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Mammalian ferrochelatase, the terminal
enzyme in the heme biosynthetic path-
way, possesses an iron-sulfur [2Fe-2S]
cluster that does not participate in cataly-
sis. We investigated ferrochelatase ex-
pression in iron-deficient erythropoietic
tissues of mice lacking iron regulatory
protein 2, in iron-deficient murine erythro-
leukemia cells, and in human patients
with ISCU myopathy. Ferrochelatase activ-
ity and protein levels were dramatically
decreased in Irp2�/� spleens, whereas
ferrochelatase mRNA levels were in-
creased, demonstrating posttranscrip-

tional regulation of ferrochelatase in vivo.
Translation of ferrochelatase mRNA was
unchanged in iron-depleted murine eryth-
roleukemia cells, and the stability of ma-
ture ferrochelatase protein was also unaf-
fected. However, the stability of newly
formed ferrochelatase protein was dra-
matically decreased during iron defi-
ciency. Ferrochelatase was also severely
depleted in muscle biopsies and cultured
myoblasts from patients with ISCU myop-
athy, a disease caused by deficiency of a
scaffold protein required for Fe-S cluster
assembly. Together, these data suggest

that decreased Fe-S cluster availability
because of cellular iron depletion or im-
paired Fe-S cluster assembly causes re-
duced maturation and stabilization of apo-
ferrochelatase, providing a direct link
between Fe-S biogenesis and completion
of heme biosynthesis. We propose that
decreased heme biosynthesis resulting
from impaired Fe-S cluster assembly can
contribute to the pathogenesis of dis-
eases caused by defective Fe-S cluster
biogenesis. (Blood. 2010;115:860-869)

Introduction

Heme, the iron-containing tetrapyrrole cofactor of hemoproteins, is
indispensable for many cellular and organismal metabolic pro-
cesses because of its ability to confer gas transport and electron
transfer functionalities to countless enzymes. In animals, heme
biosynthesis begins in the mitochondrion with the conjugation of
succinyl-coenzyme A and glycine by �-aminolevulinic acid syn-
thase (ALAS) to form �-aminolevulinic acid (ALA).1 ALA is
transported into the cytoplasm where it serves as the building block
for the tetrapyrrole macrocycle via a series of well-characterized
reactions,2 and the process is concluded in the mitochondrion with
insertion of iron into protoporphyrin IX (PPIX) by ferrochelatase to
form heme.3

Large amounts of iron and heme are required by developing
erythroblasts to supply millimolar quantities of hemoglobin in
erythrocytes. An iron-responsive element (IRE) present in the 5�
untranslated region (UTR) of the mRNA that encodes erythroid-
specific isoform of ALAS (Alas2)4 allows for binding of iron
regulatory proteins 1 and 2 (IRP1/2) during iron deficiency,
resulting in decreased synthesis of aminolevulinic acid synthase 2
(ALAS2) protein and restricted initiation of heme biosynthesis. In
contrast, IRE sequences in the 3�-UTR of transferrin receptor 1
(Tfr1) confer protection from nuclease degradation on IRP bind-
ing,5 thus increasing TfR1 protein expression during iron defi-
ciency. Accordingly, Irp2�/� erythroblasts express less TfR1,
probably contributing to the low hematocrit and microcytosis
observed in these animals despite normal serum transferrin satura-
tion levels.6,7

Irp2�/� mice also possess more than 100-fold elevated levels of
erythrocyte PPIX,6 a condition found in patients affected by
erythropoietic protoporphyria (EPP). EPP is characterized by
elevated erythrocyte PPIX, resulting in painful cutaneous photosen-
sitivity and, infrequently, hepatic failure caused by biliary occlu-
sions of crystalline protoporphyrin.8 Whereas elevated erythrocyte
PPIX levels in Irp2�/� mice are associated with the loss of
IRP2-mediated translational repression of ALAS2,6 EPP in humans
is usually caused by mutations in the ferrochelatase (FECH) gene.9

EPP patients usually possess less than one-third of the normal level
of ferrochelatase activity,10 which most frequently results from
inheritance of a mutated FECH allele with decreased activity
together with a low-expressing normal FECH allele.11

Unlike the Saccharomyces cerevisiae and Escherichia coli
enzymes, mammalian ferrochelatase possesses a solvent-exposed
[2Fe-2S] cluster.12,13 Interestingly, replacement of the carboxy-
terminal segment of mammalian ferrochelatase containing 3 of the
cluster-ligating cysteines with S cerevisiae ferrochelatase sequence
yielded a non–cluster-containing protein that retained some activ-
ity.14 The crystal structure of human ferrochelatase suggests a
structural role for the Fe-S cluster by revealing a unique stabilizing
bridge formed by the cluster between the 3 carboxy-terminal
cysteines and a fourth internal cysteine.12,15 Mutations in the
4 coordinating cysteine residues of recombinant human ferroche-
latase resulted in an inactive enzyme,15,16 consistent with observa-
tions in 5 EPP patients in which such mutations also resulted in
inactive enzyme.17
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Because the Fe-S cluster of ferrochelatase does not participate
directly in catalysis, alternative roles have been proposed (re-
viewed by Dailey et al18). Initial demonstration of decreased
ferrochelatase activity in cultured rat hepatocytes treated with
S-nitroso-N-acetylpenicillamine,19 a nitric oxide (NO)-generating
compound, prompted 2 further studies, which showed that the
cluster is sensitive to destruction by NO in vitro,20 and in cultured
cells.21 Ferrochelatase activity was also decreased in iron-deprived
Cos7 cells expressing human ferrochelatase, but not in cells
expressing the non–cluster-containing E coli ferrochelatase,22 sug-
gesting that the cluster may participate in the iron-mediated
regulation of human ferrochelatase.22

To better understand the role of the Fe-S cluster of ferroche-
latase during heme biosynthesis under iron-deficient conditions, we
investigated ferrochelatase expression in the iron-deficient erythro-
poietic tissues of Irp2�/� mice, in iron-deprived murine erythroleu-
kemia (MEL) cells, and in human patients with ISCU myop-
athy.23,24 Our results demonstrate significant posttranscriptional
changes in ferrochelatase expression in Irp2�/� splenic erythro-
blasts. We also found that newly formed, but not mature, ferroche-
latase was affected by iron deficiency in MEL cells and that
ferrochelatase was dramatically reduced in skeletal muscle of
patients with impaired Fe-S cluster assembly because of ISCU
depletion. Together, these results demonstrate the potential for
modulation of heme biosynthesis via the availability of newly
formed Fe-S clusters for insertion into the ferrochelatase apoprotein.

Methods

Animals and cell lines

Irp2�/� and Irp2�/�:Irp1�/� animals were generated as described previ-
ously6 and were more than 1 year of age at the time of analysis. The animals
were deeply anesthetized by injection of an isotonic pentobarbital solution
containing sodium heparin, and tissues were exsanguinated by cardiac
perfusion with phosphate-buffered saline (PBS). Bone marrow was ob-
tained as described previously.6 All procedures were approved by the
National Institute of Child Health and Human Development Animal Care
and Use Committee. MEL cells (a gift from Dr David Bodine) were
propagated in N-2-hydroxyethylpiperazine-N�-2-ethanesulfonic acid-
buffered RPMI 1640 medium (Invitrogen) containing 10% fetal bovine
serum at 37°C and 5% CO2. To induce differentiation, cells were cultured in
the presence of 2% dimethyl sulfoxide (DMSO). Under these conditions,
the cells cease to divide within 24 hours, and hemoglobin accumulation is
evident after 48 hours. All reagents were purchased from Sigma-Aldrich
unless otherwise noted.

Splenic erythroblast isolation

Splenic cell suspensions were obtained after perfusion with PBS. Incisions
in the capsular membrane were made, and the tissue was rubbed between
the frosted portion of 2 microscope slides in PBS. This suspension was
passed through a 70-�m strainer, and the filtrate was layered onto
Ficoll-Paque PLUS solution (GE Healthcare). Nucleated cells were sepa-
rated from mature erythrocytes by centrifuging at 1000g for 20 minutes at
room temperature. The recovered supernatant was washed with Hanks
Balanced Salt Solution, and erythroblasts were isolated by incubation with
streptavidin-coated Dynabeads (Invitrogen) conjugated to biotinylated
anti-TER119 antibody25 (eBioscience) using the indirect technique accord-
ing to the manufacturer’s instructions. Human Fc fragment (Jackson
ImmunoResearch Laboratories) was included to block Fc receptor-
mediated binding of nonerythroid cells.

Ferrochelatase assay

Ferrochelatase activity was assayed using modifications to the methods of
Shepherd et al,26 Jones and Jones,27 and Li et al.28 Samples were sonicated
on ice in lysis buffer consisting of 1% sodium cholate dissolved in 50mM
Tris-HCl, pH 8.0. After centrifugation at 20 000g for 10 minutes, the
supernatants were adjusted to the same total protein concentration after
bicinchoninic acid protein assay (Pierce). Ferrochelatase assay buffer
consisted of 20mM Tris-HCl (pH 8), 1% Triton X-100, 1mM lauric acid,
50�M deuteroporphyrin IX (Frontier Scientific), and 50�M Zn(II) acetate.
A 200- to 400-�g protein sample was added to a UV microcuvette, followed
by 10 � assay buffer mixture (without deuteroporphyrin IX) for a final
concentration of 1 � assay buffer in 350 �L. Reactions were started by the
addition of deuteroporphyrin IX, and the cuvette was placed at 37°C in an
Agilent 8453 spectrophotometer. With the UV lamp turned off, visible
absorbance spectra were taken in 30-second intervals. Time points between
5 and 10 minutes were used to plot linear kinetic curves. The absorption
maximum of the evolving � band (indicative of metal chelation29) present
in the range of the Q bands at 541 nm was subtracted from an isobestic point
of 524 nm present between Q bands IV and III of the unmetallated
porphyrin to yield a first-order kinetic rate. For reaction blanks, 2�M
N-methyl-mesoporphyrin IX (Frontier Scientific) was included in the
reaction mixture of a duplicate sample, which resulted in complete
inhibition of the absorbance increase over time. Data are presented as
first-order rates, normalized to control samples as either fold-change or
percent of control.

Hemoglobin assay

MEL cell hemoglobin levels were assessed semiquantitatively by native
polyacrylamide gel electrophoresis (PAGE) separation and electroblotting
followed by chromophore-enhanced visualization. Briefly, cell pellets were
sonicated in Tris-buffered saline (pH 7.5) and centrifuged for 10 minutes at
20 000g, after which the supernatants were centrifuged for 15 minutes at
105 000g. The resulting supernatants were adjusted to equivalent protein
concentrations, mixed 1:1 with sample buffer (pH 7.5, 100mM Tris-HCl,
15% glycerol, 0.05% bromphenol blue), and 20 to 40 �g of protein was
subjected to electrophoresis at 125 V using a 4% to 20% Tris-glycine gel
(running buffer was 12mM Tris base, 96mM glycine) until the dye front
traveled halfway to the bottom of the gel. Proteins in the gel were
electroblotted onto a 0.2-�m pore-size polyvinylidene difluoride filter
(Invitrogen) for 1 hour in alcohol-free transfer buffer (25mM Tris base,
192mM glycine) in a Hoefer TE22 transfer apparatus at a current of 400mA
and temperature fixed at 20°C. Hemoglobin visualization was enhanced by
incubating the filter in a solution of freshly made and filtered 50mM Tris
(pH 7.5), 50mM imidazole, 0.5 mg/mL diaminobenzidine, and 0.1% H2O2

for 20 minutes in the dark, followed by 2 rinses in water, and 10-minute
incubation in a solution consisting of 0.5% (wt/vol) CuSO4 made fresh in
50mM Tris-HCl, pH 7.5. The filter was washed, dried overnight in the dark,
and digitized the next morning. Mouse erythrocyte lysate was used as a
positive control for hemoglobin in initial experiments. A prominent protein
band observed after further staining of the filters with 0.1% Ponceau-S was
used as a protein loading control.

Western blots

Sodium dodecyl sulfate (SDS)-PAGE and Western blotting were performed
as described previously30 using 1.5-mm 10% precast bis-Tris gels (Invitro-
gen), except for ISCU, which was resolved using large-format 15%
Tris-glycine gels. Rabbit polyclonal antiferrochelatase serum was a kind
gift from Dr Harry Dailey. Mouse monoclonal anti-superoxide dismutase 2
(SOD2) was from Abcam. Antimitochondrial aconitase and ISCU rabbit
polyclonal sera were raised against synthetic peptide fragments. Mouse
monoclonal anti-protoporphyrinogen oxidase (PPOX) was from Abnova.
ALAS2 antibody6 was affinity purified using a modified surface affinity
purification technique. The ALAS2 band, which runs at an aberrantly low
apparent molecular weight in bis-Tris gels, was confirmed to be of the
correct molecular weight when run in Tris-glycine gels.
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Northern blots and quantitative RT-PCR analysis

RNA was extracted using Trizol (Invitrogen) and further purified using the
RNeasy kit (QIAGEN) cleanup protocol. Northern blots were performed as
reported previously.6 dsDNA probes were made using �-32P-deoxycytosine
triphosphate (PerkinElmer) and the Megaprime labeling kit (GE Health-
care). Probe templates were generated by PCR using a MEL cell cDNA
library. Primers were as follows: Probe for both mouse and human
ferrochelatase: 5�-ATGGAGAGAGATGGACTAGAGAGGGCC-3� and 5�-
CGCTCTTCTGATGTTCTCAGCTCCACA-3�; mouse �-globin: 5�-GTT-
GTGTTGACTTGCAACCTCAGA-3� and 5�-CATTTCCCCACAATTGA-
CAGTTTT-3�. For ALAS2, a probe template was obtained by restriction
digestion of a pHIS-Parallel plasmid containing mouse ALAS2 protein
coding sequence. Quantitative RT-PCR was performed using SYBR Green
(Applied Biosystems) according to the manufacturer’s instructions, after
reverse transcription of total RNA into cDNA (Applied Biosystems).
Quantitative RT-PCR primers were as follows: mouse ferrochelatase
2.2 � 2.9-kb transcripts: 5�-CCTCATCCAGTGCTTTGCAGA-3� and 5�-
GCAGGGAGTGGGCAGAAAAC-3�; mouse ferrochelatase 2.9-kb tran-
script only: 5�-CGCCTTCATTTGAGTCCACAGT-3� and 5�-GGCACTG-
GAAGGTTCCTTGG-3�. Relative transcript abundance was calculated
using the 2�		Ct method,31 with GAPDH as the internal control. Correct
quantitative RT-PCR product size was verified by agarose gel electrophoresis.

Aconitase in-gel assay and electrophoretic mobility shift assay

Aconitase was assayed using a coupled assay after native PAGE separation,
as described previously.32 IRP-IRE binding activity was determined by
electrophoretic mobility shift assay using a 32P-labeled ferritin IRE probe,
as described previously.32

Metabolic labeling and pulse-chase

The core protocol for metabolic labeling of MEL cells used in this study is
as follows. Cells were washed once in labeling medium (RPMI 1640
without L-cysteine and L-methionine) and incubated in labeling medium
for 1 hour, followed by metabolic labeling with the EXPRESS 35S-cysteine
and 35S-methionine reagent (1175 Ci/mmol; PerkinElmer) for 10 to
60 minutes. Subsequently, cells were washed with complete RPMI medium
and frozen immediately, or washed twice and chased in treatment medium
for various time points. Cell pellets were lysed in Tris-buffered saline with
1% Triton X-100, centrifuged at 20 000g for 10 minutes, and adjusted to
equal total protein concentration. Immunoprecipitation was carried out
essentially as described previously,33 with 750 �g of total protein and
1.5 �L of ferrochelatase antiserum used per sample. Wash and binding
buffer consisted of 1% NP-40 and 0.5% deoxycholate in PBS. Immunopre-
cipitated radiolabeled ferrochelatase was visualized by SDS-PAGE in 10%
bis-Tris gels with MOPS-SDS running buffer (Invitrogen), followed by
autoradiography with Kodak MR single emulsion films.

Tissue biopsies and myoblast cultures

Control and ISCU myopathy patient skeletal muscle was obtained and
prepared as described previously.23 Written consent was given by all
persons involved in the study in accordance with the Institutional Review
Board for Human Studies of the University of Texas, Southwestern Medical
School, and the Declaration of Helsinki. Primary myoblast cell lines, a
generous gift from Dr Eric Shoubridge, were cultured on BD Matrigel-
coated flasks as described previously,34 except that Lonza SKBM-2 culture
medium was used. Terminal differentiation of myoblasts into myotubes was
achieved by incubation of the cultures for 4 days in Dulbecco modified
Eagle medium containing 2% heat-inactivated horse serum (Invitrogen).

Results

Posttranscriptional alteration of ferrochelatase expression in
iron-deficient erythropoietic tissues of Irp2�/� mice

Depleted cellular iron stores and microcytic anemia have been
correlated with reduced TfR1 protein expression levels in the

developing erythroblasts of Irp2�/� mice.6 To investigate the
expression of ferrochelatase in functionally iron-deficient erythroid
tissue, ferrochelatase activity, protein, and mRNA levels were
measured in bone marrow and spleens of wild-type (Irp1�/�:
Irp2�/�) and Irp2�/� (Irp1�/�:Irp2�/�) mice. Ferrochelatase activ-
ity, protein levels, and mRNA abundance were all decreased in
Irp2�/� bone marrow aspirates compared with wild-type animals
(Figure 1A-C); however, whereas ferrochelatase activity and
protein levels were also decreased in Irp2�/� spleens (Figure
1D-E), ferrochelatase mRNA levels were increased (Figure 1F).
Northern blots of �-globin in bone marrow aspirates demonstrated
decreased �-globin mRNA levels in Irp2�/� mice and in Irp2�/�

mice lacking one allele of Irp1 (Irp1�/�:Irp2�/�; Figure 1G),
whereas spleen �-globin mRNA levels were elevated in Irp2�/�

and Irp1�/�:Irp2�/� mice (Figure 1H). Splenic expression levels of
the erythroid-specific transcription factors Gata1 and Hmgb3 were
also increased, as measured by quantitative RT-PCR (data not
shown). These data suggest that erythropoietic activity shifted
somewhat from the bone marrow to the spleen in Irp2�/� and
Irp1�/�:Irp2�/� animals, which might explain the changes in
ferrochelatase mRNA levels observed in bone marrow and spleens
of Irp2�/� mice.

To eliminate the effect of differences in splenic cellularity on
our analysis of ferrochelatase expression, TER119� erythroid cells
were isolated from animals of the 3 genotypes, and ferrochelatase
mRNA and protein levels in each sample were evaluated by
quantitative RT-PCR and Western blot. Ferrochelatase protein was
significantly decreased in splenic TER119� erythroid cells from
Irp2�/� and Irp1�/�:Irp2�/� animals (Figure 1I); and despite some
variation in protein and mRNA levels, the calculated protein/
mRNA ratio was significantly decreased in the Irp2�/� and
Irp1�/�:Irp2�/� samples (Figure 1J). Notably, mild decreases in
ferrochelatase activity and protein levels were also observed in the
kidneys and livers of Irp1�/�:Irp2�/� mice in the absence of
measurable changes in ferrochelatase mRNA levels, whereas
ferrochelatase activity and protein levels were unchanged in whole
brain and heart extracts (data not shown).

Posttranscriptional regulation of ferrochelatase in MEL cells
during iron depletion and oxidative stress

To allow for further investigation of the posttranscriptional regula-
tion of ferrochelatase in developing erythroid cells, we established
a model of iron-limited erythroid differentiation using MEL cells.
Treatment of MEL cells with 2% DMSO induces rapid progression
of MEL cells from a stage resembling late erythroid colony-
forming units to a stage resembling basophilic and orthochromato-
philic erythroblasts in the erythroid lineage,35 where globin expres-
sion and hemoglobin formation are observed, along with increased
expression of ferrochelatase mRNA and protein.36 Treatment of
differentiating MEL cells concomitantly with the iron chelator
desferrioxamine (DFO) caused a sustained increase in IRE binding
activity of IRP1 and IRP2 (Figure 2B), whereas the differentiation-
induced increase in activity of the [4Fe-4S] cluster-containing
mitochondrial and cytosolic aconitases was attenuated (Figure 2C),
consistent with cellular iron depletion. Induction of Alas2 mRNA
expression was observed during differentiation of MEL cells under
both normal and iron-depleted conditions (Figure 2D). However,
ALAS2 protein levels remained repressed in iron-deficient MEL
cells (Figure 2E), presumably because of increased IRP-mediated
translational repression. Finally, hemoglobin formation was attenu-
ated in iron-depleted MEL cells (Figure 2F), an effect that was
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probably the result of a combination of decreased iron availability
and repressed ALAS2 protein induction.37

As reported previously,36 expression of both the short (2.2-kb)
and long (2.9-kb) isoforms of ferrochelatase mRNA transcripts
increased during DMSO-induced differentiation of MEL cells
(Figure 3A), leading to increased ferrochelatase activity and
protein levels (Figure 3A-B). In contrast, ferrochelatase activity
and protein levels were attenuated in iron-depleted differentiating
MEL cells, despite comparable increases in ferrochelatase mRNA
(Figure 3C-D). In summary, differentiation of MEL cells under
iron-deficient conditions faithfully reproduces the posttranscrip-
tional decrease of ferrochelatase protein observed in iron-deficient
Irp2�/� erythroblasts shown in Figure 1, and as reported previously
in DFO-treated K562 cells,22 providing us with a system to further
evaluate how ferrochelatase protein and activity decrease during
iron deficiency.

In contrast to the effects of iron depletion, we observed greater
abundance and activity of ferrochelatase in MEL cells cultured in a
6% O2 versus a 21% O2 atmosphere for several days, followed by
induction of differentiation by treatment with DMSO (Figure
4B-C). As ferrochelatase mRNA levels were not increased in cells
grown in 6% O2 compared with cells grown at 21% O2 (Figure 4D),
we surmise that the ferrochelatase holo-protein is stabilized under
reduced cellular oxygen concentrations in vivo, consistent with the
original report of reduced stability of the purified enzyme under
aerobic conditions in vitro.13 The increased ferrochelatase activity
and protein levels in cells cultured at 6% O2 were associated with
increased ALAS2 protein expression (Figure 4E) and enhanced

hemoglobin production (Figure 4F), demonstrating that hemoglo-
binization of MEL cells is more rapid at reduced oxygen levels. To
further investigate the sensitivity of ferrochelatase to oxidative
damage in vivo, we treated MEL cells with the redox-cycling
mitochondrial pro-oxidant menadione.38 Brief treatment of MEL
cells with a range of menadione concentrations resulted in a rapid
dose-dependent depletion of total cellular ferrochelatase protein
levels within 3 hours (Figure 4G), whereas the abundance of
several other mitochondrial enzymes, including PPOX, mitochon-
drial aconitase (mACO), and SOD2 was not affected within this
time period. These data suggest that mature Fe-S cluster-containing
ferrochelatase is rapidly degraded during conditions of mitochon-
drial oxidative stress.

Stability of newly formed, but not mature, ferrochelatase
depends on iron availability

To better understand the mechanism by which depletion of cellular
iron leads to decreased levels of ferrochelatase protein, we
performed a series of metabolic labeling experiments to assess the
fate of ferrochelatase in MEL cells under the iron-limited differen-
tiation conditions used in Figure 3. In the first experiment, the cells
were labeled with 35S-cysteine and 35S-methionine for a brief
(10-minute) period after a 24-hour treatment of differentiating
MEL cells with DFO. These conditions were used to estimate the
“instantaneous” synthesis rate of the ferrochelatase apoprotein
under iron-limited conditions. Although total cellular ferroche-
latase levels were reproducibly reduced in iron-depleted cells, the

Figure 1. Posttranscriptional reduction of ferrochelatase (FECH) activity and protein levels in erythropoietic tissues of IRP2�/� mice. (A,D) FECH activity in bone
marrow aspirates and whole spleens of Irp1�/�:Irp2�/� mice was significantly decreased compared with Irp1�/�:Irp2�/� (wild-type) animals. Error bars represent SD (n 
 4
animals per genotype). (B,E) FECH protein levels in bone marrow and spleen were also decreased in Irp1�/�:Irp2�/� animals. Each lane from the Western blot represents
whole-tissue protein extracts pooled from 2 animals. The filter was reprobed for SOD2 as a loading control for mitochondrial matrix protein. (C,F) FECH mRNA levels were
increased in the spleens of Irp1�/�:Irp2�/� mice. Messenger RNA levels were measured by Northern blot using a probe specific for both the 2.2-kb and 2.9-kb FECH transcripts;
each lane represents RNA pooled equally from 2 animals. The 18S ribosomal band was visualized to assess equal loading. Results were confirmed by quantitative RT-PCR
(data not shown). (G-H) To estimate the tissue distribution of erythroid cells, �-globin mRNA levels in bone marrow aspirates and spleens from Irp1�/�: Irp2�/�, Irp1�/�:Irp2�/�,
and Irp1�/�:Irp2�/� mice were assessed by Northern blot. (I) FECH protein abundance in splenic TER119� erythroid cells mice was measured by Western blot. FECH mRNA
transcript levels (J, f) were measured by quantitative RT-PCR using primers specific for both the 2.2-kb and 2.9-kb FECH transcripts; data are normalized to Irp1�/�:Irp2�/�

(wild-type) mRNA levels. Relative protein abundance was calculated by densitometry, and individual protein abundance values were normalized to the respective mRNA levels
measured in the same sample (J, �). Data in panels A, D, and J were analyzed by 2-tailed Student t test; *P � .05; **P � .01.
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rate of synthesis of newly labeled ferrochelatase polypeptides in
iron-depleted cells during the 10-minute labeling period was not
different from control cells (Figure 5A).

In the subsequent experiment, MEL cells were metabolically
labeled for 1 hour and were then incubated in normal medium for
3 hours to allow for the newly labeled ferrochelatase proteins to
completely fold and obtain Fe-S clusters before the onset of iron
deficiency. Subsequently, the cells were treated with DMSO plus or
minus DFO for 24 hours, and were then harvested and analyzed for
total and radiolabeled ferrochelatase as in the previous experiment.
Results of this experiment (Figure 5B) demonstrate that the

ferrochelatase polypeptides that were allowed to mature fully
before the onset of iron deficiency were not susceptible to
degradation, although total cellular ferrochelatase levels were
again diminished in the DFO-treated cells.

In the final experiment, MEL cells were first treated with
DMSO plus or minus DFO for 24 hours, followed by metabolic
labeling for 40 minutes. Subsequently, the cells were incubated in
normal medium for various periods of time followed by assessment
of the remaining radiolabeled ferrochelatase (Figure 5C). We found
that the half-life of newly formed ferrochelatase was dramatically
reduced in the iron-depleted cells (Figure 5C-D), in which newly
formed ferrochelatase polypeptides had a calculated half-life of
less than 1 hour. In contrast, ferrochelatase showed a calculated
half-life of approximately 35 hours in control cells. Together, these
data suggest that newly formed ferrochelatase protein that has not
fully folded into the mature form within the mitochondrion is
highly susceptible to degradation under iron-deficient conditions.

Disruption of Fe-S cluster assembly results in diminished
cellular ferrochelatase levels

The data in Figure 5 suggested that impairment of mitochondrial
Fe-S cluster assembly by iron depletion could result in enhanced
degradation of newly formed ferrochelatase polypeptides by
limiting the availability of free [2Fe-2S] clusters for insertion
into the apoprotein. To test the dependence of ferrochelatase
stability on availability of newly formed Fe-S clusters, we
measured ferrochelatase levels in muscle biopsies and cultured
myoblasts from patients with ISCU myopathy, a disease charac-
terized by impaired Fe-S cluster assembly in muscle tissue
resulting from deficiency of the Fe-S cluster scaffold protein
ISCU23,24 (Figure 6A). Ferrochelatase protein levels were dra-
matically depleted in ISCU patient muscle biopsies, compared
with 3 control biopsies and one biopsy obtained from a patient
with an unrelated mitochondrial myopathy (Figure 6B). As
shown previously,23 levels of [4Fe-4S]-containing mACO were
also depleted in the ISCU myopathy patients (Figure 6B).

Figure 2. Iron-limited erythroid differentiation of MEL cells. (A) Timeline depicting
the experimental time course of DMSO-induced erythroid differentiation of MEL cells
under normal conditions or iron-deficient conditions induced by the iron chelator
DFO. (B) Electrophoretic mobility shift assay of MEL cell protein extracts using a
32P-labeled ferritin IRE probe showed activation of IRP1 and IRP2 after treatment
with DFO. (C) Aconitase activity gel demonstrating a time-dependent increase in
mitochondrial (m-) and cytosolic (c-) aconitase activity levels over the course of
differentiation, which was attenuated in DFO-treated cultures. (D) ALAS2 mRNA was
induced during differentiation in the presence or absence of DFO. However, ALAS2
protein expression (E) was repressed in DFO-treated cells. Sample loading was
assessed by reprobing for actin mRNA and protein, respectively. (F) Mature
(heme-containing) hemoglobin (Hb) formation was repressed in differentiating MEL
cells treated with DFO. Hemoglobin was measured by a modified diaminobenzidine
procedure after separation of total cellular protein (40 �g) by native PAGE followed by
transfer to polyvinylidene difluoride filters (“Hemoglobin assay”).

Figure 3. Posttranscriptional reduction of FECH in MEL cells during iron-limited
differentiation. (A,C) Induction of FECH enzyme activity (red line), but not mRNA levels
(blue, green lines), was repressed during differentiation in the presence of DFO. FECH
mRNA levels were measured by quantitative RT-PCR as described in “Northern blots and
quantitative RT-PCR analysis.” mRNAtranscript and enzyme activity levels are normalized
to T 
 0 samples. (B,D) Induction of FECH protein levels during differentiation was
attenuated in cells cotreated with DFO, despite increased FECH mRNA levels. FECH
protein levels were measured by Western blot, and the filter was reprobed for SOD2 as a
loading control for mitochondrial matrix proteins.
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To further investigate ferrochelatase expression levels during
ISCU depletion, a differentiation time-course experiment was
performed using cultured myotubes isolated from an ISCU myop-
athy patient and control myotubes isolated from a normal person.
Both ISCU and ferrochelatase protein levels increased significantly
during the course of differentiation of the myoblasts into myotubes
(Figure 6C). However, marked ISCU depletion was observed in the

patient cultures, which was accompanied by decreased ferroche-
latase protein levels relative to the control at every respective time
point (Figure 6C). In contrast, ferrochelatase mRNA levels,
measured in control and patient myotube cultures at 0 and 5 days of
differentiation by Northern blot (Figure 6D) and quantitative PCR
(data not shown), did not reflect the dramatic decrease in ferroche-
latase protein levels observed in the patient tissues (Figure 6B) and

Figure 4. FECH is destabilized by oxygen and mito-
chondrial oxidative stress. (A) Cells were maintained
in normal (21%) or reduced (6%) O2 atmosphere, fol-
lowed by differentiation by DMSO treatment. FECH
activity (B) and protein levels (C) were increased in
differentiating MEL cells maintained at 6% O2 relative to
21% O2 cultures. However, FECH mRNA levels (D) in 6%
O2 cultures were not greater than those in 21% O2

cultures. (E) ALAS2 protein expression was also el-
evated in cells cultured in 6% O2 relative to 21% O2

cultures. (F) Hemoglobinization was accelerated in differ-
entiating cells cultured in 6% O2 (20 �g of total protein
was loaded). (G) Menadione-induced mitochondrial oxi-
dative stress caused rapid and specific depletion of total
cellular FECH protein levels, whereas PPOX, mACO,
and SOD2 protein levels were not appreciably altered.
Error bars in panel B represent the range of 2 experimen-
tal replicates.

Figure 5. Newly formed, but not mature, FECH pro-
tein is susceptible to regulation by iron availability.
(A) To test for changes in the instantaneous synthesis
rate of FECH protein under iron-depleted conditions,
MEL cells were differentiated for 24 hours in the pres-
ence or absence of DFO, and harvested immediately
after a rapid 10-minute pulse with 35S-Cys and 35S-Met.
Radiolabeled FECH was visualized by autoradiography
after immunoprecipitation and SDS-PAGE (top panel),
whereas total protein levels were measured by Western
blot (bottom panel). (B) The effect of iron limitation on
mature, Fe-S cluster-containing FECH was assessed by
metabolic labeling of cells for 1 hour with 35S-Cys and
35S-Met 4 hours before the onset of 24 hours of differen-
tiation and DFO treatment. After 24-hour incubation,
cells were harvested and analyzed for radiolabeled and
total protein levels as in panel A. (C) A pulse-chase
experiment was performed to follow the fate of newly
formed FECH protein during normal and iron-limited
growth conditions. After 24-hour differentiation in the
presence or absence of DFO, cells were pulsed for
40 minutes with 35S-Cys and 35S-Met, followed by incuba-
tion for various periods of time in differentiation medium
with or without DFO. A representative autoradiogram is
shown; the results of 2 experiments are quantified and
plotted in panel D.
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myotube cultures (Figure 6C), confirming posttranscriptional regu-
lation of ferrochelatase during conditions of impaired Fe-S cluster
assembly in the ISCU myopathy patients.

Discussion

Since the significant discovery that mammalian ferrochelatase is an
Fe-S cluster-containing protein,13 there has been continued specula-
tion on possible biologic functions of the cluster, which has been
renewed after biochemical and structural reports demonstrating
that the cluster does not participate directly in enzymatic cataly-
sis.12,14 In this study, we report significant posttranscriptional
depletion of ferrochelatase during iron-deficient erythropoiesis in
Irp2�/� mouse erythroid tissue, during iron-limited erythroid
differentiation of MEL cells in vitro, and during conditions of
impaired de novo Fe-S cluster assembly in human patients affected
by ISCU myopathy. Together, these findings suggest that ferroche-

latase expression is significantly influenced by the availability of
newly formed Fe-S clusters, the biogenesis of which is reliant on
the continued availability of iron as well as functional Fe-S cluster
assembly machinery. Recently, a pool of genes that coexpress with
the heme biosynthetic enzymes was reported,39 and several of these
genes have been implicated (C1orf6940) or are known to participate
directly (GLRX5,41 ISCA1 and ISCA242) in Fe-S cluster assembly.
These observations, along with the results presented here, provide
further evidence for an inextricable link between Fe-S cluster
assembly and heme biosynthesis.

Decreased ferrochelatase expression during iron-limited
erythropoiesis in Irp2�/� mice

Ferrochelatase is essential for heme biosynthesis in all mammalian
cells, and ferrochelatase expression is robustly up-regulated in
developing erythroid cells by transcriptional activation via a single
promoter containing Sp1, NF-E2, and GATA elements.43 In ery-
throid cells, iron limitation decreases heme biosynthesis via
IRP-mediated translational repression of ALAS2 because of the
presence of an IRE in its 5�-UTR,4 and loss of this repression in
Irp2�/� mice undoubtedly contributes to the more than 100-fold
increase in PPIX observed within their erythrocytes.6 Here we
report an additional alteration in the heme biosynthetic pathway in
Irp2�/� mice, namely, posttranscriptional depletion of ferroche-
latase protein levels in developing Irp2�/� splenic erythroblasts.
Despite the significantly increased levels of ferrochelatase, �-globin,
and other erythroid-specific mRNA transcripts observed in Irp2�/�

spleens, probably a consequence of enhanced extramedullary hematopoi-
esis, ferrochelatase activity and protein levels were significantly de-
creased (Figure 1). Erythropoietic cells in Irp2�/� mice are considered
to be constitutively iron-deficient because of multiple factors, including
decreased expression of TfR1.6,7 We hypothesize that iron deficiency
within developing Irp2�/� erythroblasts limits the availability of newly
formed Fe-S clusters for insertion into ferrochelatase apoproteins.
Further, we predict that the ferrochelatase apoprotein is rapidly degraded
by mitochondrial proteases when it cannot obtain an Fe-S cluster
because the cluster-ligating carboxy-terminal region of the protein is
important for folding and dimerization of the mature enzyme,12,16 and
mutations in this region result in EPP in humans.17

Posttranslational decrease in ferrochelatase protein during
iron-limited erythropoiesis and oxidative stress in MEL cells

To more closely examine the fate of ferrochelatase during cellular
iron deficiency, we used differentiating MEL cells grown under
mildly iron-deficient conditions, characterized by activation of
IRPs, repression of ALAS2 protein expression, and delayed
hemoglobin formation. The expected increase in ferrochelatase
protein levels during differentiation was strongly attenuated under
these conditions, even though ferrochelatase mRNA levels were
elevated. Cellular iron deficiency might alter ferrochelatase levels
by repressing the translation of ferrochelatase polypeptides, by
reducing the de novo formation of mature culster-containing
holo-protein, or by decreasing the stability of the mature holo-
protein. Using metabolic labeling and pulse-chase experiments, we
found no alteration in the instantaneous synthesis rate of ferroche-
latase during iron deficiency; however, the apparent half-life of the
newly formed ferrochelatase was dramatically reduced from ap-
proximately 35 hours in normal cells to less than 1 hour in
iron-deficient cells. Perhaps most importantly, no change in the
abundance of 35S-labeled mature ferrochelatase protein was ob-
served after iron depletion. Together, we interpret these results to

Figure 6. Disruption of Fe-S assembly in ISCU myopathy causes depletion of
FECH. (A) As reported previously, total ISCU protein levels were depleted in vastus
lateralis muscle biopsies taken from Swedish patients with ISCU myopathy (lanes
designated as P1-P3), compared with 3 healthy controls (designated C1-C3), and a
patient with an unrelated mitochondrial myopathy (designated as M1). A prominent
protein band observed after Ponceau-S staining of the filter served as the loading
control. (B) FECH protein levels were also greatly decreased in the ISCU myopathy
biopsies, as were levels of the Fe-S cluster-containing enzyme mitochondrial
aconitase. (C) Primary myotube cultures obtained from an ISCU myopathy patient as
well as from a healthy person (control) were terminally differentiated by growth in low
serum conditions (“Tissue biopsies and myoblast culture”). Although FECH and ISCU
levels increased in both control and patient cultures during the course of the
experiment, the relative level of both proteins was diminished in the patient cultures
compared with the control at every given time point. (D) Little difference in FECH
mRNA levels was seen in control and patient myotube cultures at zero and 5 days of
differentiation, as assessed by Northern blot.
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suggest that mature mitochondrial [2Fe-2S] cluster-containing
holo-ferrochelatase is not susceptible to degradation during iron
deficiency, whereas newly formed apo-ferrochelatase is rapidly
degraded in the absence of available iron.

In contrast to cellular iron deficiency, where we observed no
depletion of mature ferrochelatase, we did observe very rapid
(within 3 hours) decreases in total cellular ferrochelatase levels
after menadione treatment, which cannot be explained by impaired
maturation of the apoprotein because of the short timeframe of the
experiment. Together with our finding of increased ferrochelatase
stability in MEL cells grown at reduced O2 levels, these data
suggest that the oxidative modification of mature ferrochelatase,
probably involving alteration or destruction of the Fe-S cluster,
leads to rapid degradation of the protein. These results are
consistent with the previous report on decreased stability of
ferrochelatase under aerobic conditions in vitro,13 and other reports
concerning the sensitivity of ferrochelatase to nitric oxide.19-21

Ferrochelatase protein expression depends on Fe-S cluster
availability

It is logical to predict that the diminished maturation of ferroche-
latase polypeptides in the mitochondria of iron-depleted cells is the
result of impaired de novo formation of [2Fe-2S] clusters by the
mitochondrial Fe-S cluster assembly machinery because of lack of
available iron ions. Under this prediction, one would expect a
similar decrease in cellular ferrochelatase levels after impairment
of the Fe-S assembly machinery by means other than iron
depletion. To test this hypothesis, we measured cellular ferroche-
latase levels in muscle biopsies and cultured myoblasts obtained
from Swedish patients with ISCU myopathy, a mitochondrial
myopathy with exercise intolerance that was recently shown to be a
result of deficiency of the Fe-S cluster scaffold protein ISCU.23,24

In these patients, the activity and abundance of several Fe-
S-containing proteins, including aconitase and succinate dehydro-
genase, are greatly reduced,44 leading to impaired muscle oxidative
phosphorylation, lactic acidosis, and episodes of acute rhabdomyol-
ysis and myoglobinuria.44,45

Here, we report a dramatic reduction in ferrochelatase protein
levels in ISCU myopathy patients, demonstrating that impaired
Fe-S cluster assembly in the absence of iron depletion also
decreases ferrochelatase expression posttranscriptionally. We pre-
dict that a similar mechanism can explain our observations during
both cellular iron deficiency and during impaired Fe-S cluster
assembly. Decreased availability of newly formed Fe-S clusters
caused either by a lack of available iron or by impairment of the
Fe-S cluster assembly machinery results in impaired maturation of
apo-ferrochelatase and subsequent rapid degradation by unknown
proteases (Figure 7). In contrast, alteration or destruction of the
Fe-S cluster of holo-ferrochelatase during oxidative stress or in the
presence of nitric oxide rapidly leads to degradation of the mature
pool of ferrochelatase, which is otherwise resistant to iron deple-
tion and impairment of Fe-S cluster assembly. Thus, the capacity
for cellular heme biosynthesis could be altered by decreased
ferrochelatase protein levels brought on by iron deficiency, defects
in Fe-S cluster assembly machinery, or oxidative conditions
causing Fe-S cluster degradation.

Our findings of decreased ferrochelatase abundance during
impaired Fe-S assembly in ISCU myopathy are consistent with
recent findings in the mouse model of Friedreich ataxia.46 De-
creases in the abundance of mitochondrial Fe-S cluster-containing
proteins, including ferrochelatase, were observed in cardiac tissue
of mice lacking frataxin,46 the deficiency of which is known to

result in impaired Fe-S cluster assembly, accompanied by cerebel-
lar ataxia and cardiomyopathy (reviewed elsewhere47). These
authors also reported increases in the mitochondrial proteases ClpP
and Lon in affected mouse cardiac tissue, suggesting a pathway by
which accumulating Fe-S cluster-deficient ferrochelatase and other
apoproteins might be degraded.46 It will be interesting to determine
the exact pathway for proteolytic degradation of immature apo-
ferrochelatase in the mitochondrion, although this is currently a

Figure 7. The impact of cellular iron deficiency, impaired Fe-S biosynthe-
sis, and mitochondrial oxidative stress on FECH activity and protein levels.
(A) A schematic representation of the synthesis, mitochondrial translocation, and
maturation of FECH polypeptides under normal conditions. FECH protein is synthe-
sized on cytosolic ribosomes and translocated into the mitochondrion where its signal
peptide is cleaved. Complete folding and maturation of FECH requires the provision
of a newly formed Fe-S cluster, which is supplied by the Fe-S cluster assembly
machinery. After folding and insertion of the cluster, FECH can catalyze the final step
in the heme biosynthetic pathway, which is the insertion of ferrous iron into
protoporphyrin IX. (B) Under conditions of cellular iron depletion, de novo Fe-S
cluster assembly in the mitochondrion is halted because of the lack of available iron
ions, and newly imported apo-FECH accumulates and is rapidly degraded within the
mitochondrion. (C) Similarly, if mitochondrial Fe-S assembly is disrupted in the
absence of cellular iron depletion, as in ISCU myopathy, apo-FECH fails to obtain
Fe-S clusters and is rapidly degraded. (D) Under conditions of mitochondrial
oxidative stress, mature Fe-S cluster-containing FECH is rapidly destabilized.
Degradation is probably initiated by chemical modification or disassembly of the
Fe-S cluster, resulting in a conformational change and degradation of the FECH
polypeptide.
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difficult question to address because of the lack of specific
inhibitors of the mammalian mitochondrial protein degradation
machinery.48

The deficiency of ferrochelatase in ISCU myopathy might help to
explain the decreased cytochrome oxidase (complex IV) activity
observed in some ISCU myopathy patients.49 Indeed, the most dramatic
decrease in cytochrome oxidase activity was in 2 brothers with a more
severe compound-heterozygotic form of ISCU myopathy.49 Although
cytochrome oxidase does not contain iron-sulfur clusters, it does contain
2 heme cofactors essential for electron transport. We propose that the
substantial loss of ferrochelatase resulting from impaired Fe-S cluster
assembly in these patients may lead to an inadequate availability of
heme for assembly into newly formed apo-hemoproteins, such as
cytochrome oxidase. Thus, the loss of ferrochelatase could clearly
contribute to the oxidative defects observed in the mitochondrial
respiratory chain of these patients.

In conclusion, we have identified several in vivo situations in
which robust posttranscriptional decrease in ferrochelatase levels
occurs in conjunction with cellular iron deficiency, defective Fe-S
cluster assembly, or oxidative stress. Iron deficiency in developing
Irp2�/� red cells or in MEL cells leads to decreased maturation of
Fe-S cluster-containing ferrochelatase, whereas deficiency in the
Fe-S cluster assembly machinery in the muscles of ISCU myopathy
patients also leads to substantial depletion of ferrochelatase,
perhaps contributing to the pathogenesis of this disease. Together,
these results provide concrete examples of an inextricable link
between the essential processes of Fe-S cluster assembly and heme
biosynthesis.
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