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Abstract

We previously detected a membrane-bound, copper-containing oxidase that may be involved in iron efflux in BeWo cells, a
human placental cell line. WWe have now identified a gene encoding a predicted multicopper ferroxidase (MCF) with a
putative C-terminal membrane-spanning sequence and high sequence identity to hephaestin (Heph) and ceruloplasmin
(Cp), the other known vertebrate MCF. Molecular modeling revealed conservation of all type I, I, and Il copper-binding
sites as well as a putative iron-binding site. Protein expression was observed in multiple diverse mouse tissues, including
placenta and mammary gland, and the expression pattern was distinct from that of Cp and Heph. The protein possessed
ferroxidase activity, and protein levels decreased in cellular copper deficiency. Knockdown with small interfering RNA in
BeWo cells indicates that this gene represents the previously detected oxidase. We propose calling this new member of

the MCF family “zyklopen.” J. Nutr. 140: 1728-1735, 2010.

Introduction

Multicopper ferroxidases (MCF)'® play a central role in iron
nutrition and homeostasis in organisms ranging from yeast to
humans (1). The 2 known vertebrate MCEF, ceruloplasmin (Cp)
and hephaestin (Heph), are hypothesized to facilitate iron
transport in diverse tissues by oxidizing ferrous iron to the
ferric form, which is subsequently carried by transferrin (2). In
these reactions, electrons from 2 ferrous iron are transferred
from the MCEF type I copper sites to the type II/type III copper
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site, where molecular oxygen is then reduced to water (3).
Without a MCEF, the membrane ferrous iron exporter ferroportin
1 (Fpnl) has been shown in some cells to be targeted for
degradation, leading to decreased cellular iron efflux (4).

Heph expression is most predominant in intestinal enterocytes
and, accordingly, the major phenotype in sex-linked anemia mice
harboring a mutation in Heph is iron deficiency anemia with
marked accumulation of iron in the small intestine (5). Heph,
however, is also expressed in other tissues, including the brain,
pancreas, heart, and lungs (5-8). Cp is mainly found as a soluble
serum protein originating from the liver but is also found as
a glycosylphosphatidylinositol-linked protein in astrocytes (3).
Individuals with mutations in the Cp gene (aceruloplasminemia)
accumulate iron in multiple tissues, including the liver, pancreas,
and brain, leading to diabetes and dementia (9-11). Similarly,
targeted disruption of the Cp gene in mice results in iron
accumulation in multiple tissues (12). Importantly, however, Cp
null offspring are normal at birth, strongly suggesting that Cp is
not essential for iron efflux into the fetal circulation. Similar to
hepatic and intestinal iron transport, placental iron transfer from
the mother to the fetus requires multiple iron transport steps (13),
although the exact mechanisms of placental iron efflux are still
not resolved. Ferroxidase-mediated transport, as in other tissues,
is a likely scenario but has not yet been characterized.
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We recently identified an endogenous copper-containing
oxidase that may play a role in the iron efflux process in
placental cells (14). We demonstrated that iron export from
BeWo cells, a human trophoblast choriocarcinoma model for
placenta, is not enhanced by addition of Cp under a variety of
conditions designed to mimic the environment in the fetal
circulation. We found no evidence of Cp or Heph expression
using specific cDNA probes in this cell line. Affinity-purified
anti-peptide antisera to Heph did not cross-react with any
protein in this cell line, but a polyclonal antiserum to the entire
Cp protein did detect a cross-reacting protein in BeWo cells (14).
We demonstrated that copper deficiency decreases, whereas iron
deficiency increases, expression of this protein. Additionally,
copper deficiency decreased iron efflux from BeWo cells. From
these results, we postulated that an additional multicopper
oxidase, distinct from Heph and Cp, is involved in iron export in
the placenta (15).

We noted both genomic and expressed sequences in public
databases with similar but not identical sequence to Heph and Cp.
A GenBank entry listed these sequences under a novel coding
sequence termed Hephll, proposed to encode a multicopper
oxidase based on sequence homology to Cp and Heph. In this
report, we demonstrate that Hephl1 represents a gene encoding a
new member of the multicopper oxidase family most closely
related to Heph. We further present evidence that supports our
hypothesis that this gene represents the placental MCE, as well as
expression data suggesting that this gene plays a role in other
tissues as well. We propose that the protein be called “zyklopen™
(Zp) after the Zyklops, the mythical one-eyed iron workers in
Greek mythology who helped Hephaestus in the forge of the gods.

Materials and Methods

Molecular modeling. Comparative structural modeling of mouse Zp
was carried out using Modeler 6.0, a program that satisfies spatial
constraints extracted from alignment of target sequences with a template
(16,17). Human Cp (Protein Data Bank code 1KCW) (18), which shares
49.4% sequence identity (similarity: 65.6%) with the ectodomain of
mouse Zp, was used as the template structure as previously described for
modeling of human Heph (19).

Animals and tissue preparation. C57BL6/] mice were obtained from
Jackson Laboratory at 6-8 wk of age and fed an AIN-93M diet (20) for 6
wk before being killed, after which tissues were collected. Mice were
allowed unlimited access to food and distilled water. All mouse protocols
were in accordance with NIH guidelines and approved by the Office of
Laboratory Animal Care at the University of California, Berkeley. For
immunohistochemistry, adult 10-wk-old ICR (CD-1) mice, fed the diet
above from the time of weaning, were purchased from Charles River.
The mice were then killed and tissues were processed for immunohis-
tochemistry at the University of California, San Francisco, following
approved protocols. When required for mouse studies, timed matings
were set up to harvest E [embryonic (gestation) day] 17.5 and E18
embryos and E7 placenta. Female weanling rats of the Rowett Hooded
Lister strain were bred at the Rowett Research Institute and killed after
mating at E21.5 and placenta was removed for analysis. All rats
consumed an AIN-93M diet (20) and distilled water ad libitum and all
rat experimental procedures were approved by the Home Office and the
Ethics Committee at the Rowett Research Institute and conducted in
accordance with the UK Animals (Scientific Procedures) Act, 1986.

Enterocytes were isolated from the multiple cell types of whole
intestine, as previously described (21), for subsequent RNA, protein, and
activity analyses. Other mouse tissues were homogenized using a Tissue
Tearor homogenizer (Cole-Parmer) and cleared by centrifugation
(13,000 X g; 30 min). Placentas from 21.5-d gestation rats were snap-
frozen in liquid nitrogen and then ground with a mortar and pestle to a
fine powder.

Cultured cells. BeWo, Caco-2, MCF7, T47D, and MCF10AT cells were
obtained from the ATCC (ATCC no. CCL-98, HTB-37, HTB-22, HTB-
133, and CRL-10317). BeWo, MCF7, and T47D cells were grown in
F12K medium (catalog no. 21127-022, Invitrogen) with 10% fetal
bovine serum (Atlanta Biologicals) and 1% penicillin-streptomycin
cocktail (Invitrogen) at 37°C in a humidified atmosphere of 95% air 5%
CO; until 70% confluent. MCF10AT cells were similarly grown, but the
medium was supplemented with 0.1 mg/L cholera toxin (Sigma), 10 mg/L
insulin (Sigma), 0.5 mg/L hydrocortisone (Sigma), and 0.02 mg/L
epidermal growth factor (Invitrogen). Caco-2 cells were grown in
DMEM (catalog no. 11960-044, Invitrogen) supplemented with 10%
fetal bovine serum, 1% nonessential amino acids (Invitrogen), 1%
penicillin-streptomycin cocktail (Invitrogen), and 1% Glutamax (Invi-
trogen) and harvested at 100% confluency for experiments.

Cell lysis. Cultured cells, mouse tissue homogenates, and enterocytes
were washed twice with ice-cold PBS and lysed in PBS containing 1.5%
Triton X-100 supplemented with protease inhibitors (catalog no.
1206893, Roche) by passage through a 27-gauge needle. For the rat
placenta, ~150 mg of powdered tissue was homogenized in 10 volumes
of 20 mmol/L HEPES, 250 mmol/L sucrose, pH 7.4, containing protease
inhibitors for 15 s using an Ultra Turrax homogenizing probe on ice. The
extracts were centrifuged at 10,000 X g for 20 min at 4°C and the
supernatants were collected. Protein concentrations were determined
using a protein assay kit (BioRad Laboratories).

Total RNA extraction, RT, and PCR. Total RNA was isolated from
mouse tissues, BeWo cells, and enterocytes using TRIzol reagent
(Invitrogen) according to the manufacturer’s protocol. Primers targeting
fragments of proposed protein-coding regions of Zp were designed using
Primer3 software (22) and ordered from Invitrogen. The sequences
(5'-3') of mouse Zp primers were as follows: GGGACATCTGGAAG-
GAACAA (forward) and CTTTGAAAGTGGCATCAACA (reverse)
(954 bp expected product). Human Zp primers sequences were
AAGATTCAGAAGGAGCCCTA (forward) and CCCAGCATACCAG-
CTTGTAG (reverse) (672 bp expected product). Three micrograms of
total RNA were reverse transcribed using SuperScript II reverse
transcriptase (Invitrogen) and oligo-dT primer (Operon). PCR was
carried out using Tag DNA polymerase as directed by the supplier
(Takara). An amplification cycle of 95°C for 45 s, 62°C for 45 s, and
72°C for 2 min was performed in a 100-uL volume. Following 35 cycles,
5 pL of the reaction was removed and the product was separated and
visualized on a 1.5% agarose gel containing ethidium bromide. All
experiments were repeated independently a minimum of 3 times and
representative data are shown.

Antibodies to Zp and other proteins. Rabbit polyclonal antiserum
against the unique 15 C-terminal amino acids (AYREVQSCALPTDAL)
of Zp was generated and affinity purified (Open Biosystems). Rabbit
anti-Heph IgG (raised against QHRQRKLRRNRRSIL) was made
previously using the same protocol (21). Cp-specific IgG was from
Accurate Chemical and anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) IgG was from Chemicon. Peroxidase-labeled anti-mouse and
anti-rabbit secondary antibodies were obtained from Santa Cruz
Biotechnology and IR-680-conjugated anti-rabbit antibody was from
Li-Cor.

Immunoblot analysis. Extracts containing 50 ug protein from rat
placenta, mouse tissues, and human cell lines were immunoblotted as
described previously (21). Primary antibodies were used at dilutions of
1/1000 for rabbit anti-Zp, 1/2000 for rabbit anti-Heph, and 1:300 for
mouse anti-GAPDH. Secondary antibodies were 1/20,000 diluted
peroxidase-labeled anti-rabbit or anti-mouse IgG, visualized by en-
hanced chemiluminescence (Amersham) or 1/20,000 diluted IR680-
conjugated anti-rabbit IgG, visualized by an Odyssey imager (Li-Cor).
Experiments were repeated independently a minimum of 3 times and
representative data are shown.

Immunostaining for Zp in mouse tissue sections. Tissues from ICR
(CD-1) 10-wk-old mice and embryos at E17.5 were isolated and fixed for
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12-14 h in Bouins fixative (Sigma). Organs were washed in 70%
ethanol, dehydrated, embedded in paraffin, and sectioned (8 um) as
previously described (23). Paraffin sections were dewaxed, rehydrated,
and steamed for 30 min in 1 mmol/L EDTA followed by treatment with
50 g/L hydrogen peroxide prior to staining. Sections were immunos-
tained using standard procedures with affinity-purified anti-Zp at 1:200
dilution and the VECTASTAIN Elite ABC kit (Vector Laboratories)
using the manufacturer’s protocol as previously described (24). Staining
was visualized with 3,3'-diaminobenzidine (DAB substrate kit, Vector
Laboratories) and counterstained with Gills Hematoxylin (Vector
Laboratories). Controls included tissues incubated with preimmune
serum or anti-Zp serum preadsorbed with 10 umol/L immunizing
peptide for 48 h at 40°C. Sections were examined using a Nikon E800
Eclipse microscope and images captured using a Spot II digital camera.
Experiments were repeated independently a minimum of 3 times and
representative data are shown.

p-Phenylene diamine oxidase and ferroxidase activity assays. Zp
p-phenylene diamine (pPD) oxidase activity was determined with BeWo
cell lysates as previously described (25). Cleared lysates were separated
on native nonreducing, nondenaturing 4-12% Tris-glycine PAGE gels
(Invitrogen). The gels were then incubated with 0.1% pPD in 0.1 mol/L
acetate buffer, pH 5.45, for 2 h and air-dried in the dark. The
ferroxidase-specific assay differed from the pPD gel assay only in the
final step (25). The gels were placed for 2 h at 37°C in a fresh solution of
0.00784% Fe(NHy4),(SO4), - 6H,0 in 100 mmol/L sodium acetate, pH
5.0. Gels were then washed and rehydrated with 15 mmol/L ferrozine
solution in the dark. Color development was then monitored continu-
ously and quantified by scanning densitometry. Purified human Cp (Vital
Products) was used as a positive control in both assays. Experiments
were repeated independently a minimum of 3 times and representative
data are shown.

Small interfering RNA knockdown of Zp in BeWo cells. BeWo cells
were grown in 6-well plates to 30-40% confluency and then incubated
with serum-free DMEM media for 24 h prior to transfection. Cells were
then transfected with 160 pmol Stealth Select RNAi small interfering
(siRNA) (Invitrogen) set 1 (catalog no. HSS155799, GAGTTTCCTGG-
CATCTGATTGGATT), set 2 (catalog no. HSS155800, CATCCATTAT-
CATGCTGAGAGCTTT), or set 3 (catalog no. HSS155801, GGTGAT-
GTGATTGTCATTCATTTAA) using Lipofectamine RNAIMAX
(Invitrogen) according to the manufacturer’s protocol. Cells were
harvested 48-72 h post-transfection and then immunoblotted with
anti-Zp IgG and assayed for pPD oxidase activity. Inmunoblotting of
cell extracts with anti-GAPDH IgG was used as a loading control.
Experiments were repeated independently a minimum of 3 times and
representative data are shown.

Bathocuproine disulfonic acid copper chelation and superoxide
dismutase activity assay. BeWo cells (1 X 10°) were seeded in 100
mm plates and grown as described. At 70% confluency the medium
was supplemented to give final concentrations of 0, 10, 20, 40, 60, 80,
and 100 umol/L bathocuproine disulfonic acid (BCS). After 24 h, cells
were harvested by scraping. Superoxide dismutase 1 (SOD1) activity
was assayed using a SOD assay kit (Cayman Chemicals) per the
manufacturer’s instructions, as previously described (235). Briefly, cells
were collected by centrifugation at 1000 X g for 10 min at 4°C, lysed,
and centrifuged at 1500 X g for 5§ min at 4°C. The protein
concentration was determined by the Bradford method (BioRad) and
then an aliquot of each cell extract was incubated with xanthine
oxidase for 20 min and absorbance measured at 450 nm. Duplicate
independent experiments to measure SOD1 activity were performed.
An aliquot of each extract (30 ug total protein/well) was also examined
by immunoblot for Zp and GAPDH. Band intensities were quantified
using densitometry with Image] (26) and the ratios of each band
density to the density of the 0 umol/L BCS control were multiplied by
100, averaged, and then plotted versus the BCS concentration. Data
from 3 independent experiments were analyzed by linear regression
analysis using Prism version 5.0 for Macintosh OS X (GraphPad
Software).
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Results

Identification of Zp. The zyklopen gene was initially identified
on the basis of sequence homology with Heph in the assembly of
mouse (XP_146812), rat (XP_235835), and human (XP_291947)
whole genome sequences. During the course of this study, Unigene
entries under the name HEPHL1 (Hephaestin-like 1) appeared for
mouse (Entrez GenelD 244698) (Mm.325134) and human (Entrez
GenelD 341208) (NM_001098672) as well as other species.

Zp has significant sequence similarity with Heph and Cp.
The mouse Zp sequence shares 45.9% identity (61.6% similar-
ity) with mouse Cp and 48.8% identity (66.2% similarity) with
mouse Heph at the protein level (Supplemental Fig. 1). The
identity at the nucleotide level is 56 and 59.4%, respectively.
Similar to Heph, but distinct from Cp, Zp contains a predicted
transmembrane segment near the C terminus. The C-terminal
region shares only 23% sequence identity (42.3% similarity)
with mouse Heph at the protein level; however, this increases to
47% at the nucleotide level. As can be seen from the sequence
alignment, all the residues involved in copper binding and
disulfide bond formation in Cp are conserved in Heph and Zp.

Molecular modeling of Zp. Molecular modeling of Zp
revealed remarkable structural conservation among Zp, Cp,
and Heph (Fig. 1). The likely 3D-fold of Zp, like Cp, has 6
domains organized in a triangular array (Fig. 1B). Each of the
domains exhibits plastocyanin-like folds with B-barrel strands
organized in a way reminiscent of the cupredoxin family of
redox metalloproteins, which also includes azurin, ascorbate
oxidase, and laccase (27). All of the type I, II, and III copper-
binding sites for the 6 copper ions in Cp are present in Zp (Fig.
1C). Three of the copper ions form the trinuclear metallic unit at
the interface of domains 1 and 6. The arrangement closely
resembles the one found in the ascorbate oxidase subunit and
other structures such as laccases (28,29). The other 3 copper
atoms form the mononuclear type I centers and, as in Cp, are
organized in domains 2, 4, and 6 (Fig. 1D).

Zp and Heph have type | copper centers in domain 2
distinct from Cp. The type 1 binding sites of blue copper
proteins, such as azurin, typically coordinate the copper ion in a
distorted tetrahedron or trigonal pyramid arrangement. Three of
the ligands (2 histidines and a cysteine) are arranged in a plane
around the copper ion and the 4th, a weak and more distal
ligand (normally a methionine), forms the pyramid apex. These
type I sites are normally seen in Long Range Energy Transfer
pathway proteins where the ligand arrangement is an interme-
diate between that normally seen for Cu* (tetrahedron) and Cu**
(distorted Jahn-Teller or square planar), thus facilitating elec-
tron transfer by providing a stable environment for both Cu*
and Cu?*. In human Cp, 2 of the 3 type I centers conform to this
typical arrangement (copper 4 and 6 in domains 2 and 4),
whereas the 3rd type I site in domain 2 is a tricoordinate copper
site lacking the apex methionine, which has been mutated to a
nonmetal binding leucine residue in the equivalent position
(18,30) (Supplemental Fig. 2A). One of the striking disparities
between Zp and Cp, therefore, is the difference in this domain 2
copper-binding site. As is the case with Heph, this site in Zp has
the additional methionine residue (M356) that would be able to
coordinate the copper ion at this site and thus constitute a typical
type I copper environment. In Zp and Heph, the domain 2
binding sites are analogous to the ones in domains 4 and 6
(Supplemental Fig. 2B).



Zp has a predicted iron binding site. In the Cp structure,
additional atypical labile metal ion binding sites were identified
close to 2 of the 3 mononuclear sites (Cu 42 and 62) in domains
4 and 6, respectively (31). These may be involved in the
ferroxidase activity of Cp. Supplemental Figure 3 shows the
putative iron-binding site of Zp corresponding to the domain 6
labile site in Cp.

Expression of Zp in human BeWo, MCF7, and T47D cells
and rodent tissues. PCR amplification of reverse-transcribed

130 kDa w—

148 kDa
130 kDa

FIGURE 1 Molecular modeling of Zp.
(A) The superimposition of modeled hu-
man Zp on Cp structure. The figures were
generated using a modified version of
Molscript (43) and subsequently rendered
in Raster3D version 2.0 (44). (B) The
ribbon diagram of Zp shown with top
view, bottom view (C), and side view (D).
The residues are colored blue to green for
domains 1 and 2 (residues 1-370), yellow
to red for domains 3 and 4 (residues 371-
720), and lilac to gray for domains 5 and 6
(residues 721-1067). The copper and
oxygen atoms are shown in blue and
red, respectively.

RNA from mouse tissues using Zp-specific primers demon-
strated expression of Zp in the heart, kidney, embryo, and, most
markedly, the placenta (E7 and E18), but expression was not
found in liver or enterocyte (Fig. 2A). A single band was detected
for all positive tissues and was of the expected size based on the
primer design. Similarly, Zp mRNA expression was observed in
human BeWo placenta cells (data not shown).

Protein expression of Zp was investigated in rat placenta;
mouse serum, enterocyte, embryo, and mammary tissues; and
human BeWo, Caco-2, MCF7, T47D, and MCF10AT cell lines.

FIGURE 2 Expression of Zp in
rodent tissues (A,B) and human
cell lines (C). (A) Expression of Zp
mRNA in E18 mouse placenta,
liver, heart, kidney, E7 placenta,
E18 embryo, and enterocytes.
GAPDH expression was used as
a loading control. (B) Immunoblot
with Zp-specific 1gG of rat pla-
centa, lactating mouse mammary
tissue, mouse E18 embryo, and
(C). mouse serum and entero-
cytes, and human BeWo, MCF7,
T47D, and MCF10AT cell line
extracts. (D) Immunoblot with
Cp- and Heph-specific 1gG, respec-
tively, of mouse serum and enter-
ocytes; 50 ug total protein/lane.
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Rat placenta immunoreacted with Zp IgG, as well as mouse
mammary tissue and whole embryo, revealed a major band at
148 kDa and a minor band at 130 kDa. No signal was observed
in mouse serum or enterocytes (Fig. 2C) or Caco-2 cell extracts
(data not shown) immunoreacted with Zp IgG, indicating that
the IgG does not cross-react with Cp or Heph. BeWo, MCF7,
and T47D, but not MCF10AT cell extracts, immunoreacted
with Zp-specific IgG to give a single band of 130 kDa (Fig. 2C).
No expression of Cp or Heph was observed in any of these cell
lines (data not shown). When samples were immunoreacted with
Cp-specific IgG, a major band of 130 kDa was observed in
mouse serum (Fig. 2D). A single band of 130 kDa was also
observed in mammary tissue extracts (data not shown);

A

however, it is not clear if it is circulating Cp or Cp expressed
in this tissue.

Immunostaining of Zp in mouse tissues. We examined
expression of Zp in mouse adult, embryonic (E17.5), and
placental (E15.5) tissues. In the adult, expression was noted in
the brain, kidney, testes, and retina (Fig. 3A) but not in the liver
or intestine. In the embryo, expression was seen in brain,
bladder, eye, and brown fat (Fig. 3B). We found expression in
placenta in the labyrinth, inverted yolk sac, and spongiotropho-
blast (Supplemental Fig. 4). This expression pattern is distinct
from what has been previously reported for Heph and Cp (3,5-
8), although there is coexpression in some tissues, including the

retina testes kidney brain
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FIGURE 3

Immunostaining of Zp in adult (A) and embryonic (B) mouse tissues. (A) Immunohistochemical localization of Zp in adult mouse

brain, kidney, testes, and retina at 10 wk of age. No staining is detected in the preimmune control sera (top row). In the brain, Zp was detected in
the choroid plexus, the dentate gyrus, and the CA1 region of the hippocampus (arrow). Zp was localized in cross-sectioned tubules in the kidney
medulla and medullary rays (arrow). Zp was highly expressed in the mature spermatozoa of the testes and in the interstitial spaces between the
tubules where the endocrine Leydig cells are located (arrow). In the retina, Zp was detected in the retinal pigment epithelium (RPE) and ganglion
cell layer (GCL) (arrows). (B) Immunohistochemical localization of Zp in embryonic (E17.5) mouse brain, bladder, eye, and brown fat. No staining
was detected using the preimmune control sera (top row). Zp expression was high in the choroid plexus of the brain and in the urinary epithelium

of the bladder. Zp was also expressed in the E17.5 retina and brown
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fat. All images were taken at 20X magnification.
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FIGURE 4 pPD oxidase (A) and ferroxidase (B) activity of Zp in the
BeWo human placental cell line. (A) In-gel pPD oxidase activity was
measured in cell extracts (60, 90, 120, and 150 wg total protein/lane)
separated under nondenaturing conditions by native gel electropho-
resis. Purified human Cp (5-20 wg/lane) was used as a control. (B)
In-gel ferroxidase activity of the same extracts in A. (C) Immunoblot of
the same extracts in A with Zp-specific 1gG.

kidney and placenta (Heph and Zp) and eye and brain (Heph,
Cp, and Zp).

Zp has pPD and ferroxidase activities in BeWo cells. Amino
acid sequence and homology modeling of Zp with Heph and Cp
suggest that Zp has pPD and ferroxidase activities. The pPD and
ferroxidase activities of Zp were probed in BeWo cells using in-
gel assays and each revealed a single band (Fig. 4A,B). The
molecular weight of the signal was difficult to assess on the
native gels; however, replicate samples immunoreacted with Zp
antisera under the same conditions produced a single band
comparable in position to that observed in these assays (Fig. 4C).
BeWo cells do not express Heph or Cp (15).

SiRNA knockdown of Zp reduces pPD oxidase activity in
BeWo cells. We verified that the signals observed by immuno-
blot and oxidase assays were Zp by siRNA knockdown of Zp.
BeWo cells incubated with siRNA primers targeting the Zp
transcript were immunoblotted and assayed for pPD oxidase

A Cp Citrl Set1Set2 Set3

Zp e
GAPDH e O
B Cp Ctrl Set1Set2 Set3

-
pPD oxidase assay

FIGURE 5 pPD oxidase activity in BeWo cells after siRNA knock-
down of Zp. (A) Immunoblot with Zp- and GAPDH-specific IgG of
extracts (100 ug total protein/lane) of nontransfected BeWo cells (Ctrl)
and BeWo cells transfected with set 1, set 2, and set 3 siRNA targeting
Zp. Purified human Cp was used as a control (20 ug/lane). (B) In-gel
pPD activity assay of the same samples (100 ug total protein/lane).

activity. Zp protein levels were lower in BeWo cells treated with
siRNA primer sets 2 and 3 compared with control (Fig. 5A).
Similar results were obtained with the in-gel pPD oxidase
activity assay (Fig. 5B).

Zp levels are regulated by copper in placental cells. Zp
protein levels decreased (+* = 0.926; P = 0.0005) in increasingly
copper-deficient BeWo cells in parallel with loss of SOD1
activity (r* = 0.982; P < 0.0001) (Fig. 6).

Discussion

We have identified Zp, a new vertebrate MCF similar to Heph
and Cp, which may play a role in placental iron transport. MCEF,
originally comprising only the serum globulin Cp, now appear to
be a family of proteins involved in iron efflux from different
tissues. Forty-four vertebrate genomes, as of March 2010, were
reported by the Ensembl genome browser to have a protein-
coding sequence for Zp (as Hephl1), revealing conservation of
this gene. We previously provided physiological data implicating
a membrane-bound copper-containing oxidase in the efflux of
iron from placental cells. We further demonstrated that the
placental oxidase was not Heph, Cp, or their splice variants,
although the oxidase showed strong similarities to both (14,15).
We now show in this report that Zp represents the previously
unidentified placental copper-containing oxidase.

Zp is an MCF based on striking sequence similarity with
Heph and Cp, structural modeling, and in-gel ferroxidase
assays. All of the type I, II, and III copper-binding sites in Cp
are conserved in Zp. In addition, the structural modeling
suggests the presence of a putative iron-binding site in domain
6 analogous to sites observed in Cp. In multicopper oxidase blue
proteins, substrate binds close to the mononuclear site and
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FIGURE 6 Regulation of Zp by copper in BeWo cells. (A) BeWo cells
were made copper-deficient by incubation with increasing concentra-
tions of BCS, and cell extracts (100 ug total protein/lane) were then
immunoblotted with Zp-specific and GAPDH-specific 1gG followed by
development with chemiluminescence and measurement of band
intensity by densitometry. The ratio of each Zp band density to the
density of the 0 umol/L BCS control were multiplied by 100, averaged,
and then plotted versus BCS concentration (r? = 0.926; P = 0.0005).
Values are means * SD of results from 3 independent experiments.
(B) SOD1 activity as measured in the same cell lysates as in A and
plotted versus BCS concentration (7 =0.982: P<0.0001). Values are
means * SD, n = 2 independent experiments.

donates an electron, which is transferred via a cysteine residue to
a histidine residue (His-Cys-His motif) involved in binding the
trinuclear copper cluster (1). The transfer of electrons through
mononuclear copper 6 to the type II and III coppers in the
trinuclear cluster would be of primary significance, because
molecular oxygen binds to this site and after a transfer of 4
electrons is reduced to 2 molecules of water. These similarities
among Zp, Cp, and blue proteins lend strong support for a
similar function to Zp. Furthermore, ferroxidase activity in
BeWo cells, detected in an in-gel assay, occurred at a comparable
position to Zp, as detected by immunoblot. In-gel pPD oxidase
activity assay levels also decreased in BeWo cells treated with
siRNA against Zp, suggesting that this oxidase activity is due to
Zp. We also demonstrated decreased protein levels of Zp in
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cellular copper deficiency as we (25) and others have seen
previously for Heph and Cp (3,32,33). The changes in Zp mirror
the changes in the protein levels of the unknown placental
copper oxidase detected previously (15).

We hypothesize that Zp is a membrane-bound protein
involved in iron efflux, perhaps in concert with the iron
efflux protein, Fpnl (34-36). The glycosylphosphatidylinositol-
anchored variant of Cp facilitates iron efflux through interaction
with Fpn1 (4) and Heph is proposed to actuate iron efflux in a
mechanism that likely involves Fpn1 as well (2). Zp is predicted
to have a C-terminal membrane-bound region and to have the
correct protein topology to interact with Fpnl with the
ferroxidase domain located extracellularly. Fpnl is expressed
in a number of tissues, including placenta (34-37). The
ferroxidase-transporter mechanism for iron efflux may therefore
be used to transfer iron through the placenta or from the
placenta to the fetus via the Zp-mediated conversion of Fe(II) to
the Fe(IIl) form that can be incorporated into fetal transferrin.
Our proposed role of Zp in placental iron release is consistent
with our own observations (37-39) and those of others (40) that
the fetus can maintain iron status despite maternal anemia, but
that with copper deficiency, the fetus becomes iron deficient
whereas placental iron levels do not decrease. The elucidation of
the exact role of Zp in iron efflux in the tissues expressing the
gene awaits further experimental work.

The functional role of Zp relative to the other MCF remains
unclear. Zp is expressed in a number of tissues, including
placenta, but not liver or intestine. We detected 2 bands for Zp in
all positive tissues, but not in cell lines, which may represent
differences in glycosylation as seen for both Cp and Heph (3,33).
Heph is expressed in the placenta as well (8), but the interplay
between Heph and Zp in coordinating iron placental egress is
not yet known. Zp and Heph could play a similar mechanistic
role in mobilization of iron but in distinct placental tissues. Zp
could also play a supplemental role in tissues where Cp and/or
Heph are also present, perhaps under conditions of unique iron
need. In accordance with this, Cp has been shown to augment
iron transport from the intestine following severe phlebotomy-
induced iron need (41). The 3 MCF may be regulated differently,
function in different conditions, or function in different aspects
of iron trafficking by certain cells, as is the case for the 2 yeast
MCEF paralogs Fet3p and FetSp in Saccharomyces cerevisiae,
which have distinct yet complementary roles in maintaining
cellular iron homeostasis (42). Additional work will be needed
to resolve the respective roles of Cp, Heph, and Zp.
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