regulatory
system.

Invertebrate Heme Metabolism

Since hemoglobin is uncommon in invertebrates, disposal of excess heme is
rarely a problem, unless the animal chooses a diet rich in this substance. Ani-
mals that feed on vertebrate blood can encounter this difficulty. Ticks digestthe
blood proteins not in the gut lumen but in the cells lining the gut. The female
tick incorporates heme from the hemoglobin into vitellogenin, the precursor
protein of the major yolk protein, which is then incorporated into the devel-
oping oocyte (19). Another insed®hodnius prolixusexploits heme released
from the blood meal to aid in blood feeding. This hemophagous Hemipteran,
a vector of trypanosome parasites (Chagas disease), absorbs heme from the
midgut, transports it on a hemopexin-like protein, and deposits it in the sali-
vary glands (114). There it is incorporated into heme proteins that reversibly
bind nitric oxide (nitrophorins) and are secreted in the saliva. When the insect
feeds on a vertebrate host, it injects the nitric oxide-loaded nitrophorins. Dis-
sociation of the nitric oxide causes vasodilation, which facilitates feeding (27).
Finally, there is the classical case of the malarial paraBigsmodium falci-
parum In the vertebrate host, these animals live within erythrocytes and ingest
hemoglobin. Digestion releases heme that could be harmful to cell membranes.
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These organisms deal with the problem by converting heme molecules to an
insoluble polymer, hemozoin (136).

Invertebrate Copper Metabolism

Hc is a dominant form of copper in many invertebrates; it may constitute more
than 80% of the hemolymph proteins (149). Two quite different forms of Hc
exist. The arthropod form, found in the Crustacea and other arthropods, exclud-
ing Insecta, is based on a hexameric protein (a trigonal antiprism) consisting
of one or more types of subunits of about 75 kDa. The hexamers may asso-
ciate into higher order structures, including 12-mers, 24-mers, 36-mers, and
48-mers. Each subunit contains a binuclear copper site that can bind one oxy-
gen molecule. Cul is oxidized to Cull when oxygen is bound reversibly (149).
Molluscan Hcs are composed of much larger subunits, about 450 kDa, each
containing a single binuclear copper oxygen-binding site. The subunits are
organized into decamers or dodecamers that form immense cylinders, 30 nmin
diameter and 15 nm high (149). The large size of these proteins has impeded
their complete characterization.

Although insects generally do not utilize oxygen carriers in the hemolymph,
and thus lack Hc, all insects produce a set of Hc-related proteins, hexamerins
(17, 145). These hexamerins have a variety of binding sites for other ligands,
as well as a variety of functions, not all well defined (145).

Both arthropod and molluscan Hcs are similar to two other groups of im-
portant proteins, the phenoloxidases (PO) of invertebrates and the tyrosinases
of vertebrates (50, 81). The POs play extremely important roles in arthropods.
They are produced as inactive proenzymes in hemocytes and secreted into
the hemolymph, where the zymogen form may be activated by a proteolytic
cascade, reminiscent of the blood coagulation cascade of vertebrates (7, 140).
Arthropod POs are polypeptides of about 80 kDa with two copper-binding
sites (162). Since they can catalyze oxidation of aromatic amino acids and
compounds derived from aromatic amino acids, they participate both in the
production of melanin, which gives the dark color to the exoskeleton of many
arthropods, and in the protein cross-linking reactions that harden the exoskele-
ton (139). For sometime, it has been believed that the hemolymph and cuticular
POs were separate enzymes. However, it has been shown in the case of the silk-
worm that cuticular proPO is not synthesized in the epidermis but is transported
from the hemolymph into the cuticle, where it can be activated by a cascade (6).

Five proPO cDNAs have been cloned and sequenced, one for a crustacean
(10) and four for insects (50, 60,81). All show similarity to each other and
to the arthropod Hcs and hexamerins, but to plant or animal tyrosinases they
show similarity only in the copper-binding sites. PO also plays an important
role in the immune response of arthropods by catalyzing reactions that lead
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to the encapsulation of invading organisms. Essentially, a cuticular capsule
is constructed around the invader, cutting it off from the nutritive resources
of the host. It may be of interest that some proPOs have a short stretch of
sequence similar to regions in complement C3 and C4 of mammals responsible
for the formation of a reactive thiol ester that can anchor those proteins to a
substrate (60). If the insect proPO contains such a reactive thiol ester, it could
allow the active PO molecule to bind covalently to the exterior of an invading
organism, thus facilitating the encapsulation reactions.

FUTURE PROSPECTS

Much remains to be done in order to determine if the copper-iron connection,
established in yeast cells, has direct counterparts in animals. The uptake of iron
in yeast cells seems most closely to resemble the efflux of iron from mammalian
cells. If vertebrate proteins corresponding to the yeast proteins can be identified,
then their functions can be defined in the context of vertebrate metabolism, and
the power of the comparative approach will be amply verified.

Once a connection is established between the yeast processes and correlates
in mammals, invertebrates could prove useful as models because of their spe-
cialized systems. For example, absorption of iron and copper in the invertebrate
alimentary tract could be a useful model of the vertebrate system. Insects are
very tolerant of an overload of these ions. Yet their responses are similar to
those of vertebrates. Insect ferritin may prove a useful model for vertebrate
serum ferritin. If, indeed, Cp plays a key role in oxidation of Fell, is there
an invertebrate analogue? Could Hc or PO serve this role in invertebrates?
Comparative nutrition using this varied group of organisms holds promise for
unraveling these and other complex metabolic issues.

As we were putting the finishing touches on this review, an exciting group of
papers appeared (reviewed in 48). It was shown that raising the concentration of
iron to nanomolar ranges in the open tropical Pacific Ocean leads to phytoplank-
ton proliferation to 20 times normal levels. Concomitantly, &vYels dropped
inthe seawater, leading to absorption of more,8@m the atmosphere. The ef-
fect was short-lived, probably because the Felll hydrolyzed to insoluble oxides
in seawater. These findings open an exciting new frontier for comparative nutri-
tional studies of phytoplankton, tracing iron through a food chain, and seeking
ways to prolong the half-life of soluble and bioavailable iron in sea water.
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