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The generally accepted role of iron-regulatory protein 1

(IRP1) in orchestrating the fate of iron-regulated mRNAs

depends on the interconversion of its cytosolic aconitase

and RNA-binding forms through assembly/disassembly

of its Fe–S cluster, without altering protein abundance.

Here, we show that IRP1 protein abundance can be iron-

regulated. Modulation of IRP1 abundance by iron did not

require assembly of the Fe–S cluster, since a mutant with

all cluster-ligating cysteines mutated to serine underwent

iron-induced protein degradation. Phosphorylation of

IRP1 at S138 favored the RNA-binding form and promoted

iron-dependent degradation. However, phosphorylation at

S138 was not required for degradation. Further, degrada-

tion of an S138 phosphomimetic mutant was not blocked

by mutation of cluster-ligating cysteines. These findings

were confirmed in mouse models with genetic defects in

cytosolic Fe–S cluster assembly/disassembly. IRP1 RNA-

binding activity was primarily regulated by IRP1 degrada-

tion in these animals. Our results reveal a mechanism for

regulating IRP1 action relevant to the control of iron

homeostasis during cell proliferation, inflammation, and

in response to diseases altering cytosolic Fe–S cluster

assembly or disassembly.
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Introduction

Iron-regulatory protein 1 (IRP1) is an iron-regulated RNA-

binding protein that controls cellular iron metabolism. IRPs

bind to iron-responsive elements (IRE) in mRNAs, thereby

controlling mRNA fate (Eisenstein, 2000; Hentze et al, 2004).

Mutation of IRP1, its functional ortholog IRP2, or the IRE in

specific mRNAs disrupts iron metabolism and can lead to

iron-related abnormalities in humans and in mice (Beaumont

et al, 1995; LaVaute et al, 2001; Fleming, 2002; Mok et al,

2004). Modulation of IRP1 RNA-binding activity is conven-

tionally believed to occur as a result of insertion of a [4Fe–4S]

cluster into the protein converting it to cytosolic aconitase

(c-acon). Consequently, recent work has focused on identify-

ing cytosolic proteins that directly modulate IRP1 Fe–S cluster

assembly (Roy et al, 2003). However, it has been suggested

that IRP1 RNA-binding activity is also controlled through

regulated changes in protein degradation (Mascotti et al,

1995; Neonaki et al, 2001; Fillebeen et al, 2003). The role

of these Fe–S cluster assembly/disassembly and protein

degradation mechanisms in controlling IRP1 function is the

focus of this investigation.

Multiple lines of evidence suggest that there is a physio-

logical need for an Fe–S cluster-independent mechanism to

control accumulation of IRP1 RNA-binding activity. First, the

c-acon form can be as much as 20–100-fold more abundant

than the RNA-binding form of IRP1 (Chen et al, 1997;

Meyron-Holtz et al, 2004a). This observation predicts that

conditions that perturb the synthesis or enhance the destruc-

tion of Fe–S clusters might lead to maladaptive responses to

changes in iron status due to IRP1 dysregulation.

Furthermore, the activity of proteins required for cytosolic

Fe–S cluster assembly and the level of reactive species (e.g.

superoxide, O2
K�) capable of disrupting Fe–S clusters differ

between tissues (Tong and Rouault, 2000; Balk and Lill, 2004;

Meyron-Holtz et al, 2004b). Consequently, a cluster-indepen-

dent mechanism for iron regulation of IRP1 could provide an

alternative pathway to normalize IRP1-binding activity in

tissues or situations where the capacity for cytosolic Fe–S

cluster assembly or disassembly differs.

Despite the clear physiologic role of Fe–S cluster assembly

and disassembly in controlling IRP1 RNA-binding activity,

little is known of the effect of alterations in these pathways

of Fe–S cluster metabolism on IRP1 function. In this regard,

the Fe–S clusters of aconitases are susceptible to reactive

oxygen and nitrogen species (i.e. O2
K� and NO); yet, the

extent to which such cluster perturbants dictate the mechan-

ism of IRP1 regulation remains largely unexplored. For

example, the pathogenesis of inherited amyotrophic

lateral sclerosis due to mutations in superoxide dismutase 1

(SOD1) might, in part, involve disturbance of Fe–S cluster

metabolism (Maier and Chan, 2002). Additionally, primary

Fe–S biosynthetic defects contribute to the inherited neuro-

degenerative and hematologic disorders associated with

abnormal cellular iron metabolism, including Friedreich’s

ataxia (Rotig et al, 1997; Stehling et al, 2004; Seznec et al,

2005) and X-linked sideroblastic anemia with ataxia

(XLSA/A) (Pagon et al, 1985; Raskind et al, 1991; Hellier

et al, 2001; Fleming, 2002). In the present study, we have
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specifically asked how assembly and disassembly of the

Fe–S cluster in IRP1 contributes to the regulation of iron

metabolism in normal and pathological states, and have

uncovered a novel iron-dependent mechanism for controlling

IRP1 protein stability that can occur without participation of

the Fe–S cluster.

Results

IRP1 undergoes iron-dependent protein turnover

in the absence of cluster assembly

Formation and loss of the Fe–S cluster in IRP1 has been

widely considered to be the major mechanism through which

iron influences IRP1 RNA-binding activity. Iron-dependent

protein turnover may also control IRP1 function (Mascotti

et al, 1995; Neonaki et al, 2001; Fillebeen et al, 2003).

However, the circumstances under which a protein turnover

mechanism is invoked, and whether or not it involves the

Fe–S cluster, have not been determined. We reasoned that

enhanced protein turnover of IRP1 could control accumula-

tion of IRP1 RNA-binding activity, particularly under condi-

tions when iron is elevated, but conversion of IRP1 to c-acon

is not efficient. Therefore, we determined the effect of iron on

wild-type IRP1 (IRP1WT) and an IRP1 mutant in which all

cluster-ligating cysteines (residues 437, 503, and 506) were

mutated to Ser (IRP13C43S). To avoid potential toxicity from

overexpression of IRP1, a tetracycline (tet) inducible system

for expression of myc-tagged WT and mutant forms of IRP1

was used.

Cells expressing IRP1WT or IRP13C43S were treated for 24 h

with hemin, an iron source, or desferal, an iron chelator.

Hemin had little or no effect on the RNA-binding activity of

IRP1WT at 24 h (Figure 1A and B), but with shorter exposure

(8 h), RNA-binding activity of IRP1WT was reduced by 20–

30% (results not shown). This is similar to the time-depen-

dent effect of iron treatment on IRP1 in other cell types

(Leibold and Munro, 1988). On the other hand, desferal-

induced iron deficiency stimulated RNA binding by IRP1WT

three-fold, consistent with recruitment of the RNA-binding

form from the c-acon form (Figure 1A and B). As expected, in

iron-sufficient cells the IRP13C43S had RNA-binding activity

similar to that observed for IRP1WT in iron-deficient condi-

tions (Figure 1A, lanes 4 versus 3). In contrast, comparison of

the activity of both proteins in iron-sufficient cells showed

that IRP13C43S had higher RNA-binding activity than IRP1WT

(Figure 1A, lanes 4 versus 1). Furthermore, the RNA-binding

activity of IRP13C43S responded to iron even though this

protein cannot form an Fe–S cluster; hemin decreased the

RNA-binding activity of IRP13C43S by 30%, while desferal

increased binding by 45% (Figure 1A and B). Of note, iron

excess and iron deficiency produced a similar fold change in

the RNA-binding activity of IRP1WT and IRP13C43S. However,

for IRP13C43S, the point at which this activity is maintained

in untreated cells is more reflective of a response seen in iron

deficiency or in proliferating cells. These results demonstrate

that IRP1 RNA-binding activity responds to iron even when a

Fe–S cluster cannot be inserted, and suggests that IRP1 can be

iron-regulated by cluster-dependent and -independent means.

Figure 1 Iron-dependent protein turnover of an IRP1 cluster mutant: Cells expressing IRP1WTor IRP13C43S were grown without or with 100 mM
hemin or 100 mM desferal for 24 h. (A) RNA-binding activity of IRP1WT or IRP13C43S determined by EMSA. Control cells are indicated by (C),
hemin-treated cells by (H) and desferal-treated cells by (D). A representative gel is shown. EndoIRP is endogenous IRP and NS refers to
nonspecific band. (B) Quantified RNA-binding results for IRP1WT or IRP13C43S incubated with no addition (Control), 100 mM hemin or 100 mM
desferal. Results are expressed as percent of control value for each clone and are mean7s.e.m. (n¼ 3 experiments). An asterisk indicates that
desferal value is significantly different from control (Po0.05), while two asterisks indicate a hemin effect relative to control or desferal. (C)
Representative immunoblot of IRP1WT and IRP13C43S in lysates from cells incubated as in panels A and B. (D) Pulse-chase analysis of the half-
life of IRP1WT; half-life of IRP1WT was 18 h (n¼ 3) irrespective of iron status (details in Materials and methods). (E) The half-life of IRP13C43S

was 3.970.7 h in the presence of hemin, and was greater than 18 h in the presence of desferal (n¼ 3) (details in Materials and methods).
Representative decay curves are shown.
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We next determined if protein level contributed to the

responses of IRP1WT and IRP13C43S to hemin (Figure 1C).

As expected, IRP1WT protein was not altered by hemin or

desferal. In contrast, IRP13C43S protein level was inversely

related to iron status, and was closely related to changes in its

RNA-binding activity. When treated with hemin, the abun-

dance of IRP13C43S decreased by 30%, while after desferal

treatment it increased 80%. To determine if this change

in protein level was due to post-translational regulation,

we determined IRP1 protein half-life (Figure 1D and E). We

found that IRP13C43S had a half-life of 4 h in hemin-treated

cells that increased to greater than 18 h in the presence of

desferal. In contrast, IRP1WT did not exhibit this response.

Hence, in the absence of Fe–S cluster assembly, IRP1 RNA-

binding activity is substantially regulated through protein

degradation.

S138 phosphomimetic mutants of IRP1 exhibit

cluster-independent regulation of IRP1 protein stability

Previous studies have shown that S138 phosphomimetic

mutants of IRP1 (e.g. IRP1S138E) can be converted to

c-acon, but have markedly unstable Fe–S clusters (Brown

et al, 1998). Since this would predict preferential accumula-

tion of IRP1S138E in the RNA-binding form, we determined if

this phosphomimetic mutant was also subject to cluster-

independent regulation. We found that in transfected cells

the fraction of IRP1S138E in the RNA-binding form was five-

fold more than IRP1WT or nonphosphorylatable IRP1S138A

(Supplementary Figure 1). In fact, IRP1S138E displayed RNA-

binding characteristics similar to the IRP13C43S cluster

mutant. Hemin treatment reduced the RNA-binding activity

of IRP1S138E by 60%, while desferal increased RNA binding

by 30% (Figure 2A). In contrast, IRP1S138A behaved like its

WT counterpart, showing no or little response to hemin at

24 h, but a two-fold increase in RNA-binding activity after

desferal treatment (compare Figures 2A and 1B). Since

IRP1S138E can be an aconitase (Brown et al, 1998)

(Supplementary Figure 1), we determined if the Fe–S cluster

was required for iron regulation of RNA binding by creating

the IRP1S138E/3C43S quadruple mutant. We found that

IRP1S138E/3C43S displayed changes in RNA-binding activity

similar to IRP1S138E after hemin or desferal treatment, indi-

cating that the Fe–S cluster is not required for iron regulation

of IRP1S138E (Figure 2A).

To extend the parallelism with IRP13C43S, we examined

the protein level of the IRP1S138E and IRP1S138E/3C43S

mutants, and found that their protein levels were reduced by

40 and 30%, respectively, after hemin treatment (Figure 2B).

Furthermore, desferal increased the protein level of both

mutants by 60%. Like IRP1WT, the protein level of nonphos-

phorylatable IRP1S138A was not affected by hemin or desferal

treatment. Similar to IRP13C43S, IRP1S138E had a half-life of

4 h in hemin-treated cells, and desferal treatment stabilized

the protein, resulting in a half-life of 418 h (Figure 2C);

similar results have been observed by others (Fillebeen et al,

2003). Likewise, IRP1S138E/3C43S had a half-life of 5 h in

hemin-treated cells and 418 h when cells were exposed to

desferal (Figure 2D). Hence, iron-mediated degradation in-

dependent of the Fe–S cluster accounts for the alterations in

protein abundance and RNA-binding activity of IRP13C43S as

well as the IRP1S138E and IRP1S138E/3C43S mutants.

Figure 2 Altered iron regulation and protein degradation of the S138E phosphomimetic mutant of IRP1. Cells expressing IRP1S138A, IRP1S138E

or IRP1S138E/3C43S were grown without or with 100mM hemin or 100mM desferal for 24 h. (A) RNA-binding activity of IRP1S138A, IRP1S138E or
IRP1S138E/3C43S determined by quantitative EMSA. Cells were incubated with no addition (Control), 100mM hemin or 100mM desferal for 24 h.
Results are expressed as percent of control value for each clone and are mean7s.e.m. (n¼ 3). An asterisk indicates that desferal value is
significantly different from control (Po0.05), while two asterisks indicate a hemin effect relative to control or desferal. (B) Representative
immunoblot of IRP1S138A, IRP1S138E, and IRP1S138E/3C43S in lysates from cells incubated as in panel A. Treatments are indicated by Control (C);
hemin (H); and desferal (D). (C) The half-life of IRP1S138E was 4.170.3 h in hemin, but greater than 18 h in desferal (n¼ 3) (details in Materials
and methods). (D) The half-life of IRP1S138E/3C43S was 5.171.1 h in the presence of hemin, and was greater than 18 h in the presence of
desferal (n¼ 3) (details in Materials and methods). Representative decay curves are shown.
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S138 phosphorylation targets the RNA-binding

form of IRP1 for iron-dependent degradation

Phosphorylation state-specific antibodies were developed

and used to demonstrate that IRP1 is phosphorylated at

S138 in control HEK cells and the level of S138 phosphoryla-

tion increased after treatment of the cells with the protein

kinase C (PKC) activator phorbol 12-myristate 13-acetate

(PMA) (Supplementary Figures 2 and 3). The S138 site was

also recognized by these antibodies after incubation of

purified IRP1WT, but not IRP1S138A, with PKC (Supplementary

Figure 2). These antibodies were used to determine the

properties of S138-phosphorylated IRP1 in HEK cells. In

order to determine the fraction of IRP1 that is phosphorylated

in cells, two-dimensional gel electrophoresis was employed.

Cells expressing IRP1WT were labeled with [35S]Met/Cys or

[32P]orthophosphate in the presence or absence of PMA, and

IRP1 was collected by immunoprecipitation. In control cells,

two species of [35S]IRP1 were observed, with the more acidic

form (form 2) present in lower abundance (Figure 3A). After

PMA treatment, this acidic isoform (form 2) increased in

relative abundance by about 20% and two additional more

acidic isoforms (forms 3 and 4) of [35S]IRP1 were observed

(compare Figure 3A with B). When labeled with [32P], form

3 and possibly form 4 were detected in control cells

(Figure 3C). After PMA treatment, the amount of [32P]IRP1

increased substantially and [32P] was detected in all acidic

isoforms (forms 2–4) (Figure 3D). Hence, forms 2–4 corre-

spond to phosphorylated IRP1. The S138 phosphospecific

antibody recognized forms 2–4 in PMA-treated cells

(Figure 3E); S138 phosphorylated IRP1 was present at a

lower level in control cells (Supplementary Figure 3). Since

IRP1 can also be phosphorylated at S711 (Pitula et al, 2004),

the phosphorylated forms 2 and 3 likely represent mono- and

diphosphorylated IRP1. Form 4 may represent IRP1 phos-

phorylated at sites in addition to S138 and S711 as additional

phosphorylation sites have been observed in cultured cells

and with purified IRP1 protein (S Anderson and R Eisenstein,

data not shown). On the basis of the intensity of the
35S-labeled protein species, approximately 2% of IRP1 is phos-

phorylated in control cells, while in PMA-treated cells phos-

phorylation increased six-fold such that 12% of the protein

was phosphorylated. Our previous work using purified IRP1

demonstrated that the free apoprotein form is the preferred

substrate for phosphorylation; the c-acon and the RNA-bound

forms of IRP1 are poor substrates for phosphorylation

(Schalinske et al, 1997). The level of IRP1 phosphorylation

observed in HEK cells suggests that this is the case in vivo. In

agreement with this, desferal treatment of cells stimulated

phosphorylation of IRP1 at S138 several fold, and IRP13C43S

is more highly phosphorylated than IRP1WT in untreated cells

(A Vasanthakumar and R Eisenstein, data not shown).

To further establish the physiological relevance of phos-

phorylation, we determined the effect of hemin treatment on

the abundance of S138-phosphorylated IRP1. To do so, cells

were treated with PMA for 2 h and then incubated in the

presence or absence of hemin for another 2 or 4 h. Addition

of hemin reduced the level of S138-phosphorylated IRP1

by 45% at 4 h (Figure 3F, graph i). In contrast, the level of

Figure 3 Abundance and iron-dependent loss of S138 phosphorylated IRP1. Panels (A) and (B): HEK cells were incubated with 100 mCi/ml of
[35S]Met/Cys for 2 h before the addition of vehicle (DMSO, control) or PMA (1mM) for an additional 2 h. Myc-tagged IRP1 was
immunoprecipitated and analyzed by 2-D gel electrophoresis. (C) HEK cells were incubated with 0.75 mCi/ml of [32P]orthophosphate for
4 h. (D) HEK cells were incubated with 0.75 mCi/ml of [32P]orthophosphate for 2 h before addition of PMA and incubation for an additional 2 h.
Immunoprecipitated myc-tagged IRP1 was analyzed in panels C and D. (E) Myc-tagged IRP1 was immunoprecipitated from unlabeled HEK cells
treated with 1mM PMA for 2 h. After 2D gel separation, S138 phosphorylated IRP1 was detected by phosphoblotting. (F) HEK cells were treated
with 1mM PMA for 2 h. The media was removed and replaced with normal media with or without 100mM hemin. After 2 or 4 h, myc-tagged
IRP1 was immunoprecipitated from cell lysates and analyzed for S138-phosphorylated or total IRP1 by immunoblotting. Graph (i) represents
the 4-h time point. Graph (ii) represents the 4-h time point from an experiment where cells were treated with PMA for 2 h and then hemin for
4 h. In one set of plates, the protease inhibitor ALLN (10mM) (N-acetyl-leucyl-leucyl-norleucinal, Calbiochem) was added with the PMA and
hemin. Results in graphs i and ii are mean7s.e.m. for three separate experiments. (G) Cells expressing IRP1S138A/3C43S were treated without or
with 100mM hemin or 100mM desferal for 24 h. Representative immunoblot of myc-tagged IRP1. The graph shows quantified results for n¼ 3
independent pools of clones (mean7s.e.m.). Panels F and G: an asterisk indicates significant difference (Po0.05).
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S138-phosphorylated and total IRP1 did not change in cells

that were not hemin-treated. In the presence of the protease

inhibitor ALLN (plus hemin), the level of S138-phosphory-

lated IRP1 protein was 52% greater than in the presence of

hemin alone (Figure 3F, graph ii). This shows that S138-

phosphorylated IRP1 undergoes iron-dependent degradation,

consistent with the notion that IRP1 undergoes cluster-

independent regulation when phosphorylated at S138.

Phosphorylation at S138 is not required for iron

regulation of protein stability of IRP1 cluster mutants

We next determined whether phosphorylation is required for,

or merely induces, cluster-independent regulation of IRP1.

The requirement for S138 phosphorylation for turnover of the

IRP1 cluster mutants was evaluated by creating the nonphos-

phorylatable IRP1S138A/3C43S mutant. Hemin treatment

reduced the level of IRP1S138A/3C43S protein by 25%, whereas

desferal promoted a 150% increase in its abundance

(Figure 3G). Hence, S138 phosphorylation is not required

for iron regulation of the turnover of IRP1 cluster mutants.

Nonetheless, these findings do suggest that IRP1 S138 phos-

phorylation is one of the physiological mechanisms that

impairs the accumulation of the c-acon form, thereby render-

ing IRP1 susceptible to iron-dependent turnover. Overall,

these results indicate that S138 phosphorylation promotes,

but is not required for, iron-dependent control of IRP1 protein

turnover, and that other scenarios where cluster accumula-

tion is impaired are likely to promote a similar mode of

regulation.

Sod1�/� mice exhibit iron-dependent regulation

of IRP1 protein levels

To establish the relevance of our findings in vivo, we used

two animal disease models with perturbed cytosolic Fe–S

cluster metabolism. As the Fe–S cluster in aconitases is

known to be sensitive to superoxide, we first examined the

effect of loss of the Fe–S cluster in vivo in mice lacking the

copper-zinc superoxide dismutase, SOD1 (Huang et al, 1997;

Elchuri et al, 2005). SOD1 deficiency is well established to

promote cytosolic oxidative stress, which can damage Fe–S

clusters, including that of c-acon (Strain et al, 1998; Missirilis

et al, 2003; Starzynski et al, 2005). Iron-replete Sod1�/� mice

had 50% more IRP1 RNA-binding activity in liver compared

to their WT littermates (Figure 4A). Treatment with 2-mer-

captoethanol (2-ME) activates RNA binding by c-acon and

other inactive forms of IRP1, allowing an indirect assessment

of total IRP1 protein. In WT mouse liver, IRP1 RNA-binding

activity was increased 260-fold after 2-ME treatment, whereas

in Sod1�/� mice a 15-fold increase was observed (Figure 4B).

In addition, the total level of 2-ME inducible RNA-binding

activity was lower in Sod1�/� liver. In agreement with these

observations, IRP1 protein abundance was reduced by 80%

(Figure 4C) and c-acon activity was not detectable in Sod1�/�

liver (Figure 4D); others have obtained similar results

(Starzynski et al, 2005). Mitochondrial aconitase activity

was not reduced in liver of Sod1�/� mice (Figure 4D). To

determine if this effect of loss of SOD1 on IRP1 protein

accumulation was a phenomenon applicable to other cyto-

solic Fe–S proteins, xanthine oxidase (XO) was examined. In

Figure 4 Iron regulates IRP1 protein abundance in the liver of Sod1�/� mice. Liver IRP1 RNA-binding activity, enzyme activities and protein
levels were determined in the liver of wild-type (WT) or Sod1�/� mice. (A) IRP1 RNA-binding activity was determined by EMSA of liver cytosol
from 8-week-old mice (n¼ 4). IRP1 RNA-binding activity was 0.072 pmol/mg protein (WT) and 0.11 pmol/mg protein (Sod1�/�). (B) RNA
binding after treatment of cytosol with 4% 2-ME. IRP1 RNA-binding activity was 19 pmol/mg protein in WT liver and 1.6 pmol/mg protein in
Sod1�/� liver. (C) Immunoblot for IRP1 and XO in the liver of WT or Sod1�/� mice fed a diet containing 50 ppm iron. (D) c-Acon, XO, and
mitochondrial aconitase activity in WTand Sod1�/� liver. Unit activity is mmol cis-aconitate produced/min for aconitases and is mmol Amplex-
Red consumed per min for XO. Results for n¼ 3 animals/group. (E) IRP1 RNA-binding activity and protein level (immunoblot) in WTor Sod1�/�

mice fed an iron-replete (50 ppm Fe) or iron-deficient (o2 ppm Fe) diet for 3 weeks. Immunoblot of IRP1 or a-tubulin in the liver cytosol of WT
or Sod1�/� mice fed either the iron-sufficient or -deficient diet for 3 weeks. For all panels an asterisk indicates that Sod1�/� is significantly
different from WT (Po0.05). In panel E graph, iron-deficient values are different from iron-sufficient values for both genotypes (Po0.05).
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contrast to IRP1, XO protein levels were not altered in Sod1�/�

mouse liver (Figure 4C), even though XO activity was re-

duced by 74% (Figure 4D). Hence, the reduction in IRP1

protein in Sod1�/� liver reflects regulation of the stability of

only certain cytosolic Fe–S proteins.

The iron-dependent regulation of IRP1 protein abundance

observed with the cluster mutants (IRP13C43S, IRP1S138/3C43S)

in cultured cells was recapitulated in Sod1�/� mice. Iron-

deficient WT mice had three-fold more IRP1-binding activity

in liver than did iron-replete WT animals (Figure 4E) and, as

expected, there was no change in IRP1 protein level.

However, there was five-fold more IRP1-binding activity in

iron-deficient versus iron-replete Sod1�/� mice. Furthermore,

and unexpectedly, iron deficiency resulted in a 2.5-fold

increase in IRP1 protein levels in mutant animals, compared

to iron-sufficient mutant mice. No such effect was seen in

wild-type mice. Thus, one-half of the increase in IRP1 RNA-

binding activity in the liver of iron-deficient Sod1�/� mice can

be attributed to an increase in IRP1 protein.

Impaired assembly of cytosolic Fe–S clusters in

Abcb7lv/Y mice leads to iron regulation of IRP1

protein abundance

To confirm and extend the findings in Sod1�/� mice, an

alternative method predicted to impair accumulation of

c-acon from IRP1 was used. Here, the expression of Abcb7,

a protein implicated in cytosolic Fe–S cluster assembly, that is

defective in the human disorder X-linked sideroblastic ane-

mia with ataxia (XLSA/A), was specifically ablated in liver

using a tissue-specific deletion strategy (Pondarré et al, sub-

mitted). Male mice containing the Abcb7 conditional allele

and a liver-specific Cre recombinase transgene are hereafter

referred to as Abcb7lv/Y mice. Consistent with the prediction

that cytosolic Fe–S cluster assembly would be impaired,

a significant loss of c-acon and XO activity was observed in

Abcb7lv/Y liver (Pondarré et al, submitted). In order to

specifically evaluate if iron-dependent regulation of IRP1

protein could be detected in this model, Abcb7lv/Y mice

were fed a control diet (200 ppm Fe), or a diet that was

deficient (2 ppm Fe), or high (4000 ppm Fe) in iron.

Compared to WT mice, IRP1 RNA-binding activity was ele-

vated by six-fold in livers of Abcb7lv/Y mice (Figure 5A). As

expected, 2-ME increased IRP1-binding activity in WT liver,

demonstrating the predominance of the c-acon form (com-

pare Figure 5A and B). In contrast, 2-ME had little effect on

IRP1-binding activity in Abcb7lv/Y samples, indicating a pre-

dominance of the RNA-binding form in mutant liver.

Furthermore, the level of 2-ME inducible RNA-binding activ-

ity was markedly reduced in Abcb7lv/Y liver, suggesting a

substantial reduction in IRP1 protein. In fact, IRP1 protein

was reduced in the liver of Abcb7lv/Y mice fed any of the three

diets (compare Figure 5C and D). Furthermore, when

Abcb7lv/Y mice were fed the iron-deficient diet, a 2.2-fold

increase in IRP1 protein level was seen relative to mutant

mice fed the high-iron diet (Figure 5D), while no effect of diet

on IRP1 protein level was seen in WT animals (Figure 5C).

Similar to Sod1�/� liver, the level of XO protein was not

altered in Abcb7lv/Y mice (Pondarré et al, submitted).

Overall, in these animal models of impaired cytosolic Fe–S

cluster assembly/disassembly IRP1 protein level dropped

significantly, was inversely related to iron status, and directly

related to RNA-binding activity. Taken together with our cell

culture findings, the animal models support a role for an

iron-dependent control of IRP1 protein stability through a

mechanism not requiring the Fe–S cluster.

Discussion

In this paper, we have studied the responses of IRP1 to

disruption of Fe–S cluster metabolism. In cultured cells, we

have approached this issue by using IRP1 mutants that

destabilize (Brown et al, 1998), or block assembly of, the

Figure 5 Liver-specific knockout of Abcb7 leads to iron-dependent regulation of IRP1 protein. WTor Abcb7lv/Y mice were fed a diet ranging in
Fe level from 2 to 4000 ppm for 4 weeks. (A) IRP1 RNA-binding activity determined by EMSA for n¼ 4 mice except the 4000 ppm Abcb7lv/Y

group (n¼ 3). Values for WT mice: 0.2270.09, 0.05170.011, and 0.03570.0037 pmol/mg protein for the 2, 200, and 4000 ppm groups.
(B) IRP1 RNA-binding activity after 2-ME induction. (C) Immunoblot of IRP1 and a-tubulin protein level in WT liver cytosol. (D) Same as panel
C, except for Abcb7lv/Y mice. Lanes in panels C and D represent individual animals. For all panels, bars with different letters are significantly
different (Po0.05).
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Fe–S cluster. Unexpectedly, the protein levels and rate of

degradation of these IRP1 mutants were iron-regulated.

Importantly, a similar response was found for S138-

phosphorylated IRP1, indicating that the WT protein can

also be targeted for iron-induced degradation in a regulated

manner. To model a potential role of each of these pathways

in pathologic states in vivo, we examined IRP1 functional

regulation in murine tissues deficient in: (1) Sod1, instru-

mental in neutralizing cytoplasmic oxidative stress, or (2) the

mitochondrial ATP-binding cassette transporter B7 (Abcb7),

implicated in the assembly of the holo-forms of cytosolic Fe–S

proteins (Balk and Lill, 2004), such as the c-acon form of

IRP1. We found that c-acon activity and IRP1 protein level fell

dramatically in the livers of both Sod1�/� and liver-specific

deletion of Abcb7 (Abcb7lv/Y) mice, and exhibited iron-

dependent changes in abundance not seen in wild type

(WT) mice. In total, these studies suggest that iron-dependent

degradation of IRP1 serves as an alternative mechanism for

controlling accumulation of IRP1 RNA-binding activity,

which does not require participation of the Fe–S cluster.

These data show that IRP1 can be controlled via reversible

and irreversible means, and establish several unique points

concerning how IRP1 function is controlled (Figure 6): (1) it

affirms that IRP1 can be regulated without participation of

the Fe–S cluster; (2) this cluster-independent mechanism

responds to changes in iron status; (3) iron-responsive

degradation of IRP1 may have a role in cell proliferation,

oxidative stress, or inflammation, where normal regulation of

iron metabolism is disturbed and PKC can be activated

(Eisenstein, 2000); (4) diseases leading to defects in Fe–S

cluster assembly or disassembly may involve altered iron-

sensing by IRP1, suggesting that IRP1 may be involved in the

pathogenesis of these disorders.

The most salient point of our findings is that iron can

participate in an IRP1 protein degradation response that is

independent of the Fe–S cluster in that the cluster is not

required for the action of iron on the IRP1 apoprotein. While

no such protein level regulation was experimentally apparent

in liver of WT animals, we note that only a small portion

(B1–5%) of IRP1 is present in the RNA-binding form in liver

and many other tissues (Chen et al, 1997; Meyron-Holtz et al,

2004a) (see also Figures 4 and 5). Consequently, changes in

the level of the RNA-binding form would be masked by the

larger, more stable, c-acon pool. Previous studies of apo-

metalloproteins, including apo-Fe–S proteins, have demon-

strated that they are more rapidly degraded compared to

their holo-protein counterparts (Grandoni et al, 1989; Li

and Merchant, 1995; Mettert and Kiley, 2005). Our earlier

work on IRP1 has demonstrated that the apoprotein form of

IRP1 is more susceptible to proteolysis in vitro (Schalinske

et al, 1997). However, our current findings indicate that the

apoprotein form of IRP1 is uniquely regulated in that it can be

stabilized either by insertion of its cofactor (i.e. Fe–S cluster)

or by iron deficiency. This conclusion is supported by studies

with an IRP1 mutant unable to form a cluster (IRP13C43S), as

well as one with an unstable cluster (IRP1S138E) and S138-

phosphorylated IRP1. The components required for turnover

of IRP1 protein have yet to be identified, but may involve the

proteasome and/or other protein degradation systems

(Fillebeen et al, 2003) (Figure 3). For example, it is not

clear whether iron acts directly or indirectly to promote

IRP1 protein degradation, or if activity of the protease(s)

responsible is itself iron-regulated. It is well established that

significant changes in IRP1 conformation occur on cluster

insertion (Schalinske et al, 1997; Brazzolotto et al, 2002).

Consequently, it is possible that stabilization of IRP1 by

cluster insertion involves the accessibility of residues re-

quired for iron-dependent degradation of the apoprotein.

We also note that identification of a cluster-independent

protein degradation mechanism promoted by iron mimics

the regulation of the functional orthologue IRP2, which is

regulated by protein turnover in response to cellular iron

status (Guo et al, 1995; Ishikawa et al, 2005). The extent of

mechanistic overlap between these regulatory mechanisms

awaits further study.

Previous studies found that elimination of cluster ligands

in IRP1WT impaired iron regulation of RNA binding (Hirling

et al, 1994; DeRusso et al, 1995; Wang and Pantopoulos,

2002), and concluded that a dysregulation of iron metabolism

occurred when an IRP1 cluster assembly mutant was ex-

pressed in mammalian cells (DeRusso et al, 1995; Wang and

Pantopoulos, 2002). Here we clearly show that iron regula-

tion of RNA binding is not entirely eliminated in such

mutants. Additionally, an alternative view of the change in

iron-regulatory characteristics of IRP1 on loss of cluster-

dependent regulation, as illustrated by the extreme case of

the IRP13C43S cluster mutant, is that it reflects a physiologi-

cally appropriate response in cells with unique iron needs, or

with a limited capacity to suppress accumulation of reactive

oxygen or nitrogen species. Hence, tissue-specific regulation of

IRP1 may occur through the classical Fe–S switch or through

protein stability, or both, according to the iron needs and

metabolic capacity of specific cell types. For example, cells

with limited ability to suppress oxidative stress might depend

more heavily on the protein degradation mechanism.

Regulation of IRE RNA-binding activity through S138

phosphorylation confers properties on IRP1 that allow cells

to meet unique metabolic needs. First, S138 phosphorylation

allows for IRP1 RNA-binding activity to be biased toward the

iron-deficient state. For instance, in proliferating cells reduced

inactivation of IRP1 in response to increased iron uptake

would help target iron to specific metabolic fates (Teixeira

and Kühn, 1991; Testa et al, 1991; Thomson et al, 2000).

Activation of PKC has an important role in these and other

models of cell proliferation (Eisenstein, 2000). A related

situation concerns the activation of IRP1 activity and TfR1

mRNA accumulation in cells with specialized needs for iron

such as developing red cells and differentiating monocytes

Figure 6 Mechanisms for inactivating IRP1 RNA-binding activity:
IRP1 is iron-regulated by two mechanisms. Cluster-dependent reg-
ulation (left arrow) is reversible and allows for the maintenance of a
large reserve of IRE-binding activity as c-acon. The cluster-inde-
pendent mechanism (right arrow) is not reversible since IRP1 is
degraded, but also provides a means for growth factors and other
extracellular agents to uncouple IRP1 from regulation by the Fe–S
cluster in order to alter the sensitivity and timing of the response of
IRP1 to iron. S138 phosphorylation can activate RNA binding by
destabilizing the Fe–S cluster, reducing the accumulation of IRP1 in
the c-acon form. However, when iron levels rise to a sufficient level,
S138 phosphorylated IRP1 is degraded.
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(Testa et al, 1989; Chan et al, 1994). In these situations IRP1

is resistant to iron-induced downregulation; S138 phosphor-

ylation may promote this by altering the set-point for iron

regulation of IRP1. Second, by coupling altered iron regula-

tion with irreversible inactivation of RNA-binding activity

(i.e. protein degradation), S138 phosphorylation may facil-

itate transient activation of the protein during inflammation

(Oliveira and Drapier, 2000). By altering the timing and

sensitivity of the response to iron, S138 phosphorylation

broadens the regulatory profiles under which IRP1 can oper-

ate, and provides a means through which extracellular agents

can alter cellular iron metabolism.

IRP1-regulatory mechanisms may also contribute to the

pathophysiology of human disorders as well as the adaptive

response of animal cells in mitigating damage caused by

the dysregulation of Fe–S cluster assembly or disassembly.

For example, diseases of mitochondrial iron metabolism can

cause disruption of cytosolic Fe–S cluster formation or dis-

assembly (Pagon et al, 1985; Raskind et al, 1991; Rotig et al,

1997; Hellier et al, 2001; Fleming, 2002; Stehling et al, 2004;

Seznec et al, 2005). It is possible that the extent of iron-

dependent inactivation of the IRP1 apoprotein through the

cluster-independent protein degradation mechanism may

dictate the degree of cellular damage in these situations.

Particular examples include Friedreich’s ataxia and X-linked

sideroblastic anemia with ataxia (XLSA/A), the latter of

which is caused by defects in Abcb7. Studies described here

and elsewhere (Pondarré et al, submitted) show that specific

ablation of Abcb7 expression in liver results in nonlethal

changes in hepatic IRP1 regulation and iron metabolism. In

contrast, in other cell types, such as hematopoietic cells and

brain, loss of Abcb7 function is lethal (C Pondarré and MD

Fleming, data not shown). It is not clear whether it is the loss

of an essential Fe–S protein or the dysregulation of the IRP1

system, or both, that causes this differential response.

However, evidence supporting a critical role of IRP1 dysre-

gulation induced by a defect in Fe–S metabolism is illustrated

by the rescue from the consequences of a mutation in a

mitochondrial glutaredoxin involved in Fe–S cluster biogen-

esis by ablation of IRP1 or the IRE in a heme-biosynthetic

gene (Wingert et al, 2005). Altogether, it is apparent that

multiple mechanisms are required to control accumulation of

IRP1 RNA-binding activity, illustrating its central role in the

adaptive changes in iron metabolism in diverse settings.

Furthermore, these data suggest that IRP1 dysregulation has

the potential to be substantially more damaging than com-

plete loss of the protein (Galy et al, 2004; Meyron-Holtz et al,

2004a).

Materials and methods

Animals
Mice lacking SOD1 were generously provided by Huang et al
(1997). To generate mice lacking Abcb7 in hepatocytes, a loxP site
and a loxP-flanked neomycin resistance cassette (NeoR) were
targeted into introns 8 and 10 of Abcb7 of embryonic stem (ES)
cells to create a conditionally targeted allele flanked by loxP sites
(Pondarré et al, submitted). Mice carrying the targeted Abcb7 allele
were bred to a hepatocyte-specific Cre-transgenic line: B6.Cg-
Tg(Alb-Cre)21Mgn/J [Alb-Cre] (Pondarré et al, submitted). Male
animals carrying the Abcb7fl allele and Alb-Cre are referred to as
Abcb7lv/Y to reflect the hepatocyte-specific deletion; deletion of
exons 9 and 10 was confirmed by PCR (data not shown). Animal
use met the requirements of Children’s Hospital Boston or UW-

Madison. Sod1�/� mice and their WT littermates were fed a diet
with 2 or 50 ppm iron made as described (Chen et al, 1998). For the
experiments with Abcb7lv/Y mice, a commercial iron-deficient diet
(TD 80396, Harlan Teklad) contained 20% casein, 0.3% methio-
nine, 54.99% sucrose, 15% cornstarch, 5% corn oil, 3.5% iron-
deficient mineral mix (TD 81062), 1% vitamin mix (40077), 0.2%
choline bitartrate, and 0.0001% ethoxyquin; dietary iron content
was 2 ppm. For the 200 and 4000 ppm iron diets, ferric ammonium
citrate was added.

Liver subcellular fractionation and enzyme assays
Cytosol and mitochondria were obtained as described (Chen et al,
1998). Aconitase assays were performed at 251C for 10 min as
described (Kennedy et al, 1983). For XO, a kit (A-22182) from
Molecular Probes, Inc., (Eugene, OR) was used. The recovery of
cytosol from liver homogenate was 88 and 95% for WTand Sod1�/�

liver, respectively, using lactate dehydrogenase as marker enzyme;
mitochondrial contamination of cytosol was 6 and 5% on the basis
of glutamate dehydrogenase activity in cytosol.

Immunoblotting
Cell lysates were immunoblotted as described (Chen et al, 1998).
Myc-tagged IRP1 protein level was determined using anti-c-myc
antibody (9E10). To detect S138-phosphorylated IRP1 in cells,
0.5–1.0 mg of lysate protein was immunoprecipitated using 9E10
antibodies for 2 h at 41C and Ultra-Link Protein G (Pierce). For
determination of XO or IRP1 level, liver homogenate or cytosol,
respectively, was used as described (Eisenstein et al, 1993). For XO,
blots were blocked in 5% non-fat dry milk (NFDM) in Tris-buffered
saline (TBS) with 0.02% Tween-20. Primary antibody was used at
1:2000 in 0.5% NFDM in TBS with 0.02% Tween-20. Secondary
antibody (goat anti-rabbit, Southern Biotechnology) was used at
1:30 000 and developed with SuperSignal (Pierce).

Antibodies
IRP1 antibodies were described (Eisenstein et al, 1993). Rabbit
phosphospecific antibodies against the S138 phosphopeptide
FNRRAD(p)S138LQKNQDLC, where (p)S denotes phosphoserine,
were made and affinity purified (Biosource). Anti-XO (ab6194) was
from Abcam Ltd (Cambridgeshire, UK).

Cell culture and lysis
Reagents were from Invitrogen unless noted. The Flp-In T-Rex-293
line of HEK cells were grown in DMEM plus 10% FBS, 100mg/ml
Zeocin, 15mg/ml Blasticidin (Invivogen), 100 U/ml penicillin, and
100mg/ml streptomycin. The cell pellet was resuspended in lysis
buffer plus 5 mg/ml butylated hydroxytoluene and phosphatase
inhibitor cocktail set I (Calbiochem) (Eisenstein et al, 1993). Protein
assays used the BCA system (Pierce).

Generation of cell lines stably expressing IRP1
The Flp-In TRex system (Invitrogen) for producing isogenic
transfected cell lines was used. Cells were transfected with plasmids
encoding IRP1 plus the Flp recombinase plasmid pOG44 using
Lipofectamine 2000. At 24 h after transfection, cells were trypsi-
nized and replated onto 10 cm plates in a nonselective growth
medium that was replaced with media containing 250mg/ml
hygromycin (Calbiochem) and 15 mg/ml blasticidin. Hygromycin-
resistant colonies were pooled from each plate and subsequently
screened for expression of myc-tagged IRP1 after induction with
1 mg/ml tetracycline for 48 h.

Site-directed mutagenesis
Mutagenesis used Quik-Change (Stratagene). The S138 codon
(AGC) in the rabbit IRP1 cDNA with an encoded C-terminal myc
tag (Brown et al, 1998) was replaced with GCC and GAA to create
IRP1S138A or IRP1S138E, respectively. Codons for Cys 437, 503, and
506 were mutated to AGC to create IRP13C43S. Mutations were
confirmed by DNA sequencing.

IRE RNA-binding activity
IRP1 RNA-binding activity in liver was determined by electro-
phoretic mobility shift assay (EMSA) (Chen et al, 1997). To separate
myc-tagged IRP1 from endogenous IRP1, gel supershift assays were
performed. Cell lysate (1–2mg protein) was diluted into binding
buffer (Eisenstein et al, 1993) containing protein G purified 9E10
IgG (0.05 mg/ml final concentration). After 90 min at 41C, [32P]RNA
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was added at a final concentration of 1 nM and the incubation
continued for 10 min. Heparin was added and bound and free RNA
separated as described (Eisenstein et al, 1993), except that gels were
run at 41C.

IRP1 protein half-life by pulse-chase analysis
HEK cells were incubated with 10mM desferal overnight, and were
then labeled with 100mCi/ml [35S]Met/Cys (MP Biomedicals) for 2 h
in 5% dialyzed FBS/DMEM lacking Met/Cys. Cells were washed
with 10% FBS/DMEM and chased with complete media plus 10 mM
each of unlabeled Met/Cys in the presence of 100mM hemin or
100mM desferal. Cells were lysed and IRP1 was immunoprecipitated
using the 9E10 antibody (Eisenstein et al, 1993). Results were
quantified by phosphorimaging.

Two-dimensional (2D) gel electrophoresis
2D electrophoresis was performed as described (O’Farrell, 1975) by
Kendrick Labs, Inc. (Madison, WI).

In vitro phosphorylation
His-tagged IRP1 protein expressed in yeast was purified as
described (Brown et al, 1998). IRP1 was incubated with rat brain
PKC as described (Eisenstein et al, 1993).

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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