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Abstract

The reduction of iron is an essential step in the transferrin (Tf) cycle, which is the dominant pathway
for iron uptake by red blood cell (RBC) precursors. A deficiency in RBC iron acquisition leads to a
hypochromic, microcytic anemia. Using a positional cloning strategy, we have identified a gene, six-
transmembrane epithelial antigen of the prostate 3 (Steap3), which is responsible for the iron
deficiency anemia in the murine mutant nm1054. Steap3 is expressed highly in hematopoietic tissues,
co-localizes with the Tf cycle endosome, and facilitates Tf-bound iron uptake. Steap3 shares
homology with F40H2:NADP™* oxidoreductases found in archaea and bacteria, as well as with the
yeast FRE family of metalloreductases. Overexpression of Steap3 stimulates the reduction of iron,
and mice lacking Steap3 are deficient in erythroid ferrireductase activity. Altogether, these findings
demonstrate that Steap3 is an endosomal ferrireductase required for efficient Tf-dependent iron
uptake in erythroid cells.

Red blood cell precursors are uniquely dependent upon the transferrin (Tf) cycle to acquire
iron in order to synthesize heme in amounts sufficient for hemoglobin productionl. In the
transferrin cycle, iron bound to transferrin (Tf) binds to the transferrin receptor (Tfrl), the
complex is taken up by receptor-mediated endocytosis, and iron is released from Tf by
endosomal acidification to be delivered to the cytoplasm by the divalent metal transporter 1
(Dmt1)2‘4. Tf carries ferric iron (Fe3*), whereas Dmt1 is selective for ferrous iron (Fe2+)4.
Therefore, iron must be reduced in the Tf cycle endosome. Despite functional evidence of such
an activity, the molecular identity of this reductase is unknown. Recently, an ascorbate-
dependent b-type cytochrome ferrireductase, Dcytb (Cybrd1l), expressed predominantly in the
duodenum, was described®. However, Dcytb is not expressed highly in erythroid precursors,
and Dcytb null mice have normal iron metabolism and normal hematologic parameterss. Such
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data argue against a significant role for Dcytb in the Tf cycle. Alternatively, several studies
have demonstrated the existence of an NAD(P)H-dependent, cell-surface and/or endosomal
ferrireductase activity in many cell types, including erythroid cells’=9. We now demonstrate
that the major erythroid ferrireductase of the Tf cycle endosome is Steap3, which is predicted
to be a flavin-NADPH-dependent, membrane-bound oxidoreductase.

Previously, we described the phenotype of a murine mutant, nm1054, which has a microcytic,
hypochromic anemial0. In order to identify the gene responsible for the anemia, we took a
positional cloning approach. We mapped nm1054 (nm) to a 0.5 centimorgan (cM) interval on
mouse chromosome 1 in 542 affected [CBA/J-nm1054 x CAST/Ei] F» intercross animals20,
and defined a minimal physical interval for the locus between microsatellite markers D1Mit27
and D1Mit471 (Supplementary Fig. 1 online). Three contiguous markers, D1Mit54, D1Mit191,
and D1Mit389, could not be amplified in affected animals, suggesting that the nm1054
mutation was a large genomic deletion. Serial analysis of genomic PCR amplicons across the
region confirmed this observation, and defined a deletion of approximately 400 kb that
contained all or part of 6 genes (Fig. 1a). RT-PCR, southern blot, and/or northern blot analysis
demonstrated that each of these genes was absent in nm/nm animals (not shown). A BAC contig
of the deletion was developed, and transgenic lines were created from four overlapping BAC
clones that spanned the entire deletion without disrupting any of the genes (Fig. 1a). Two
transgenic lines derived from RPCI-22 BAC clone 11D19, which contains 2 genes, corrected
the anemia (Fig. 1b). The first, located within the deletion interval, is six-transmembrane
epithelial antigen of the prostate 3 (Steap3, also known as pHyde11‘13, TSAP61415 and
Dudulin2 [GenBank AY029586.1]). The second, which lies outside the deletion, is
complement component 1, g subcomponent 2-like (C1qgl2). Two partial BAC 11D19 insertions
containing C1ql2 alone, failed to complement the anemia, suggesting that Steap3 was the
anemia gene on BAC 11D19.

Because the nm1054 anemia is intrinsic to the hematopoietic compartment and manifests as a
Tf-dependent iron uptake defectlo, we expected the anemia gene to be expressed in
hematopoietic tissues, and the protein to be present in a physiologically relevant cellular
location. In situ hybridization analysis of mouse embryos and adult tissues, as well as
quantitative real-time PCR of human tissues, demonstrated that Steap3 is highly expressed in
fetal liver (the site of mid-gestational hematopoiesis), adult bone marrow, placenta, liver,
skeletal muscle, and pancreas (Fig. 2a,b). This pattern of distribution supports a role for Steap3
in iron metabolism, particularly in cells, such as erythroid precursors, that are highly dependent
upon Tf for iron acquisition. Furthermore, we demonstrated that a stably expressed, epitope-
tagged form of Steap3 partially co-localizes with Tf, Tfrl, and Dmt1 within endosomes (Fig.
3a—i). Also similar to Tfrl and Dmt1, in transiently transfected cells expressing high levels of
Steap3, the protein could be detected on the cell surface by immunofluorescence (not shown).
This co-localization with three other key components of Tf-dependent iron uptake, places
Steap3 in a sub-cellular compartment equipped for high-affinity, high avidity iron transport.

To further assess if Steap3 was the nm1054 anemia gene, we attempted to somatically correct
the hematopoietic defect in vivo. Mutant fetal liver hematopoietic cells were retrovirally
transduced with a wild-type copy of Steap3 and transplanted into lethally irradiated wild type
mice. Expression of Steap3 rescued the anemia, as indicated by an increase in the mean cell
volume (MCV) and cellular hemoglobin content of the reticulocytes (CHr). Furthermore,
because the proportion of protoporphyrin IX complexed with zinc (ZnPP) increases in states
of iron deficiencylG, the decreased ZnPP/Heme in the complemented mutant reflects specific
correction of the intraerythroid iron deficiency (Fig. 4a—c). In total, these data demonstrate
Steap3 rescues the hematopoietic defect in nm1054.
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To further expand upon the Steap3 complementation result, we created a Steap3 targeted
deletion allele (Supplementary Figure 2 online). Phenotypic analysis of [129S4/SvJae-
Steap3*/~ x 12956/SvEvTac-nm1054/+] F, intercross progeny demonstrated that the
nm1054 anemia was allelic with the Steap3 targeted deletion, and that homozygosity for the
Steap3 null allele recapitulated the homozygous nm1054 anemia phenotype (Fig. 5a—e and
Supplementary Table 1 and Supplementary Table 2 online). Furthermore, Steap3~/~
reticulocytes, like nm/nm reticulocyteslo, have a defect in Tf-dependent iron uptake.
Steap3~/~ reticulocytes are more than 3 fold less efficient in acquiring iron from Tf when
compared to wild type littermate controls (Fig. 5f). Upon re-incubation with media containing
an excess of apo-Tf, they also lose a substantial fraction of iron initially taken up into the cell
(17.8+3.3%), whereas control cells lose virtually none at all (—1.6+3.7%). Taken together, these
data conclusively demonstrate that the nm1054 anemia is due to loss of Steap3, that nm1054
is a deletion allele of Steap3 (Steap3"™1954) and that mutation of Steap3 results in a defect in
Tf-mediated iron uptake.

Sequence analysis predicts Steap3 to have an N-terminal oxidoreductase domain and a C-
terminal transmembrane region (Fig. 6a). The OX|doreductase domam is predicted to be an
unusual flavin-NAD(P)H binding structure (PFAM 03807. 8) homologous to one found in
archaea and bacteria that utilizes NADPH and the modified flavin F4og as cofactors18:19, This
domain is not present in yeast, C. elegans, or Drosophlla and onlytwo other structurally similar
mammalian proteins, Steap4 (Tiarp orTnfa|p9 )and Steap2 (STAMPl) have homologous
domains (Fig. 6b). The C-terminal region of the protein is predicted to have six transmembrane
helices that are very distantly related to the S. cerevisiae FRE famll¥ of b-type cytochrome
metalloreductases, which are essential for iron and copper uptake (F|g 6 g In particular,
two of four histidine residues implicated in bmdmgzheme in the FRE protems are conserved
in all four Steap family members, including Steap 4,25 \which lacks the N-terminal
oxidoreductase domain (Fig. 6b). Like the Steap protems, the yeast FRE proteins also contain
a predicted flavin-NAD(P)H-binding domain. However, in the latter group, this domain is
structurally distinct, and located C-terminal, rather than N-terminal, to the predicted
transmembrane spans (Fig. 6a).

Steap3 was initially described as a putative tumor sup%ressor gene capable of inhibiting tumor
cells through a caspase-3 dependent pathwayll‘ It has subsequently been reported to
interact with and facilitate secretion of the pro-inflammatory translatlonally controlled tumor
protein (TCTP, also known as histamine-releasing factor [HRF]) . Steap4 has been
characterized as a cell surface protein induced by tumor necrosis factor-alpha (TNF-a) in an
adipogenic cell line20, STEAP and STEAP2 are highly e fressed in the prostate and have been
circumstantially implicated in prostate cancer metastasis?l . However, in no case has a
specific enzymatic function been attributed to this family of proteins.

The functional defect in Steap3"™M1054 and Steap3~/" reticulocytes, as well as the structural
homology to oxidoreductases in archaea and the yeast FRE proteins, suggested that Steap3
might function as a ferrireductase. To address this h potheS|s we measured ferrireductase
activity in Steap3"™1054 and Steap3 /" reticulocytes®25. We found that reticulocytes of both
homozygous mutant genotypes were similarly deficient in ferrireductase activity compared to
controls (Fig. 6¢,d). To determine if Steap3 over-expression could stimulate ferrireductase
activity in vitro, we transiently transfected HEK 293T cells with Steap3 and found that
ferrireductase activity was increased (Fig. 6e). Mutation of either of two residues implicated
in NAD(P)H binding (S581 and R59L) completely abrogated this activity (Fig. 6e). A similar
loss of function was also seen in Steap3 mutants in which either of the two putative heme-
binding histidines was changed to leucine (H316L or H409L) (Fig. 6e). In each case, the
mutations had no effect on protein expression or localization (not shown). These results
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demonstrate the importance of these conserved motifs for reductase activity, and argue against
an indirect effect of Steap3 in inducing another ferrireductase protein.

Steap3 has structural features distinct from other known ferrireductases. Within eukaryotes,
the F4o9H2:NADP* oxidoreductase domain is unique to members of the Steap family
(Supplementary Fig. 3 online). Prior studies of the Steap proteins predict a cytoplasmic
orientation for the oxidoreductase domain29:21.24 |nsucha configuration, this domain would
have access to the cytoplasmic pool of NAD(P)H as a source of electrons for the reduction of
iron (Fig. 6f). In the case of the yeast FRE proteins, the transfer of electrons from NADPH
across the membrane is believed to occur sequentially, first through FAD, and then through
two heme molecules2’. These heme moieties are coordinated by 4 histidine residues within
the transmembrane segments22 In Steap3 and its mammalian homologues, only two of these
histidine residues are conserved, predicting one intramembrane heme molecule (Fig. 6a,b).
Computational modeling of the transmembrane domains of Steap proteins places the single
heme more centrally within the membrane (TMpred http://www.ch.embnet.org/software/
TMPRED); whereas in the yeast FRE proteins the heme %roups are arranged in tandem, at
opposite poles of the transmembrane helices (Fig. 6a,b,f) 8

Overall, the modeling and in vitro ferrireductase activity of Steap3 would predict that Steap3
binds NAD(P)H and a flavin derivative as well as one heme, and that the reduction of iron is
accomplished by sequential transfer of electrons from the NAD(P)H oxido-reductase domain,
to an intra-membrane heme cofactor, and ultimately to Fe3* within the endosome. It is unclear
if ‘éfree" Fe3* is the substrate of this reaction, or if reduction facilitates release of iron from
T,

Altogether, these data formally define the role of iron reduction in the Tf cycle, and support
the hypothesis that Steap3 is an endosomal ferrireductase critical for Tf-Tfr1-mediated iron
uptake in erythroid cells. Since Steap3 is found in abundance in other tissues that express high
levels of Tfrl, including placenta, the absence of pathologic phenotypes of iron metabolism
attributable to these tissues suggests functional overlap in the ferrireduction system. As the
other Steap2 and Steap4 are highly homologous to Steap3 and contain oxidoreductase domains,
the requirement for an iron reductase in other organs could potentially be met by other family
members.

Genetic and Physical mapping of nm1054

All animal work was reviewed and approved by the Animal Care and Use Committee at
Children’s Hospital Boston. A total of 542 affected [CBA/J-nm1054 x CAST/Ei] F, intercross
animals were obtained and genotyped and analyzed as previously describedO. Closely linked
microsatellite markers D1Mit27 and D1Mit217, located centromerically and telomerically of
the deletion, respectively, were used to detect the CBA/J-derived Steap3"™1054 g|lele thereafter.
A redundant overlapping contig of BAC clones was constructed by screening the CITB strain
129S4/SvJae library (Invitrogen) by PCR, and the RPCI-22 strain 129S6/SvEvTac library
(http://bacpac.chori.org/home.htm) with gene-specific probes.

Steap3 RNA expression analysis

In situ hybridization was performed on frozen sections of murine tissues using 3°S-labelled
RNA probes (coding sequence nucleotides 124-519) as previously described?8. Real time PCR
was performed in triplicate on the Human MTC cDNA Panel I and Human Immune System
MTC Panel cDNA sets (BD Biosciences) employing the SYBR Green PCR Master Mix
(Stratagene), and the ABI Prism 7700 Sequence Detection System Mx3000P™ Real-Time
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PCR System according to the manufacturer's instructions. Standard curves were generated
using 1, 0.2, 0.1, 0.05, 0.02, and 0.01 ng of total cDNA from human liver. Primers
(Supplementary Table 3 online) were designed using the real time PCR primer design software
from GeneScript (Piscataway, NJ). Dissociation curve analysis, gel electrophoresis, and
sequencing of PCR products were performed to validate and determine the specificity of the
assays. The experiment was repeated three times with similar results.

Transient and stable expression of Steap3

The murine Steap3 cDNA was cloned into pPCDNAG6-myc-HisA (Invitrogen) to create
pCDNAG-Steap3-Myc-His. Mutations were introduced by using the QuickChange |1 site-
directed mutagenesis kit (Stratagene). The C-terminally Myc-tagged Steap3 was subcloned
from pCDNAG-Steap3-Myc-His into the retroviral vector pMSCVneoEB to generate pMSCV-
Steap3-Myc. Tissue culture cells were maintained in DMEM (Gibco-BRL) supplemented with
10% FBS (Invitrogen) and penicillin/streptomycin. Stable expression cell lines were obtained
by transfecting HEK 293T or COS-7 cells with linearized pPCDNAG6-Steap3-Myc-His using
Geneporter2 (Gene Therapy Systems), and culturing with blasticidin antibiotic selection.
Clones were chosen on the basis of antibiotic resistance, as well as by protein expression
determined by western blot and immunofluorescence.

Sub-cellular localization

HEK 293T clones stably expressing low levels of the Steap3-Myc-His protein were plated on
poly-D-lysine coated coverslips (Becton-Dickinson) and incubated in DMEM supplemented
with 10% FBS and 10pg/ml human holo-Tf (Sigma) for 24 hours prior to immunofluorescence.
For Tf labeling, cells were incubated with 30ug/ml Alexafluor 488-labelled human holo-Tf
(Molecular Probes) for 30 minutes before washing three times with PBS. Cells were then fixed
and treated with a Cy3-labelled mouse anti-Myc 9E10 monoclonal antibody (Sigma) before
viewing by confocal microscopy. For Tf receptor co-localization, cells were stained with FITC-
conjugated anti-TfR (clone #M-A712, BD Pharmingen). A C-terminally flag tagged DMT1 in
pCS2 was transfected into a 293T clone stably expressed myc-tagged Steap3. Cells were
stained as previously described?®.

Retroviral complementation

Retroviral production, infection, and transplantation were modified from established
procedures3o. Briefly, retroviral supernatants were harvested from HEK 293T cells 48 hours
post-transfection with pMSCVneoEB retrovirus constructs and Ecopac (Cell Genesys, Foster
City, CA). C57BL/6J-nm/nm Gpi1P/ [N;4] fetal liver hematopoietic cells were obtained at
E14.5-16.5. Mature erythrocytes were lysed in 150 mM NH4CI, 10 mM KHCOg3, 0.1 mM
EDTA [pH 7.4], and the nucleated fetal liver cells incubated for 24 hours in RPMI
supplemented with murine IL-3 (6 U/ml; R&D Systems), recombinant murine stem cell factor
(SCF, 5 U/ml; Stem Cell Technologies), recombinant murine IL-6 (10 000 U/ml; R&D
Systems), 10% FBS, and 100 U/ml penicillin/streptomycin, and transduced twice at 24-hour
intervals with retroviral supernatants. Following retroviral transduction2x10° nucleated fetal
liver cells were transplanted by retro-orbital injection into lethally irradiated C57BL/6J-
Gpil2 mice (Jackson Labs, Bar Harbor, ME). Peripheral blood was collected for phenotypic
and chimerism (Gpi1P donor vs. Gpil? recipient) analysis at 4 weeks post-transplantation as
previously described10.

Gene targeting, allelism testing, and phenotyping

BAC transgenics were created by injecting pronuclei of C57BL/6 blastocysts with circular
BAC DNA prepared with the NucleoBond BAC Maxi Kit (BD Biosciences). ES cell (J1 line;
129S4/SvJae derivation) gene targeting, culture, and blastocyst injections were performed
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using standard techniques. Chimeric Steap3*/~ males were bred to 129S6/SvEvTac-nm/+ [N5]
(Steap3nM1054/+) females, and compound heterozygous (Steap3"™1054/~) and heterozygous
(Steap3"™M1054/+ and Steap3+/~) F1 animals were intercrossed to produce F;, litters, which were
phenotyped as previously described19. Routine genotypes and phenotypes were determined
by a PCR assay for the targeted and wild type alleles and by a peripheral blood smear. Statistical
analysis was performed using StatView 5.0.1 (SAS Institute Inc, Cary, NC)

Iron uptake and iron reductase experiments

Iron uptake experiments were performed on reticulocyte rich RBCs as previously
described10. Reductase assays employed HEK 293T cells in 12 well dishes. Cells were
transfected with 1ug of pPCDNAG-Steap3-Myc-His or an anti-sense construct using
Geneporter2 (Gene Therapy Systems) according to the manufacturer’s instructions. For the
assay, transfected cells were incubated in PBS supplemented with 5.6 mM glucose containing
50uM Fe3*- nitrilotriacetic acid (Fe-NTA; 50uM ferric chloride + 100uM nitrilotriacetic acid)
and 200uM ferrozine®. After incubation at 37°C for 60 minutes, the Fe2*-ferrozine complex
was detected by measuring the absorbance at 562 nm, and converted to Fe2* generated by using
the extinction coefficient, 27.9 mM~lecm™1. Pilot experiments demonstrated time and
temperature dependence of the assay. For reticulocyte experiments, a reticulocytosis was
induced by bleedinglo, and washed reticulocyte-rich RBCs were incubated in Hank’s Balanced
Salt Solution (HBSS) containing 50uM Fe3*- nitrilotriacetic acid and 200uM ferrozine for 30
minutes. Iron uptake and ferrireductase activity were normalized to RNA content10

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

nm1054 physical map and BAC complementation. (a) Physical map of the nm1054 region
demonstrating the extent of the deletion interval (shaded region) based on sequences in the
Ensembl database (www.ensembl.org; April 2005 release). Microsatellite markers (top), BAC
transgenes (middle), and genes (bottom) are shown. CITB and RPCI-22 BAC transgenes are
indicated by their clone ID numbers. Partial insertions of RPCI-22 11D19 are indicated by an
asterix (*). Ensembl transcript ENSMUST00000037840; Sctr, secretin receptor; Pr1, Neuronal
voltage-gated calcium channel y-like subunit; Dbi, diazepam binding inhibitor; RefSeq_dna
ID NM_028439; Steap3, six-transmembrane epithelial antigen of the prostate 3; C1ql2,
complement component 1, q subcomponent 2-like (b) Comparison of hemoglobin (HGB [g/
1) levels in 4 week old BAC transgenic [C57BL/6 x 129S6/SvEvTac] F1 animals. ?/+ includes
all nm/+ and +/+ animals with or without a BAC transgene (n=12). Other groups are nm/nm
animals without a BAC transgene (Tg~; n=11), a transgene other than RPCI-22 11D19 (Tg™;
n=15), a partial insertion of RPCI-22 11D19 (Tg11P19*+: n=6), or a complete insertion of
RPCI-22 11D19 (Tg11P19), Error bars + 1 standard deviation (S.D.).
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Figure 2.

Steap3 mRNA expression (a) In situ hybridization of E15.5 mouse embryo demonstrating high-
level fetal liver (open arrow) and labyrinthine placental expression (closed arrow). (b)
Quantitative real time PCR of STEAP3 in human tissues. Relative RNA abundance is
normalized to spleen, which was defined as a ratio of 1.0. Error bars £ 1 S.D.
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Figure 3.

Steap3 sub-cellular localization. (a—i) Co-localization of epitope-tagged Steap3 with
endogenous Tf and Tfrl, and epitope-tagged DMT1. (a) Steap3, (b) Tf, (c) Tf-Steap3 merged,;
(d) Steap3, (e) Tfrl, (f) Tfr1-Steap3 merged, (g) Steap3, (h) Dmt1, (i) Dmt1-Steap3 merged.
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Figure 4.

Somatic complementation of the nm1054 anemia in bone marrow chimeras. (a,b) Comparison
of peripheral blood smears of lethally irradiated wild type recipient mice transplanted with
homozygous mutant fetal liver hematopoietic cells transduced with (a) the retroviral vector
alone, or (b) a construct expressing Steap3. (c) Hematological data and RBC chimerism in
transplant chimeras at 4 weeks post-transplantation (n=4 in each group). HGB=hemoglobin,
MCV=mean RBC volume, ZPP/Heme=RBC zinc protoporphyrin 1X: iron protoporphyrin IX
(heme) ratio. Error bars + 1 S.D. Student’s T-test P=0.009 (HGB), 0.017 (MCV), <0.001 (ZPP/
Heme). Chimerism was not significantly different between the two groups (P=0.837). Error
bars £ 1 S.D.
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Figure 5.

Hematologic data from nm1054 and Steap3 null mice. (a—d) Peripheral blood smears of (a)
Steap3*/*, (b) Steap3nm1054/nm1054 (¢ Steap3nMi054/~ and (d) Steap3~/~ animals at 8 weeks
of age. (e) Hematological data in 8 week old Steap3*/* (n=5), Steap3"M1054/nm1054 (n=g)
Steap3"M/1054/~ (n=6), and Steap3~/~ (n=6) mice. Error bars + 1 S.D. See also Supplementary
Table 1 online. (f) Iron uptake activity in Steap3*/* (n=5) and Steap3~/~ (n=6) reticulocyte-
rich RBCs. The fraction of the total iron, present as heme, is indicated in the filled portion of
the bar.

Nat Genet. Author manuscript; available in PMC 2007 December 27.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Ohgami et al.

Page 14
a Steap3 Steap2 | b
wbu}ﬂ wcom o= -
Steap FRE1 %.EEE:
NH, COH COH J
c g d & e £ op
e i
.. =
o i e e——
gm & ggg = F ———ar—]
i fm— e HH
5 ————1 ~ C T 7 ———
és gz '! Vedtor WT H316L H409L S581 RS9L
4
i
2 T
io ¥ ltl
+/+ nm/nm +/+ -/-

Cytosol

Figure 6.

Structure of the Steap family and function of Steap3 (a) Schematic diagram of Steap1-4 and
yeast FREL. Blue ovals in tandem represent the unique flavin- NAD(P)H binding domain.
Heme groups are indicated in red. The green in FREL1 represents the FAD:NAD(P)H domain.
(b) (top) Multiple sequence alignment of the flavin F4o9H>: NADP* Oxidoreductase (FNO)
from Archaeoglobus fulgidus and the Mus musculus Steap family members. Steap lacks the
FNO-like domain. Conserved residues in the Rossman fold motif (GXGXXA/G) are in bold
italics. Serine (S) and arginine (R) residues critical for binding to the phosphate moiety of
NADP* are in bold. (bottom) Predicted transmembrane domains 3 (TM3) and 5 (TM5) of the
Steap proteins are aligned with Saccharomyces cerevisiae FRE1. Conserved histidines (H)
residues are in bold. The second, non-conserved histidine in each FRE1 TM is in bold italic.
Multiple sequence alignment was performed with MultAlign (http://cbrg.inf.ethz.ch/Server/
MultAlign.html). (c) Ferrireductase activity in Steap3*/* (n=10) and Steap3nm1054/nm1054
(n=5) reticulocyte-rich RBCs (d) Ferrireductase activity in Steap3*/* (n=6) and Steap3~/~
(n=5) reticulocyte-rich RBCs. (e) Ferrireductase activity in HEK 293T cells transfected with
vector alone (n=12), or wild type (n=12), or mutant Steap3 (n=6 each) expression constructs.
Error bars + 1 S.D. (f) Schematic model of Steap3 mediated reduction of iron. Putative Steap3
membrane topology, FNO motif, and heme coordination sites located in TM3 and TM5.
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