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The two iron regulatory proteins IRP1 and IRP2 bind to

transcripts of ferritin, transferrin receptor and other target

genes to control the expression of iron metabolism pro-

teins at the post-transcriptional level. Here we compare

the effects of genetic ablation of IRP1 to IRP2 in mice.

IRP1�/� mice misregulate iron metabolism only in the

kidney and brown fat, two tissues in which the endogen-

ous expression level of IRP1 greatly exceeds that of IRP2,

whereas IRP2�/� mice misregulate the expression of

target proteins in all tissues. Surprisingly, the RNA-bind-

ing activity of IRP1 does not increase in animals on a low-

iron diet that is sufficient to activate IRP2. In animal

tissues, most of the bifunctional IRP1 is in the form of

cytosolic aconitase rather than an RNA-binding protein.

Our findings indicate that the small RNA-binding fraction

of IRP1, which is insensitive to cellular iron status, con-

tributes to basal mammalian iron homeostasis, whereas

IRP2 is sensitive to iron status and can compensate for the

loss of IRP1 by increasing its binding activity. Thus, IRP2

dominates post-transcriptional regulation of iron metabo-

lism in mammals.
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Introduction

Iron regulatory protein 1 (IRP1) is a ubiquitously expressed

bifunctional protein that functions either as a cytosolic aco-

nitase or as an RNA-binding protein involved in post-tran-

scriptional regulation of iron metabolism (Hentze and Kuhn,

1996; Rouault and Klausner, 1997; Schneider and Leibold,

2000). Similar to the related citric acid cycle enzyme (mito-

chondrial aconitase) and other members of the aconitase

family (Gruer et al, 1997), the enzymatic form of IRP1

contains a (4Fe–4S)2þ cluster prosthetic group at its catalytic

center, and interconverts citrate and isocitrate (Kennedy et al,

1992). Although IRP1 is only 22% identical to mitochondrial

aconitase in peptide sequence (Rouault et al, 1991), its enzy-

matic specific activities with all three substrates are very

similar to those of mitochondrial aconitase (Kennedy et al,

1992). However, unlike mitochondrial aconitase, the role of

cytosolic aconitase in mammalian cellular metabolism re-

mains poorly understood. IRP1 homologs are found in nu-

merous organisms, including Caenorhabditis elegans (Gourley

et al, 2003) and Drosophila melanogaster (Muckenthaler et al,

1998), but there are no IRP1 homologues in yeast.

In mammals, IRP1 is one of two iron regulatory proteins

(IRP1 and IRP2) that bind to RNA stem-loop elements known

as iron-responsive elements (IREs) found within transcripts

that encode several iron metabolism proteins. IRP binding to

IREs within 50UTRs of transcripts such as ferritin results

in translational repression, whereas binding to IREs in the

30UTR of the transferrin receptor (TfR) results in stabilization

of the transcript. Thus, IRPs coordinate the cellular response

to iron depletion by decreasing iron storage and increasing

iron uptake (Hentze and Kuhn, 1996; Rouault and Klausner,

1997; Schneider and Leibold, 2000). IRP1 and IRP2 share

high sequence homology and exhibit very similar biochem-

ical activities with respect to binding affinity and in vitro

regulation of IRE-containing transcripts (Kim et al, 1995;

Allerson et al, 1999). Overexpression of a form of IRP1 that

constitutively binds IREs results in repression of ferritin

synthesis and increased TfR expression (DeRusso et al,

1995; Wang and Pantopoulos, 2002), indicating that IRP1

can regulate its proposed target transcripts in cells.

Furthermore, although both IRPs are ubiquitously expressed,

IRP1 was the focus of much early interest because it appeared

to be much more abundant than IRP2 in most cells and

tissues (Rouault et al, 1990; Hirling et al, 1992; Mullner

et al, 1992; Patino and Walden, 1992; Yu et al, 1992;

Henderson et al, 1993). Thus, based on binding affinities,

regulatory activities and abundance, IRP1 would be expected

to be the predominant mammalian regulator of post-tran-

scriptional iron metabolism.

We have previously reported that IRP2 plays an important

physiological role in systemic iron homeostasis, as indi-

cated by the fact that IRP2�/� mice develop a progres-

sive neurodegenerative disease associated with misregulation

of iron metabolism in specific areas of the brain and the

small intestine (LaVaute et al, 2001). These results indicate

that IRP1 alone is unable to regulate appropriately iron

metabolism in mammalian tissues, and they are consistent

with a report that IRP1 is not required for normal regula-

tion of IRP targets in a lymphocyte cell line (Schalinske

et al, 1997).
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To evaluate the role of IRP1 in mammalian iron physiology,

we have genetically ablated IRP1 in mice. IRP1�/� mice

show no overt pathology and show compromise of normal

iron metabolism only in tissues in which the level of IRP1

greatly exceeds that of IRP2. We demonstrate that IRP1

predominantly exists in the cytosolic aconitase form, and

that iron starvation sufficient to activate IRP2 does not

increase the IRE-binding activity of IRP1. Thus, although

IRP1 represents a large pool of potential IRE-binding activity,

IRP2 is the primary post-transcriptional regulator of mamma-

lian iron metabolism in response to iron status.

Results

Targeted deletion of IRP1

Mice with a targeted disruption of IRP1 were generated by

homologous recombination with a construct that inserted

the neomycin resistance gene into exon 13. Genotyping by

Southern analysis using the probe indicated in Figure 1A

showed a 10.1 kb wild-type (wt) band, a 4.1 kb mutant band

or both bands in heterozygous mice (Figure 1B). The absence

of IRP1 can be confirmed by two functional assays.

Electrophoretic separation on cellulose acetate membranes,

followed by a coupled enzymatic assay for aconitase activity,

revealed two distinct bands, which represent cytosolic and

mitochondrial aconitase. Targeted deletion of IRP1 abolished

cytosolic aconitase activity without affecting mitochondrial

aconitase activity (Figure 1C). Likewise, by gel retardation

assay, we distinguished IRP1 from IRP2 with a radiolabeled

IRE probe and demonstrated the absence of IRP1-dependent

IRE-binding activity in embryonic fibroblasts of IRP1�/�
mice (Figure 1D). In addition, IRP1 was not detectable

on Western blots of IRP1�/� animals (not shown).

Viability and health of IRP1�/� animals

Offspring from IRP1þ /� matings had a distribution of 27%

wt, 27% IRP1�/� and 46% IRP1þ /� (n¼ 190), which is

consistent with the genotype distribution predicted for this type

of mating (25% wt, 25% IRP1�/� and 50% IRP1þ /�). Litter

sizes of wt matings were comparable to litter sizes of IRP1�/�
matings (6.372.7 and 8.0572.6, respectively). Furthermore,

all major tissues and glands were histologically normal when

stained with standard hematoxylin and eosin (H&E) stains or

iron stains. Complete blood cell counts and serum chemistries

showed no difference between wt and IRP1�/� mice. Thus,

IRP1�/� mice develop and reproduce normally.

Expression patterns of IRP1 and IRP2

We have analyzed ferritin and TfR expression in primary cul-

tures of embryonic fibroblasts of the IRP1�/� and IRP2�/�
genotype, and found that each cell line is able to iron-

dependently regulate ferritin and TfR expression despite the

striking phenotypical difference between IRP1�/� and

IRP2�/� mice (LaVaute et al, 2001; EG Meyron-Holtz, un-

published). As these results suggested that each IRP was

capable of mediating iron-dependent regulation, we asked

whether the difference in phenotype of the two IRP�/�
mouse models was attributable to differences in tissue-spe-

cific expression levels of the two IRPs. In situ hybridization

assays revealed that both IRPs were ubiquitously expressed,

but the relative expression levels of the two mRNAs differed

in a cell- and tissue-specific manner. In newborn pups (P0),

IRP1 mRNA was highly expressed in the brown fat, liver and

small intestine, whereas IRP2 mRNA expression was highest

in the forebrain, cerebellum, dorsal root ganglia, thymus

(insert) and retina (Figure 2A). This expression pattern was

consistent with the expression pattern detected in adult

tissues. IRP2 mRNA was highly expressed in many areas of
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Figure 1 Targeted deletion of IRP1 in mouse. (A) Schematic dia-
gram of the IRP1 deletion construct (top), IRP1 genomic clone
(middle) and IRP1 deletion allele (bottom). (B) Southern analysis
of BamHI digest of genomic DNA isolated from mouse tailcuts. In
lane 1, wt genomic DNA shows a band of 10.1 kb. In lane 2,
genomic DNA from a heterozygote mouse shows a wt band of
10.1 kb and a mutant band of 4.1 kb. In lane 3, DNA from a
homozygous mutant shows only a 4.1 kb band. In all three lanes,
a wt band for IRP2 is visible at 15.1 kb. (The probe used for IRP1
detection is indicated in (A).) (C) Cytosolic and mitochondrial
aconitase activities in mouse liver and kidney lysates were assayed
after cellulose acetate electrophoresis. Note that lysates from wt mice
show both cytosolic and mitochondrial aconitase activity, while in
lysates from IRP1�/� mice cytosolic aconitase activity is absent.
(D) Gel retardation assays of IRPs. Lysates of wt and IRP1�/�
mouse embryonic fibroblasts (15mg protein/lane) were incubated
with 32P-IRE and resolved on a 10% nondenaturing gel. Both IRPs
respond to decreased iron concentration with increased IRE-binding
activity. In lysates from IRP1�/� cells, IRP1 IRE-binding activity is
absent (C: control; F: 100mg/ml ferric ammonium citrate; D: 50mM
deferoxamine).
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the adult brain such as the substantia nigra, the granule cell

layer of the cerebellum and the hippocampus (Figure 2B).

In contrast, IRP1 was highly expressed in several peripheral

tissues, including the liver and kidney, whereas IRP1 expres-

sion was low in the spleen and heart (Figure 2C). Notably, the

expression pattern varies among cell types within specific

tissues, a fact that may complicate interpretation of tissue

lysate results.

To verify that levels of mRNA expression of IRP1 and

IRP2 in different tissues correlated with levels of protein

expression, we measured IRP1 and IRP2 protein levels from

wt tissue lysates by Western blot. The protein levels were

consistent with the results of the in situ hybridizations,

showing the highest IRP1 expression predominantly in the

kidney, liver and brown fat, whereas the highest IRP2 ex-

pression was in the forebrain and cerebellum (Figure 2D).

Tissue-specific misregulation of ferritin in IRP1�/� mice

To examine whether tissue-specific misregulation of ferritin

in IRP�/� mice was attributable to differences in tissue-

specific expression levels of the two IRPs, levels of H and L

subunits of ferritin and TfR levels in various tissues of

IRP1�/� or IRP2�/� mice were compared to wt mice. All

tissues examined from IRP2�/� mice showed an elevation of

steady-state ferritin levels compared to wt tissues, consistent

with derepression of ferritin synthesis in all of these tissues

(Figure 3A and B). Likewise, TfR decreased in the cerebellum

and forebrain from IRP2�/� mice, consistent with lack of
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Figure 2 Expression patterns of IRP1 and IRP2 determined by in situ hybridization and Western blotting. In situ hybridization was performed
using DIG-labeled cRNA probes and AP detection. Purple/brown staining develops in RNA-positive areas. (A) Fresh frozen sections of newborn
pups at postpartum day 0 (P0); inset: thymus. Note that IRP1 is highly expressed in the brown fat and liver, whereas IRP2 expression is high in
the brain, thymus and retina. (B) Adult brain coronal sections reveal that IRP2 is highly expressed in several brain regions. IRP1 is also
expressed in these regions. (C) In adult peripheral tissues, IRP1 is highly expressed in the kidney, liver and epididymis, whereas IRP2 is most
highly expressed in the testis. (D) Protein analysis by Western blotting. Lysates from each of the tissues indicated (40 mg protein/lane) were
separated by SDS–PAGE, transferred to membranes, and IRP levels were compared between tissues in one gel that is representative of three
separate experiments. Note that IRP1 levels are highest in the kidney, liver and brown fat, whereas IRP2 levels are highest in the cerebellum
and forebrain and are hardly detectable in the brown fat.
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protection of the TfR transcript by IRP binding. These results

indicate that in the absence of IRP2, IRP1 alone is unable to

maintain normal TfR and ferritin levels in any of the exam-

ined tissues, and that IRP2 plays an essential role in the

regulation of iron metabolism in living animals. In contrast,

IRP1�/� mice showed no apparent misregulation of ferritin

expression in the cerebellum, forebrain and liver. Elevated

levels of ferritin were found only in the brown fat and kidney.

IRP1, therefore, is needed for full regulation of iron metabo-

lism in a few specific tissues, whereas in other tissues, IRP2

alone is sufficient for the regulation of ferritin levels

(Figure 3B). In summary, we find that the high expression

of IRP1 relative to IRP2 in the kidney and brown fat correlates

with misregulation of ferritin in these tissues in the IRP1�/�
mouse. However, loss of IRP2 disrupts iron metabolism in

virtually all tissues, even including those in which its expres-

sion is very low, such as brown fat.

The fraction of IRP1 with cytosolic aconitase activity is

much greater than the fraction with IRE-binding activity

Since Western analysis of IRP1 detects total IRP1 protein and

cannot distinguish between its two functional states, we

performed cytosolic aconitase and gel retardation assays to

investigate the amount of IRP1 that was either a functional

enzyme or an IRE-binding protein. Detection of significant

amounts of cytosolic aconitase in the kidney and liver and a

smaller amount in brown fat correlated well with the IRP1

expression levels determined in the Western blot (Figure 4A).

In comparison, cytosolic aconitase activity was much lower

in the cerebellum, forebrain, skeletal muscle and heart. Also,

the gel retardation assay reflected this tissue-specific distribu-

tion. In vitro addition of 2-mercaptoethanol (2-ME) can

Figure 3 Ferritin levels are elevated in multiple tissues from
IRP2�/� mice, but are elevated only in the kidney and brown fat
of IRP1�/� mice. (A) Western blot analysis of ferritin in the liver,
kidney and brown fat was performed on tissue lysates of wt, IRP1�/�
and IRP2�/� animals using antibodies against mouse liver ferritin.
(B) Western blot analysis of ferritin or TfR from the forebrain or
cerebellum was performed on tissue lysates of wt, IRP1�/� and
IRP2�/� animals using antibodies to mouse ferritin H-chain (fore-
brain), mouse liver ferritin (cerebellum) or TfR antibodies. The
slower running band in forebrain ferritin is L chain that crossreacts
with anti-H-chain antibody. Results are presented in duplicate and
are representative of at least three experiments.
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Figure 4 IRP1 activity levels in tissues determined by aconitase
and gel retardation assays. (A) Cytosolic and mitochondrial aconi-
tase activities in mouse tissue lysates were assayed after cellulose
acetate electrophoresis. Note that relative amounts of the two
aconitases vary greatly between tissues and that cytosolic aconitase
is mainly detected in the kidney, liver and brown fat. (B) Gel
retardation assays of IRPs. Lysates from wt tissues (9mg protein/
lane) were incubated with 32P-IRE and resolved on a 10% non-
denaturing gel. Assay without 2-ME reflects IRE-binding activity
in vivo (top panel). Assay with 2% 2-ME activates IRP1 that was
functionally in a non-IRE-binding state to bind IREs in vitro. A
representative example of at least three experiments is shown. In
the bottom panel, the small percentage of IRP1 that is in the IRE-
binding form is shown as cross-hatched blocks in each column.
Notably, 4–18% of IRP1 is in the IRE-binding state prior to 2-ME
activation in the seven tissues analyzed. Results shown are repre-
sentative of three independent experiments.
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reduce and convert IRP1 from its non-IRE-binding to its

IRE-binding form, thus providing a means to measure total

activatable IRP1. Comparison of IRE-binding activity of IRP1

to the total 2-ME-activatable IRE-binding activity of IRP1

indicated that between 4 and 18% of IRP1 was in an

IRE-binding state in various tissues (Figure 4B).

Since more than 80% of endogenous IRP1 was not in the

IRE-binding form, we were interested in estimating the frac-

tion of IRP1 that functions as an active aconitase in animal

tissues. To assess how much IRP1 contributes to total cellular

aconitase activity, we separated mitochondrial from cytosolic

aconitase on cellulose acetate membranes and calculated a

mitochondrial to cytosolic aconitase ratio of 3.8 (n¼ 3)

(Figures 1C and 4A). The total aconitase activity in the kidney

was measured with a coupled aconitase assay and, using

the ratio of 3.8, cytosolic aconitase in the kidney lysate

was calculated to be 1.170.3 ng/mg protein (n¼ 5). Using

IRP1 standard curves in Western blots, we calculated

that kidney lysates contained 1.870.5 ng IRP1/mg total

protein (n¼ 12). Comparing the amount of cytosolic

aconitase to the amount of total IRP1 protein detected by

Western blots, we calculated that approximately 60% of all

IRP1 protein in the kidney was in the cytosolic aconitase

form. In the liver, a similar calculation showed that virtually

all IRP1 was in the cytosolic aconitase form. These results

imply that, at steady-state conditions, most IRP1 functions as

cytosolic aconitase, rather than as an IRE-binding protein, or

as an intermediate that does not possess either function

(Brown et al, 2002).

IRE-binding activity of IRP1 is not activated by

dietary-induced iron deficiency in animals

The substantial fraction of IRP1 that is in the cytosolic

aconitase form represents an enormous store of potential

regulatory power. To test if this pool of latent IRE-binding

activity can be activated by iron starvation, mice were

weaned to low- or high-iron diets, and IRP activity and

ferritin levels were assessed after 4 months. Surprisingly,

the IRE-binding activity of IRP1 was not activated in any

tissue examined from mice maintained on a low-iron diet in

comparison to the IRE-binding activity in tissues of mice fed a

high-iron diet (Figure 5, top and center panels). In contrast,

IRP2 in these mice was activated in a diet-dependent manner

as expected (Figure 5, top and bottom panels). The diet-

induced activation of IRP2 was especially evident in the gel

shift assays of IRP1�/� tissues.

To assess whether the ability to regulate IRP targets was

intact, we assessed whether iron-deficient IRP1�/� and

IRP2�/� mice were able to repress ferritin synthesis. In

peripheral tissues of wt mice, ferritin levels were significantly

decreased in animals on the low-iron diet (Figure 5). In

agreement with the results in Figure 3, IRP2�/� animals

on a low-iron diet did not appropriately repress ferritin

synthesis in the liver, kidney and brown fat. Ferritin levels

were markedly elevated in the cerebellum of IRP2�/� mice

compared to wt on both the low- and high-iron diets. These

results imply that IRP1 in IRP2�/� animals is not only

unable to maintain the steady-state level of ferritin found in

wt animals (Figure 3), but it is also unable to register and

respond to iron deficiency by inhibiting ferritin synthesis. In

contrast to IRP2�/� animals, elevated ferritin levels in

IRP1�/� mice were found only in the kidney and brown

fat of animals that were on the low-iron diet. In the liver of

IRP1�/� mice, ferritin regulation was comparable to wt

regulation, and in the cerebellum, ferritin levels were similar

to those of wt. Thus, in tissues such as brain and liver, lack of

IRP1 does not result in misregulation of ferritin synthesis,

whereas in brown fat and kidney, lack of IRP1 compromises

but does not completely abolish appropriate ferritin repres-

sion under iron starvation conditions. It is interesting to note

Figure 5 IRE-binding activity of IRP1 is not recruited by a low-iron diet. Mice were maintained on a low (no iron added)- or high (0.3 g ferric
ammonium citrate/kg chow)-iron diet after weaning for a period of 4 months prior to killing. Tissues were prepared, and gel retardation assays
and Western blot analysis for ferritin were carried out as described previously. Duplicates are shown of lysates from age-, sex- and diet-matched
mice. Note that although IRP1 IRE-binding activity is not recruited by the low-iron diet, IRP2 binding activity increases significantly under the
same conditions. Results are presented in duplicate and are representative of at least three experiments.
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that the impact of the low-iron diet on ferritin in the cere-

bellum was minimal, perhaps because the blood–brain bar-

rier protects the brain from extreme iron conditions.

IRP2 levels increase in the cerebellum and spleen

of IRP1�/� animals, suggesting that IRP2 compensates

for loss of IRP1

On multiple occasions, levels of IRP2 detected in gel retarda-

tion assays appeared to be elevated in tissues of IRP1�/�
animals relative to wt animals. To better assess whether IRP2

levels increase in cells that lack IRP1, we quantitated total

IRP2 levels by Western blot in tissues of wt, IRP1�/� and

IRP2�/� animals. We consistently observed an approxi-

mately two-fold increase in IRP2 levels in the cerebellum

and spleen of IRP1�/� animals (Figure 6A). Results of four

separate experiments for the cerebellum and three separate

experiments for the spleen were quantitated, and a statisti-

cally significant increase (P¼ 0.0001 and 0.035) of IRP2 in

IRP1�/� cerebellum and spleen, respectively, is shown

in Figure 6B. As IRP2 constitutes over one-third of the total

IRE-binding activity in the cerebellum (Figure 4B, lane 4), the

measured increase of IRP2 in the cerebellum of IRP1�/�
mice substantially compensates for the loss of IRE-binding

activity normally provided by IRP1 in the cerebellum.

Discussion

Analyses of IRP1�/� and IRP2�/� mice allow us to make a

distinction between the major in vivo functions of each IRP.

Unlike the IRP2�/� mice, the IRP1�/� mice do not develop

neurodegeneration or profound aberrations of iron home-

ostasis. Our results indicate that IRP1 in animal tissues is

mostly in the form of a cytosolic aconitase that is not

recruited to regulate iron metabolism in iron-deficient ani-

mals. The viability and health of IRP1�/� animals indicate

that IRP1 is not critical for either of its activities under normal

physiological conditions. It is likely that the viability of the

IRP1�/� animals can be attributed to redundancy for each of

the two functions of IRP1. In the absence of cytosolic

aconitase, mitochondrial aconitase can interconvert citrate

and isocitrate, and precursors and products of this reaction

can cross the mitochondrial membrane to the cytosol if they

are needed (Chen et al, 1998). Similarly, our results reveal

that IRP2 appears to be able to regulate fully post-transcrip-

tional iron metabolism in most tissues.

A surprising conclusion of our studies is that IRP1 is not

recruited to the IRE-binding form in iron-deficient animals.

Although the low-iron diet led to markedly increased IRP2

activity in the wt and IRP1�/� mice, IRP1 was not activated

by iron starvation, even in mice that expressed no IRP2.

Moreover, expression of both subunits of ferritin was mis-

regulated in IRP2�/� animals in all tissues examined. These

results strongly imply that IRP2 is poised to sense iron status

in animal tissues, whereas IRP1 is not. Interestingly, most

IRP1 remains in the non-IRE-binding form, even when iron

starvation is sufficient to stabilize and thereby activate IRP2.

The inability of IRP1 to convert to the IRE-binding form in

iron-deficient animal tissues differs from results that have

been repeatedly observed in tissue culture, where IRP1 is

usually the major IRE-binding protein activated by treatment

of cells with the iron chelator desferal (Pantopoulos and

Hentze, 1995, and Figure 1D of this paper). One major

difference between animal tissues and tissue culture may be

the degree to which the iron–sulfur cluster of IRP1 is desta-

bilized by exposure to oxygen (Rouault and Klausner, 1996;

Beinert et al, 1997). Once formed, iron–sulfur clusters may be

more stable in cells exposed to low tissue oxygen concentra-

tions than in cell cultures, which are exposed to atmospheric

oxygen concentrations (Beckman and Ames, 1998). In addi-

tion, the iron–sulfur cluster assembly machinery may con-

tinue to function even when cellular iron deficiency is

sufficient to activate IRP2. The iron concentration threshold

necessary to trigger changes in regulation of proteins in-

volved with iron uptake and sequestration through IRP2

activation may be set differently than the threshold for

certain vital functions such as iron–sulfur cluster assembly.

A hierarchy in which regulatory responses to iron deficiency

precede functional compromise could be achieved through

calibration of the affinities of various iron proteins and

enzymes for iron. In contrast to the IRP1 IRE-binding activity,

IRP2 is relatively stabilized under the low-oxygen conditions

that are found in animal tissues (Bourdon et al, 2003; Hanson

et al, 2003), and this large pool of IRP2 is apparently

responsible for registering iron deficiency and regulating

iron homeostasis.

A major difference between IRP1 and IRP2 can be observed

in the cerebellum. Although both IRP1 and IRP2 contribute
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Figure 6 Steady-state levels of IRP2 increase in the cerebellum and
spleen of IRP1�/� mice. (A) Western blots of equal amounts of
cerebellar or spleen lysate from two wt (lanes 1,2), IRP2�/� (lanes
3,4) and IRP1�/� (lanes 5,6) mice show a two-fold increase in
IRP1�/� animals compared to control. The blot shows duplicates
that are representative of four separate experiments from the
cerebellum and three separate experiments from the spleen, and
results are represented in a bar graph in (B) after quantitation and
statistical comparison (P¼ 0.0001 for cerebellum and P¼ 0.035 for
spleen).
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substantially to total IRE-binding activity in wt animals,

abnormalities of post-transcriptional gene regulation are

found only in the IRP2�/� brain. It is likely that normal

post-transcriptional regulation depends on optimizing the

ratio between numbers of IRE-binding proteins and IRE-

containing transcripts, and that significant decreases in the

number of IRE-binding proteins can result in loss of regula-

tory range. With this concept in mind, it is interesting to note

that we consistently see two-fold elevations of IRP2 binding

activity in cerebellar lysates of IRP1�/� mice, whereas we do

not see comparable activation of IRP1 in IRP2�/� mice. The

mechanism that allows this compensatory increase in IRP2 is

unknown, but it could arise from decreased iron-dependent

degradation of IRP2 (Guo et al, 1995; Iwai et al, 1998;

Bourdon et al, 2003) caused by increased sequestration of

iron by excess ferritin (Cozzi et al, 2000). Similarly, IRP2

levels increased significantly in spleen lysates of IRP1�/�
animals. To characterize fully the mechanism for compensa-

tory increases of IRP2 in IRP1�/� mice, we need to evaluate

homogeneous populations of cells from each genotype.

However, at this point, the compensatory increase of IRP2

in response to the loss of IRP1 potentially explains why

normal regulation of iron metabolism is maintained in

IRP1�/� mice, whereas iron metabolism in IRP2�/� ani-

mals is abnormal in every tissue we have examined.

Even though IRP1 is not responsive to iron deficiency, it

may still play a role in iron metabolism by contributing to the

basal IRE-binding capacity of tissues. We found that in two

peripheral tissues that highly express IRP1, kidney and brown

fat, IRP1�/� animals cannot repress ferritin synthesis fully.

These results imply that IRP1 is essential for the maintenance

of normal baseline levels of ferritin in these tissues. It is

possible that in a tissue such as brown fat, which expresses

very little IRP2, the loss of IRP1 is proportionally too great to

be fully compensated by an increase of IRP2 binding activity.

The role of IRP1 in iron homeostasis is further emphasized

by a pronounced worsening of neurodegenerative disease in

IRP1þ /� IRP2�/� mice, which we observe both clinically

and pathologically, compared to IRP2�/� mice (Smith et al,

Ann NY Acad Sci, in press). In multiple tissues of IRP1þ /�
IRP2�/� mice, ferritin is further increased and TfR is further

decreased compared to IRP2�/� animals. Moreover, IRP1�/�
IRP2�/� animals are not viable past the blastocyst stage

(Smith et al, in preparation), and we suspect that complete

failure to repress ferritin synthesis and a severe deficiency of

TfR in the developing embryo may be the cause of this early

lethality.

Although our data indicate that IRP1 is not regulated by

dietary iron levels, it is possible that other factors can

modulate IRP1 activity in vivo. Many studies have demon-

strated a destabilization of the iron–sulfur cluster of IRP1 by

oxidative stress and by exposure to nitric oxide (Pantopoulos

and Hentze, 1995; Recalcati et al, 1998; Hanson and Leibold,

1999; Caltagirone et al, 2001; Mueller et al, 2001; Kim and

Ponka, 2002; Bouton and Drapier, 2003). Although our

experiments do not address whether activation of IRP1

takes place under pathologic conditions, we find that there

is a vast reservoir of potential IRE-binding activity in tissue.

Activation of IRP1 by infection or other stresses could pro-

foundly affect tissue iron homeostasis. Thus, the IRP1�/�
and IRP2�/� mouse models may allow us to better char-

acterize individual IRP responses to stress and inflammation.

In situ hybridizations indicate high IRP1 RNA levels in

brown fat, kidney, and in the epithelium of the epididymis.

These tissues do not have major roles in systemic iron

metabolism, but in each case we can postulate a metabolic

role for cytosolic aconitase activity, which can catalyze the

interconversion of citrate and isocitrate in either direction. In

the case of embryonic brown fat, which is mainly involved

in body temperature regulation, citrate may be synthesized

in the cytosol from glutamate (Belfiore and Iannello, 1995)

and consumed in the citrate lyase reaction, which yields the

products acetyl CoA, a precursor in fatty acid synthesis, and

oxaloacetate (Swierczynski et al, 2000). However, we do not

find a significant difference in body weight or appearance of

the brown fat in IRP1�/� animals. As adult mice in tem-

perature-controlled animal facilities lose brown fat activity,

we tested the ability of newborn IRP1�/� animals to main-

tain body temperature when exposed to cold temperatures,

but found no difference between IRP1�/� and wt animals

(data not shown). In the kidney, serum citrate is freely

filtered at the glomerulus, but the proximal tubule reabsorbs

most of the citrate (Hamm, 1990), and cytosolic aconitase

may be high in these cells to reduce the levels of cytosolic

citrate, which may otherwise inhibit glycolysis and may

cause iron toxicity similar to that reported for citrate–iron

complexes in yeast (Chen et al, 2002). Nevertheless, there is

no evidence for compromised renal function or abnormal

pathology in IRP1�/� mice as evaluated by blood chemistry

and tissue pathology. Glutamate is secreted by epididymal

cells (Hinton, 1990) and is believed to serve as an important

nitrogen source for developing spermatozoa. In the epididy-

mis, cytosolic aconitase could facilitate synthesis of gluta-

mate in a cytosolic metabolic pathway that includes the

conversion of citrate to isocitrate (cytosolic aconitase) to

alpha ketoglutarate (via cytosolic isocitrate dehydrogenase)

(Nekrutenko et al, 1998) to glutamate (via cytosolic alanine

aminotransferase) (ALT, EC 2.6.1.2) (Belfiore and Iannello,

1995). But we find that IRP1�/� males are fertile, and litter

sizes of IRP1�/� mating pairs are not smaller than wt litter

sizes. Thus, we do not find obvious defects in IRP1�/� mice,

which suggests that mitochondrial aconitase can substitute

for the lack of IRP1 enzymatic activity under basal metabolic

conditions. It is possible that phenotypic abnormalities

caused by the lack of cytosolic aconitase activity could

be elicited in IRP1�/� mice in specific stress situations.

Our results indicate that IRP1 in animal tissues functions

mostly as cytosolic aconitase. It is interesting to note that the

major IRP1 homologs identified in bacteria (Prodromou et al,

1992), plants (Peyret et al, 1995) and nonvertebrate animals

(Gourley et al, 2003) also appear to function mainly as

cytosolic aconitases. The major and unexpected finding of

this study is that IRP1 does not appear to be recruited to

regulate iron metabolism in iron-deficient animals under

conditions that are sufficient to activate IRP2. We suggest

that the small fraction of IRP1 that is in the IRE-binding form

contributes to basal regulation of iron metabolism, as

indicated by findings in the IRP1þ /� IRP2�/� mouse

(Smith et al, Ann NY Acad Sci, in press), but that it has a

minimal role in direct sensing of cellular iron status. IRP2

appears to be the protein responsible for the sensing and

regulation of acute fluctuations in cellular iron concentration.

Therefore, the targeted deletion of IRP2 leads to severe

misregulation of the target proteins of IRPs, while the
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targeted deletion of IRP1 adversely affects iron metabolism in

only a few tissues. Thus, the targeted deletions of IRPs in

mice permit us to distinguish the specific role of each

member of this duplicated gene pair in vivo.

Materials and methods

Targeted deletion of IRP1
Embryonic stem cells (ES) were transfected with an IRP1 mutant
construct in the targeting vector pPNT (Love et al, 1993). We
generated the 50 arm of the construct by subcloning a 2.7 kb
genomic fragment from the AvaII site in exon 11 to the BstEII site in
exon 13 from a genomic IRP1 clone derived from a 129/Sv library.
The 30 arm was created by subcloning a 6.6 kb fragment of the IRP1
clone containing parts of exon 13 and exons 14–18. The targeting
construct was linearized with NotI before electroporation and
insertion into ES cells. Chimeric mice were bred, backcrossed to
C57Bl/6 mice and genotyped by Southern blot analysis (LaVaute
et al, 2001). Embryonic fibroblasts of 16-day embryos were isolated
as described (Ishino et al, 2000).

Tissue and lysate preparation
Animals were killed and tissues were quick frozen in liquid N2 and
stored at �801C under argon. Immediately before experiments,
tissues were ground in liquid-N2-cooled mortars in an anaerobic
chamber and lysed in degassed lysis buffer for 3 min. Nuclei and
debris were removed by centrifugation. Both activity assays for
IRP1, namely aconitase assays and the gel retardation assay, were
performed anaerobically. Also for protein analysis by Western
blotting, lysate preparation was carried out anaerobically.

Aconitase assay
Total aconitase activity was detected by the coupled assay,
monitoring reduction of NADP at 340 nm (Rose and O’Connell,
1967). Tissue lysis buffer contained 25 mM Tris–HCl (pH 7.5),
40 mM KCl, 2% Triton X-100, 0.6 mM MnCl2, 2 mM citric acid, 5 mM
DTT, 1 mM AEBSF, 10mg/ml Leupeptin and CompleteTM EDTA free
protease inhibitor cocktail (Roche Diagnostics, Mannheim, Ger-
many). Protein concentrations were determined using the Bradford
assay (BIO-RAD, Hercules, California). Samples were diluted to
10–50 ng protein/ml into a reaction mix containing 33 mM Tris–HCl
(pH 7.4), 1.3 mM MnSO4, 0.2 mM citric acid, 0.5 mM NADP and
10 U/ml isocitrate dehydrogenase. Production of NADPH was
monitored at 340 nm every second for 180 s, and aconitase activity
was calculated from the linear slope using an extinction coefficient
of 6220/M/cm. The amount of aconitase was then calculated taking
into account that the specific activity for both aconitases is about
21.4mmol/min/mg (Kennedy et al, 1992). Mitochondrial and
cytosolic aconitase activities were assayed in parallel in tissue
lysates after electrophoretic separation. Lysates were electrophor-
esed on Sepraphore III membranes (Pall) with an electrophoresis
buffer containing 20 mM KH2PO4/K2HPO4 (pH 6.5) and 3.6 mM
citric acid. Aconitase activity was detected chromogenically by
incubating the membrane in 100 mM KH2PO4/K2HPO4 (pH 6.5),
1 mM NADP, 2 mM cis-aconitic acid, 1.2 mM 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide, 0.3 mM phenazine
methosulfate, 25mM MgCl2 and 5 U/ml isocitrate dehydrogenase.
All chemicals were purchased from Sigma (Missouri). Quantitation
of mitochondrial and cytosolic aconitase on cellulose acetate
membranes was performed using ScionImage software.

RNA mobility shift assays
Gel retardation assays were performed as described (Allerson et al,
1999). Tissue lysates were prepared as described above in lysis
buffer consisting of 10 mM HEPES (pH 7.2), 3 mM MgCl2, 40 mM
KCl, 5% glycerol, 0.2% Nonidet P-40, 5 mM DTT, 1 mM AEBSF,
10 mg/ml Leupeptin and CompleteTM EDTA free protease inhibitor
cocktail (Roche Applied Science, Indiana). Equal amounts of about
10 mg of total protein were added to a final volume of 12.5ml buffer
containing 25 mM Tris–HCl (pH 7.5) and 40 mM KCl with or without
2% 2-ME, which activates IRP1 in vitro. The samples were
incubated for 5 min at room temperature (RT) with 12.5ml of a
reaction cocktail containing 20% glycerol, 0.2 U/ml Super RNAsine
(Ambion, Texas), 0.6mg/ml yeast tRNA, 5 mM DTT and 20 nM
32P-labelled IRE from the human ferritin H-chain gene in 25 mM

Tris–HCl (pH 7.5) and 40 mM KCl. A measure of 20 ml of this
reaction mixture was loaded onto a 10% acrylamide/TBE gel, which
was run at 200 V for 2.25 h, and then the gel was fixed, dried and
exposed for autoradiography.

Western blotting and antibodies
Protein analysis was carried out as previously described (LaVaute
et al, 2001). Equal amounts of protein (40mg/lane) were separated
on 13% SDS–PAGE and transferred to nitrocellulose membranes.
The membrane was blocked with 5% non-fat milk, 0.1% Triton
X-100 in PBS and probed at RT in the same blocking buffer. IRP1
antibody was prepared against purified hIRP1 and used at 1:5000
dilution. IRP2 antibodies were prepared against aa 137–209 of
hIRP2 and used at 1:2000 dilution. For IRP1 quantitation, a standard
curve of purified IRP1 ranging from 2 to 64 ng was generated on the
same membranes as the samples, and quantitations were performed
on a Typhoon 9200 Imager from Molecular Dynamics using Image
Quant software. Ferritin antibodies raised against mouse liver
ferritin were a kind gift from Prof. AM Konijn (Hebrew University,
Jerusalem) and we raised antibodies to the mouse ferritin
H chain using an overexpression construct generously provided
by Dr Paolo Santambrogio (Santambrogio et al, 2000). Both were
used at 1:5000 dilutions. A mouse monoclonal TfR antibody from
Zymed was used at 1:2000 dilution, and rabbit anti-mouse antibody
from Jackson Lab was used as secondary antibody at 1:1000
dilution. Secondary/tertiary antibody used at 1:200 dilution was
biotinylated anti-rabbit antibody (Amersham Biosciences, New
Jersey), and finally the blots were incubated with 125I-streptavidin
at 1:500 dilution (Amersham). Some Western blots were performed
with a secondary/tertiary horseradish peroxidase-conjugated
goat anti-rabbit IgG antibody (Amersham) (1:5000 dilution) and
developed using enhanced chemiluminescence (ECL kit, Pierce,
Illinois).

In situ analysis
Nonisotopic in situ hybridization was performed using digoxigenin
(DIG)-labeled cRNA probes and alkaline phosphatase (AP) detec-
tion as described (Berger and Hediger, 1998). Cryostat sections of
fresh frozen tissues or newborn pups were cut at 10 mm thickness,
fixed in 4% paraformaldehyde and acetylated. Hybridization was
performed in slide mailers by total immersion in hybridization
buffer that contained 50% formamide, 5� SSC, 2% blocking
reagent (Roche Applied Science, Indiana), 0.02% SDS, 0.1%
sarcosine and approximately 100 ng/ml of cRNA probe. Sections
were hybridized at 681C over 72 h with the full-length mouse IRP1
or IRP2 probe that had been alkali-hydrolyzed to around 500 bases
in length. Washing steps included incubations in 2� SSC
and 0.2� SSC at 681C. Sections were incubated at RT in 1%
blocking reagent in maleic acid buffer, then in AP-conjugated anti-
DIG Fab fragments (1:5000 dilution, Roche), and developed
overnight with BCIP/NBT substrate (Kierkegard and Perry Labora-
tories, Gaithersburg, MD). Sections were rinsed several times in
100 mM Tris, 150 mM NaCl, 20 mM EDTA (pH 9.5), and cover-
slipped with glycerol gelatin (Sigma, Missouri). Control sections
were incubated in an identical concentration of the sense probe
transcript.

Diet description
Newly weaned mice were maintained on a diet containing either
2–10 mg iron/kg chow (low-iron diet) or 70 mg iron/kg chow (high-
iron diet) from Harlan Teklad for a period of 4 months prior to
killing. Weights of mice on the low-iron diet were slightly lower
but not significantly different from mice on the high-iron diets
(28.576.9 and 31.577.2 g, respectively, P¼ 0.38).

Pathology
The Veterinary Resources Program of the National Institutes of
Health performed histology and blood work, including chemistries
and complete blood counts. Animals were autopsied and tissues
were blocked in paraffin and analyzed by H&E and Prussian
blue stains.
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