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Abstract

Eukaryotic cells, whether free-living or organismal, rely on metallo-reductases to process 

environmental ferric iron and cupric copper prior to uptake. In addition, some free-living 

eukaryotes (e.g. fungi and algae) couple ferri-reduction to ferro-oxidation, a process catalyzed by a 

small cohort of multi-copper oxidases; in these organisms, the ferric iron product is a ligand for 

cell iron uptake via a ferric iron permease. In addition to their support of iron uptake in lower 

eukaryotes, ferroxidases support ferrous iron efflux in Chordata; in this process the release of the 

ferrous iron from the efflux transporter is catalyzed by its ferroxidation. Last, ferroxidases also 

catalyze the oxidation of cuprous copper and, as metallo-oxidases, mirror the dual activity of the 

metallo-reductases. This Perspective examines the teleos of the yin-yang of this redox cycling of 

iron and copper in their metabolism.

Graphical Abstract

Eukaryotes employ a combination of metallo-reduction, metallo-oxidation and metallo-permeation 

to get iron where it needs to go without causing mischief.
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The Argument

Aqueous iron and copper most commonly cross membranes in their reduced, low-valent 

oxidation states, Fe2+ and Cu+1, respectively2–7. Although a sizable fraction of microbial 

eukaryotes (protists) thrive in hypoxic if not anaerobic niches8, 9, fungi, plants and animals 

are, at the least, facultative aerobes (fungi). These organisms not only contain ATP-

generating mitochondria fueled by terminal reduction of dioxygen, but express also the 

broad spectrum of anti-oxidant defense mechanisms common to aerobic organisms8–11. In 

general, these mechanisms serve to manage the contributors to what is broadly referred to as 

“redox stress” or, more specifically, a compromise in the cell’s reduction potential in one or 

more cell compartments13–15. The neutral pH reduction potentials of the Fe3+/Fe2+ and 

Cu2+/Cu1+ couples make them good 1e− reductants of O2 (generating the superoxide radical, 

O2
−) and of hydrogen peroxide, H2O2 (generating the hydroxyl radical, OH•) as illustrated 

in Fig. 117–21. Thus, aqueous Fe2+ and Cu1+ are strong pro-oxidants and managing their 

abundance would be an essential component of a cell’s redox stress tool-box. This low 

valent, metal ion-dependent redox biology has been called “a fundamental theme of aerobic 

life”23. Reasonably, a (facultative) aerobe expressing a metallo-oxidase activity, one that 

oxidizes these low-valent metal ions by 1-electron without the production of 1e−-reduced 

dioxygen species, would have selective advantage. The premise of this argument is that 

multi-copper metallo-oxidases provide this advantage.

The Reasoning

The potential intracellular cytotoxicity of O2 is reflected in the presence of a thiol-disulfide 

redox control system in all cells, anaerobes and aerobes alike; the thiolate anion is a 
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kinetically and thermodynamically competent 1e− donor in dioxygen reduction to 

superoxide19, 24. In general, aerobes maintain this control via the mM GSH/GSSG redox 

buffer that, given the 100:1 ratio of these species in a resting cell, sets the intracellular 

reduction potential ≅-250 mV14, 25–29. A cell, whether free-living or organismal, deals also 

with extracellular redox stress which has the potential of damaging the cytoplasmic 

membrane and/or ecto-domains of proteins tethered to it. To the extent that the pro-oxidant 

reactivity of Fe2+ and Cu1+ contribute to this stress, limiting their concentration at the cell 

surface would be beneficial to an emerging aerobe. Multi-copper metallo-oxidases possess 

the enzymic activity to do just that.

Multi-copper oxidases (MCOs) contain, at least, 4 prosthetic copper atoms and thus in their 

fully reduced state provide the 4-electrons required to fully reduce dioxygen to 2H2O by-

passing all of the intermediate 1e− reduced products collectively known as oxygen 

radicals1, 30, 31. All MCOs can be reduced by low-valent aromatic “hydroquinones” 

(phenols) and amines, e.g. para-phenylene diamine. These are “laccase” substrates, 

reflecting the role that some MCOs play in the formation and degradation of phenolic 

polymers found in spore coats and plant cell walls30, 32, 33. A relatively small cohort of 

MCOs express an additional activity towards Cu1+ (cuprous oxidases, e.g. bacterial 

CueO)34–37 or Fe2+ and Cu+1; although these latter MCOs long have been regarded as 

ferroxidases, a more descriptive common name is metallo-oxidase given their reactivity with 

both metal ions, a dual activity that has been appreciated only recently16, 30, 38, 39. The 

generic MCO reaction scheme and the role of the copper prosthetic groups in it is illustrated 

in Fig. 2.

There are two conceptual objections to the contention that metallo-oxidases represent a 

component of extracellular redox stress tool box; these objections can be phrased as 

questions: 1) are metallo-oxidases found at the extra-cytoplasmic surface of the cell 

membrane; and 2) is there a relatively high steady-state flux of Fe2+ and Cu1+ at this 

surface? A third and related objection is: 3) given the pro-oxidant behavior of these low 

valent metal ions, what would be the selective advantage of having such a flux at the cell’s 

surface in the first place?

These objections have been answered. First, all MCOs are either secreted, soluble proteins, 

or Type 1a membrane proteins with their catalytic sites found in the proteins’ carboxyl-

terminal ectodomains40. Second, there is a flux of Fe2+ and Cu1+ at this surface irrespective 

of environmental aerobiosis due to the activity of cell surface metal reductases with activity 

towards both Fe3+ and Cu2+. The reducing equivalents for these reductases typically come 

from cytoplasmic reduced pyridine nucleotide co-factors41, 42 although some evidence has 

supported a direct role for dihydroascorbic acid as outlined below.

This raises the third objection: what was the selective advantage afforded by the extracellular 

production of a strong pro-oxidant, a potential cytotoxin? The answer? Having evolved in an 

anaerobic geochemical environment, the proto-aerobe had developed transport mechanisms 

for accumulation of these two essential trace elements in their low valent states, Fe2+ and 

Cu1+, i.e. ferrous and cuprous metal ion transporters. For a nascent aerobe to thrive in a 

geochemical milieu that now favored Fe3+ and Cu2+, a metal reductase was needed to supply 
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the endogenous metal transporters with their ligands. The trade-off, however, was the 

potential oxidative stress posed by these low valent ions, a stress that could be managed by 

the coupled activity of a metallo-oxidase, an activity that like superoxide dismutases evolved 

and proliferated as aerobiosis spread from selective niches to the global environment.

The Evidence

Among eukaryotes, the universal copper uptake transporter conducts cuprous ion across the 

plasma membrane; in humans, this protein, hCTR1, is the product of the SLC31A1 
locus43, 44. Similarly, the most ubiquitous iron uptake transporters expressed by eukaryotes 

are specific for ferrous iron. Again, in humans, there are two expressed by most if not all 

tissues, DMT1 and ZIP8 (and its orthologue, ZIP14) that in addition to Fe2+, transport other 

divalent, first-row transition metals2, 4, 45–48. Thus, for eukaryotes, their choice of ligand for 

iron and copper accumulation is one whose availability is diminishingly small in an 

environment in equilibrium with an atmosphere consisting of 21% O2 and at roughly neutral 

pH. A reasonable premise is that this choice is essentially vestigial, reflecting what was 

abundant when iron and copper acquisition pathways first evolved.

Eukaryotes encode and express a plethora of metalloreductases, e.g. fungi express the gene 

products of FRE loci49, 50 while humans express three genetically unrelated reductases, 

Dcytb (CYBRD1)51, 52, the Steap proteins (STEAP1-4)53–55, and SDR2 (FRRS1)56. All are 

Type III, multi-pass integral membrane proteins and most exhibit (some) residence in the 

plasma membrane. All except Steap1 and SDR2 have been shown to have turnover reductase 

activity towards both Fe3+ and Cu2+ 52, 55, 57. [Purified, reduced Steap1 reacts 

stoichiometrically with Fe3+ and Cu1+ but does not exhibit turnover kinetics with any 

oxidant58.] This metallo-reduction has been highlighted as “an essential biological 

process”59. In short, the low valent forms of these two metal ions are produced at the 

exocytoplasmic face of the eukaryotic plasma membrane. The iron and copper trafficking 

between reductase and permease in yeast and mammalian cells is illustrated in Fig. 3.

This metallo-reduction itself is linked to cell redox status; this process drains reducing 

equivalents from the cytosol, in effect oxidizing it. There have been two suggestions as to 

the source of these electrons: reduced pyridine nucleotides and dihydroascorbic acid. Indeed, 

this cell surface reductase activity originally was referred to as an NAD(P)H oxidase one and 

was thought to play a role in cellular redox regulation and signaling41, 60, 61. On the other 

hand, some evidence has been interpreted to indicate ascorbate supplied the reducing 

equivalents 62–65. To be sure, sequence analysis did suggest that the fungal reductase, Fre1, 

was a heme protein homologous to the human NADPH oxidase66, 67, an inference confirmed 

by reverse genetic analysis67. These data suggested that the protein’s bis-heme prosthetic 

groups were an essential part of the intramolecular electron transfer pathway that shuttled 

reducing equivalents from the cytosol to the cell surface. These experiments did not examine 

the source of those equivalents, however. Thus, with the exception of Steap3 there are no 

structural nor structure-function data on which to base a specific reduction half-reaction 

mechanism. In the case of this member of the Steap family of reductase, N-terminal, 

cytosolic ‘reductase’ domain (PDB 2VQ3) contains a NADPH/flavin binding domain in 

which the binding of NADPH could be mapped 68.
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Indeed, the most thoroughly examined metallo-reductase, oxidase pair is the Fre1, Fet3 one 

found in the plasma membrane of Saccharomyces cerevisiae and most other budding and 

filamentous fungi69–73. Log phase cultures of a common lab strain of S. cerevisiae exhibit a 

ferric reductase activity of 1.5 × 104 nmol/min/106 cells which is 103—104 fold greater than 

the rate of reduction of standard 1e− acceptors like MTT and TTC. The cupric reductase 

activity is somewhat less robust, but over 102 times greater than the reaction with any 

organic reductant73. These values, however, were quantified at super, saturating reductant 

concentrations so likely do not reflect typical physiologic velocities. Nonetheless, these 

measured metal ion substrate turnover efficiencies are ~102-fold greater than the respective 

metallo-oxidation by Fet3 of the reductase products Fe2+ and Cu1+. Consequently, even with 

the action of Fet3, there would be a steady-state flux of these low-valent pro-oxidants at the 

yeast plasma membrane albeit one that was tempered by metallo-oxidase action. This flux 

represents the ligand pool of low valent ionic species for transport into the cytoplasm by 

ferrous and cuprous ion transporters as illustrated in Fig. 3 above.

That this metallo-reductase, metallo-oxidase balancing act was homeostatic in nature is 

indicated by the following experiment in which the contribution Fet3 makes to yeast copper 

resistance was evaluated16. A parental strain of yeast is resistant to up to 5 mM cupric ion; in 

contrast, a fet3Δ strain exhibits growth arrest at less than 1 mM metal ion. Importantly, this 

sensitivity is not suppressed by concurrent deletion of the Ctr1 high-affinity Cu1+ transporter 

indicating that the cytotoxicity observed is a reflection of cell damage at the exo-cytoplasmic 

face of the plasma membrane and not due to intracellular insults. This origin model of 

copper toxicity and the role of a eukaryotic multicopper metallo-oxidase in it conforms to 

the likely mechanism by which the CueO MCO and its homologues contribute to copper 

resistance in bacteria35, 36. The function of the Fet3 ferroxidase in managing fungal copper 

resistance is illustrated in Fig. 4.

An obvious question arises, however, in regards to the presumed selective advantage 

metallo-reduction plays in support of low valent iron and copper uptake. For example, in 

yeast, with a substantial reoxidation of Fe2+ 39, what fraction of the reductase-generated 

ferrous iron substrate is available for uptake by the ferrous iron transporter, Fet474, 75? The 

adaptation to this apparent dilemma made by fungi, among a few other free-living 

eukaryotes, was to pair the ferroxidase with a ferric iron permease (an Ftr protein, for ferric 

iron transporter)76–78. Fet3 and Ftr1 form a FRET-detectable complex in the yeast plasma 

membrane in which the ferroxidase-generated Fe3+ is metabolically channeled to Ftr1 for 

permeation; that is, Fet3-generated Fe3+ is trafficked to Ftr1 by an associative, not 

dissociative mechanism12, 79. The FRET ‘image’ of this Fe-trafficking complex collected by 

confocal laser fluorescence microscopy is shown in Fig. 4a12. The tight, structural and 

mechanistic coupling of these proteins is indicated by the fact that exogenous, aqueous ferric 

ion is not substrate for Ftr1 iron permeation 79. Thus, the Fet/Ftr pattern reflects an iron 

uptake adaptation to the inherent cytotoxicity of Fe2+ under air. It is instructive to place the 

presumed vestigial ferrous iron permease, Fet4 and the aerobiosis-adapted Fet, Ftr pathway 

in their geochemical niches. Fet4, arising in a milieu awash with aqueous ionic ferrous iron, 

is a low-affinity transporter with KM ~40 μM 74; in this context, Fet4 can be compared 

functionally to the Fet, Ftr high-affinity system and its KM ~0.2 μM 79, appropriately 

adapted to iron metabolism in a ‘rusty’ environment.
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The tight metabolic coupling between ferroxidation and iron permeation in fungi is 

recapitulated in mammals by the ferrous iron exporter, ferroportin (Fpn) and the multi-

copper ferroxidase, hephaestin (Hp) (and/or the orthologue, ceruloplasmin, Cp)2, 4, 5, 80–82. 

Like the fungal Fet, Ftr pair, the Hp, Fpn one also forms a FRET-detectable complex in the 

plasma membrane (Fig. 5b). However, rather than a ferroxidase to ferric ion permease iron 

trafficking pathway as in the Fet3, Ftr1 case, the Fpn-Hp scheme is a ferrous ion permeation 

to ferroxidation one. Again, however, the ferroxidation is the regulator of transmembrane 

iron trafficking: without the ‘terminal’ ferroxidation of the Fpn-transported Fe2+, the iron 

gets ‘stuck’ in Fpn, triggering permease protein retrieval from the plasma membrane82. The 

ferroxidase-dependent efflux via Fpn is illustrated in Fig. 6.

Summarizing the argument

One can appreciate the two ferroxidase-dependent iron trafficking mechanisms expressed by 

Eukarya in the context of the premise that the metallo-oxidase, at the least, tempers the flux 

of low valent metal ion pro-oxidants. In the case of fungal Fet3-Ftr1, by coupling 

ferroxidation (which manages the pro-oxidant) to permeation (which provides the essential 

trace element) both physiologic ends are achieved. In the Fpn-Hp system, Fpn transports 

Fe2+ out of the reducing environment of the cytosol but only when the ferrous iron pro-

oxidant potential is ‘quenched’ by ferroxidation prior to or coincident with its release into 

the higher potential extra-cellular milieu. Indeed, this view provides a teleological context 

for the fact of the ferric iron specificity of transferrin. Indeed, one might also consider the 

possibility that like the ‘hand-off’ of Fe3+ from Fet3 to Ftr in fungal iron uptake, a similar 

transfer of Fe3+ occurs between Fpn/Hp and apo-Tf as the terminal step in mammalian cell 

iron efflux. In short, these two iron trafficking systems share the same intrinsic teleos, to get 

iron where it needs to go without causing any mischief.

Rebuttal: What’s missing from this argument?

There is little doubt about the progressive increase in the oceans’ level of dissolved oxygen 

starting ~ 1Gy BCE; the increase at that time-point is attributed, at least in part, to the 

disappearance of the ferrous iron that had buffered the O2 produced by photosynthetic 

bacteria starting ~2.5 Gy BCE83, 84. What more recently has been demonstrated is that 

concurrent with this oxygenation there was a sharp increase in dissolved trace elements, 

including copper85, 86. This is the geochemical context for the argument presented here.

Given this corresponding one-electron oxidation of the environmental Fe2+ and Cu1+, the 

selective advantage of a metallo-reductase to maintain the status quo, while arguable, is 

certainly is open to argument. While such an activity does maintain a source of low valent 

species for cell uptake, in the presence of dissolved O2 this same metal ion pool is a ready 

source of electrons for ROS generation. This is the very line of thinking provided as 

rationale for the metallo-oxidase side of this story. Indeed, given that the geologic oxidation 

event, itself, would have produced a steady flux of ROS from the oxidation of low valent 

metal ions, enzyme activities consistent with the suppression of the pathophysiologic 

consequences of that redox cycling would have been under strong selection87.

Kosman Page 6

Metallomics. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



So, what is missing here is an explicit examination of the correspondence between the 

appearance, diversification and transfer of the genetic information encoding activities with 

selective advantage in this evolving geochemical milieu. To date, cladistics of this sort have 

focused on a specific component of the cellular response to this oxidation event. Thus, the 

bacterial copper homeostasis (and silver resistance) ‘island’ has been examined in detail 

(CHASRI), work that highlights the copper resistance advantage provided by the pco gene 

cluster including pcoA encoding the bacterial periplasmic cuprous oxidase88. On the other 

hand, a similarly thorough examination of the dispersal of the family of reductases that 

include metallo-reductases, the FRD superfamily, has shown that those members containing 

a ferric reductase domain (Pfam: PF01794) are found not only in eukaryotes, as is 

emphasized here, but also in bacteria, albeit at a relatively low probability (~12%)89. Note 

that this protein family is distinct from the one involved in dissimilatory metal reduction. 

The only ‘overlapping’ information provided by these two studies is the fact that the 

CHASRI that has been shared ubiquitously among bacteria does not encode a metallo-

reductase88. On the other hand, the argument here posits that metallo-reductase activity has 

been selected for in support of metal accumulation, so the absence of a gene encoding such 

activity on a genetically mobile Cu-resistance element is not remarkable.

In this regard, except for studies on bacterial methanobactin90 and yersinibactin91 relatively 

little emphasis has been placed on how bacteria access nutrient copper; the emphasis is on 

how prokaryotes limit it. A similar disparity is found in reviewing the literature on how 

bacteria recover the iron bound to the siderophores they secrete to scavenge ferric iron from 

their environment. While there are numerous reports of a bacterial enzyme activity recovered 

from the extracellular milieu to the cytoplasm and everywhere in between that supports an 

NAD(P)H-dependent ferric reductase activity92, none of this activity has been linked to a 

gene or growth phenotype. While a cuprous oxidase activity has been described in the 

eukaryotic ferroxidases, yeast Fet3, human ceruloplasmin and algal Fox1, no ferroxidase 

activity has been described for any of the bacterial cuprous oxidases. This raises a question 

about the specific cellular and/or lifestyle elements that have selected for the iron and copper 

trafficking pathways outlined in this Perspective. One obvious conclusion is that the 

connections posited in this discussion between reductase and oxidase activities relate solely 

to eukaryotes and, possibly, to cell systems that typically or solely proliferate in a communal 

setting. This lifestyle is common to fungi and alga and, of course, to all multicellular 

organisms. On the other hand, bacteria, too, thrive in both planktonic (dispersed) and 

communal (bio-film) settings; might there be a difference in how this metal redox story 

plays out in these disparate growth habits? At least as far as anti-oxidant defense and 

antibiotic resistance is concerned, there are differences; bio-films are more resistant to both 

stressors93, 94. Certainly food for thought, and for further exploration.
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Tf Transferrin
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mV Millivolt

GSH/GSSG Reduced, oxidized glutathione

ROS Reactive oxygen species

MCO Multi-copper oxidase

TNC Tri-nuclear cluster

ROS Reactive oxygen species

FRET Fluorescence resonance energy transfer

C(Y)FP Cyan(Yellow) fluorescent protein

Hp Hephaestin

Cp Ceruloplasmin

Fpn Ferroportin
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Fig. 1. 
Iron and oxygen redox scales. (a) One-electron reduction potentials (in mV) of various iron 

complexes bracket the one-electron reduction potentials of oxygen and its 1e− reduction 

intermediates. The thermodynamically probable electron transfer events are indicated. 

Although not noted, typical copper complexes have potentials less than 100 mV and thus 

support these 1e− oxygen reduction reactions. (b) A thermodynamic scale of oxygen and its 

one-election reduction products. This diagram emphasizes the increasingly robust oxidation 

potential of oxygen’s 1e− reduced species.
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Fig. 2. 
Electron transfer pathways in a multi-copper oxidase. Intermolecular, outersphere e− transfer 

from the reductant occurs at the T1 Cu into a lowest unoccupied molecular orbital that spans 

the protein’s four Cu atoms. Four consecutive 1e− substrate oxidations results in a fully 

reduced MCO. These 4e− are transferred, 2-by-2, to dioxygen bound at the trinuclear cluster 

(TNC) via a bound peroxy-intermediate1. The structure used here is Fet3 from S. cerevisiae 
(PDB 1ZPU)22.
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Fig. 3. 
Eukaryotic metalloreductases and low valent copper and iron permeases. (a) The dominant 

plasma membrane metallo-reductase in fungi is a FRE protein, Fre1 in S. cerevisiae. Fungi 

express a canonical cuprous copper transporter, Ctr1, and a low-affinity ferrous iron uptake 

protein, Fet4. (b) Mammals express at least two distinct metalloreductases, Dcytb and a least 

two members of the Steap protein family, Steap3 and 4. The fungal and mammalian proteins 

share little homology but all contain inter-membrane porphyrins that function in shuttling 

electrons from cytosol to the exoplasm. For uptake, mammals express a canonical Ctr 

protein as well as two distinct families of ferrous iron transporters represented by DMT1 and 

Zip8/14.
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Fig. 4. 
In yeast, deletion of FET3 leads to copper sensitivity. Common lab strains of S. cerevisiae 
exhibit normal growth up 10 mM copper. Growth of a fet3Δ strain is inhibited >0.5 mM 

copper, a sensitivity suppressed by deletion of FRE1. In contrast, the copper sensitivity of 

the fet3Δ strain is not suppressed by deletion of CTR1 indicating that the molecular trigger 

of the induced cytotoxicity is extracellular cuprous copper likely supporting redox cycling of 

dioxygen 1e− reduction products 16.
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Fig. 5. 
FRET images of ferroxidase, iron permease pairs. (a) Fluorescently-tagged Fet3 and Ftr1 

were heterologously expressed in fet3Δftr1Δ S. cerevisiae. The FRET image shown reflects 

the increase in donor fluorescence upon photobleaching the acceptor. The FRET efficiency 

was 13.5% 12. (b) Fluorescently-tagged Fpn and Hp were heterologously expressed in 

HEK293T cells. The FRET image was generated as before. The efficiency was 9.8% which 

likely under-reports the biophysical energy transfer because it is uncorrected for donor fluor 

(Fpn-CFP) not in complex with Hp-YFP (Dlouhy and Kosman, unpublished).
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Fig. 6. 
The ferroxidase-dependent step in mammalian iron trafficking: managing iron on the way 

out. Presented within the context of either an epithelial or endothelial cell (e.g. enterocyte or 

brain microcapillary), managing the efflux step relies on hephaestin (Hp) or ceruloplasmin 

(Cp) ferroxidation of the Fpn-trafficked Fe2+. In one model of this step, the Fe3+ product is 

channeled to a recipient ferric iron chelator, e.g. apo-transferrin (Tf) in an associative 
mechanism comparable to the fungal Fet, Ftr uptake pathway.
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