MOLECULAR AND CELLULAR BIOLOGY, Oct. 2003, p. 6973-6981
0270-7306/03/$08.00+0 DOI: 10.1128/MCB.23.19.6973-6981.2003

Vol. 23, No. 19

Copyright © 2003, American Society for Microbiology. All Rights Reserved.

A Phosphomimetic Mutation at Ser-138 Renders Iron Regulatory

Protein 1 Sensitive to Iron-Dependent Degradation

Carine Fillebeen,' Danielle Chahine,! Annie Caltagirone,' Phillip Segal,'
and Kostas Pantopoulos'-**

Lady Davis Institute for Medical Research, Sir Mortimer B. Davis Jewish General Hospital,"
and Department of Medicine, McGill University,> Montreal, Quebec, Canada

Received 30 December 2002/Returned for modification 18 February 2003/Accepted 19 June 2003

Iron regulatory protein 1 (IRP1) binds to mRNA iron-responsive elements (IREs) and thereby controls
the expression of IRE-containing mRNAs. In iron-replete cells, assembly of a cubane [4Fe-4S] cluster in-
hibits IRE-binding activity and converts IRP1 to a cytosolic aconitase. Earlier experiments with Saccharo-
myces cerevisiae suggested that phosphomimetic mutations of Ser-138 negatively affect the stability of the
cluster (N. M. Brown, S. A. Anderson, D. W. Steffen, T. B. Carpenter, M. C. Kennedy, W. E. Walden, and
R. S. Eisenstein, Proc. Natl. Acad. Sci. USA 95:15235-15240, 1998). Along these lines, we show here that
a highly purified preparation of recombinant human IRP1 bearing a phosphomimetic S138E substitution
(IRP1g,35¢) lacks aconitase activity, which is a hallmark of [4Fe-4S] cluster integrity. Similarly, IRP1g, 4
expressed in mammalian cells fails to function as aconitase. Furthermore, we demonstrate that the impairment
of [4Fe-4S] cluster assembly in mammalian cells sensitizes IRP1g, ;5 to iron-dependent degradation. This
effect can be completely blocked by the iron chelator desferrioxamine or by the proteasome inhibitors MG132
and lactacystin. As expected, the stability of wild-type or phosphorylation-deficient IRP1g, 4, is not affected by
iron manipulations. Ser-138 and flanking sequences appear to be highly conserved in the IRP1s of vertebrates,
whereas insect IRP1 orthologues and nonvertebrate IRP1-like molecules contain an S138A substitution. Our
data suggest that phosphorylation of Ser-138 may provide a basis for an additional mechanism for the control

of vertebrate IRP1 activity at the level of protein stability.

The iron regulatory proteins IRP1 and IRP2 are involved in
the coordinate posttranscriptional regulation of cellular iron
metabolism by binding to mRNA iron-responsive elements
(IREs). These are hairpin structures within the 5" or 3’ un-
translated regions of a growing family of mRNAs that encode
proteins of iron uptake, storage, utilization, and transport,
as well as energy metabolism (8, 18). Among the best-char-
acterized IRE-containing mRNAs are those encoding the
transferrin receptor, which plays a critical role in cellular iron
uptake, and ferritin, a protein for intracellular iron storage.
IRE-IRP interactions largely account for the reciprocal control
of the transferrin receptor and ferritin expression in response
to iron perturbations (25).

IRP1 and IRP2 are homologous to mitochondrial aconi-
tase (5, 8, 23), an enzyme of the citric acid cycle, and in fact,
IRP1 is its cytosolic counterpart. The active site of aconitase
contains a cubane [4Fe-4S] cluster (1). In IRP1, this cluster
is assembled within iron-replete cells and prevents IRE
binding. However, iron starvation, nitrogen monoxide (NO),
and extracellular H,O, (5, 23) trigger the cluster’s destabi-
lization. The resulting switch to apo-IRP1 is associated with
the loss of aconitase and acquisition of IRE-binding activity.
The mechanism for IRP2 regulation is distinct and does not
involve iron-sulfur cluster biochemistry. While IRP2 is sta-
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ble in iron-starved and hypoxic cells, it undergoes proteaso-
mal degradation in the presence of iron, oxygen (16), or the
nitrosonium cation (NO™) (19).

It has been proposed that the activities of IRP1 and IRP2
may also be regulated by phosphorylation (8). The physiolog-
ical significance of this finding remains elusive. Both IRP1 and
IRP2 can be subjected to phosphorylation by protein kinase C
(PKC) (9, 27). The rate of IRP1 phosphorylation by PKC is
negatively affected by the presence of the iron-sulfur cluster
(26). Experiments with synthetic oligopeptides showed that the
conserved Ser-138 and Ser-711 residues are targets of phos-
phorylation in vitro and implied that phosphorylation may also
occur in vivo. Ser-138 is located within the region involved in
RNA binding and assembly of the [4Fe-4S] cluster, which
spans residues 116 to 151.

More direct evidence for the involvement of Ser-138 in
the control of the iron-sulfur cluster assembly was provided
by experiments in an aconitase-deficient Saccharomyces cer-
evisiae strain. Aerobic growth of the acol cells depends on
complementation with iron-loaded IRP1 (i.e., cytosolic acon-
itase). The replacement of Ser-138 in IRP1 with phospho-
mimetic residues (glutamic or aspartic acid) impairs aerobic
growth and prevents [4Fe-4S] cluster assembly (3). The sen-
sitivity of these mutants to oxidative destabilization of the
iron-sulfur cluster in the context of yeast has been confirmed
by electron paramagnetic resonance spectroscopy (4). Here,
we further investigate the role of Ser-138 in the function of
IRP1 by studying the properties of nonphosphorylatable
IRP1g,554 and phosphomimetic IRP1g; 54 mutants in mam-
malian cells.
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MATERIALS AND METHODS

Materials. Hemin, MG132, lactacystin, 3-methyladenine, and antibodies against
FLAG (M2-FLAG) and B-actin were purchased from Sigma (St. Louis, Mo.).
Desferrioxamine was obtained from Novartis (Dorval, Canada). Salicylaldehyde
isonicotinoyl hydrazone (SIH) was a kind gift of Prem Ponka (McGill University).
Fe-SIH was prepared by mixing SIH with ferric citrate in a ratio of 2:1.

Plasmid construction. The S138A and S138E point mutations were introduced
by site-directed mutagenesis with the ExSite PCR-based protocol (Stratagene),
according to the manufacturer’s recommendations. The plasmid pSG5-hIRP1
(29) was utilized as the template with the following oligonucleotides: for S138A,
CAA CAG AAG GGC AGA CGC CTT ACA GAA GAA TCA AG and the
reverse complement CTT GAT TCT TCT GTA AGG CGT CTG CCC TTC
TGT TG and for S138E, CAA CAG AAG GGC AGA CGA ATT ACA GAA
GAA TCA AG and the reverse complement CTT GAT TCT TCT GTA ATT
CGT CTG CCC TTC TGT TG. All mutations were confirmed by sequencing.
For the generation of recombinant protein in bacteria, a 1.5-kb PstI/EcoRV frag-
ment from pSG5-hIRP1g;354 0or pSG5-hIRP1g; 35 Was subcloned into the cor-
responding sites of pT7-hIRP1 (13), to yield pT7-hIRP1g; 35, and pT7-hIRP1g,sgg,
respectively. For the expression of His-tagged proteins in eukaryotic cells, the 2.9-kb
IRP1 cassette was excised from pT7-hIRP1, pT7-hIRP1g;354, and pT7-hIRP1g; 35
with Xbal/HindIII and transferred, following blunt-end formation with the Kle-
now fragment, into the BamHI site of pUHD10-3 (29) to yield 10-3-His-hIRP1,
10-3-His-hIRP1g, 35,4, and 10-3-His-hIRP1g, 355, respectively.

Expression and purification of recombinant IRP1. pT7-hIRP1, pT7-
hIRPI1g, 354, and pT7-hIRP1g, 35 were expressed in Escherichia coli BL21(DE3),
and recombinant human IRP1 was purified by affinity chromatography on Ni*-
nitrilotriacetic acid beads (13), which was followed by a second purification step
with anion-exchange chromatography on a Resource Q fast-performance liquid
chromatography column (Pharmacia).

Cell culture and transfections. Human embryonic kidney HEK293 cells and
murine B6 fibroblasts were grown in Dulbecco’s modified Eagle medium sup-
plemented with 10% fetal bovine serum, 2 mM glutamine, 100 U of penicillin per
ml, and 0.1 ng of streptomycin per ml. Transient transfections were performed
with the Lipofectamine Plus reagent (Gibco BRL). HEK293 cells were cotrans-
fected with pSG5-hIRP1g;334 or pSG5-hIRP1g; 35 and neoCMV,BL (20) with
the calcium phosphate method, and stable clones were selected in media con-
taining 400 pg of G418/ml. B6 cells were transfected as described above with
15-1-neo (12), containing the tetracycline repressor (tTA), to generate a tTA-B6
clone by selection in the presence of 250 pg of G418/ml. The tTA-B6 cells
were then cotransfected with 10-3-His-hIRP1, 10-3-His-hIRP1g, 354, or 10-3-His-
hIRP1g,3g and puromycin-resistant pBabe (29). Stable transfectants were se-
lected in media containing 4 pg of puromycin/ml, 250 pg of G418/ml, and 2 pg
of tetracycline/ml. In preliminary transient-transfection experiments, a tight in-
duction of IRP1 expression was observed upon the removal of tetracycline.
However, all isolated clones of stable transfectants displayed leaky IRP1 expres-
sion, and the withdrawal of tetracycline had minimal effects. Therefore, the cells
were maintained and cultivated for all experiments without tetracycline.

Generation of IRP1 antibodies. Polyclonal IRP1 antibodies were raised by
PRF & L, Inc. (Canadensis, Pa.), in a rabbit immunized against highly purified
human recombinant IRP1 (2), kindly donated by Jean-Marc Moulis (Grenoble,
France).

Western blotting. Cytoplasmic lysates were resolved by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE) on 8% gels and trans-
ferred onto nitrocellulose filters. The blots were saturated with 10% nonfat milk
in phosphate-buffered saline and probed with 1:1,000-diluted FLAG or B-actin
or with 1:2,000-diluted IRP1 antibodies. Dilutions were made in phosphate-
buffered saline containing 0.5% Tween 20. After being washed with this solution,
the blots with (monoclonal) FLAG antibodies were incubated with peroxidase-
coupled rabbit anti-mouse immunoglobulin G (1:4,000 dilution) and the blots
with (polyclonal) IRP1 or B-actin antibodies were incubated with peroxidase-
coupled goat anti-rabbit immunoglobulin G (1:5,000 dilution). Detection of
peroxidase-coupled antibodies was performed with the enhanced chemilumines-
cence (ECL) method (Amersham).

Pulse-chase and immunoprecipitation. Cells were metabolically labeled for
2 h with trans->>S label (50 p.Ci/ml), a 70:30 mixture of [**S]methionine-cysteine.
The radioactive medium was then removed, and the cells were chased in cold
media in the absence or presence of 100 uM hemin or 100 uM desferrioxamine.
Endogenous IRP1 or transfected IRP1g,354 and IRP1g, 35z were analyzed by
immunoprecipitation (22) with IRP1 or FLAG antibodies, respectively. Immu-
noprecipitated proteins were resolved by SDS-PAGE and visualized by autora-
diography. Radioactive bands were quantified by phosphorimaging.
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Biochemical assays. Cytoplasmic lysates or purified IRP1 preparations were
analyzed for IRE-binding activity by electrophoretic mobility shift assay (EMSA)
(21). Cytosolic extracts devoid of mitochondrial aconitase were prepared as
previously described (7). The aconitase enzymatic assay was performed as de-
scribed in reference 13. One unit is defined as the amount that converts 1 wmol
of citrate, pH 7.4, at 25°C per min to isocitrate.

RESULTS

Recombinant IRP1g, 4 lacks aconitase activity. We em-
ployed recombinant wild-type and mutant versions of IRP1 to
investigate the role of Ser-138 in IRP1 function. Human wild-
type IRP1, as well as the phosphorylation-deficient IRP1g; 55,
and the phosphomimetic IRP1g,;¢z mutants, tagged with an
N-terminal His, epitope was expressed in E. coli and purified
to apparent homogeneity (Fig. 1A). All recombinant proteins
were found to be active in IRE binding, but IRP1g, ;g dis-
played a weaker activity when 80 ng of purified material was
analyzed by EMSA (Fig. 1B, top). However, complete IRE-
binding activity could be recovered following treatment with
2-mercaptoethanol (Fig. 1B, bottom), which is commonly em-
ployed to convert cytosolic aconitase into an IRE-binding pro-
tein in vitro (5, 23). No differences in IRE-binding activity were
observed when larger quantities of recombinant proteins were
analyzed (data not shown).

The purified proteins were subsequently utilized for aconi-
tase assays. As expected, purified wild-type IRP1 and IRP1g;54
exhibit low levels of aconitase activity (Fig. 1C), reflecting the
predominance of apo-IRP1 in the preparation (13). However,
the aconitase activity is significantly (P < 0.01) stimulated by
about three- to fivefold with the addition of ferrous sulfate and
cysteine (Fig. 1C), which leads to reconstitution of the [4Fe-4S]
cluster (13). By contrast, IRP1g, 555 is completely inactive as an
aconitase, and remains so even after a treatment with ferrous
sulfate and cysteine (Fig. 1C). These results are in agreement
with the failure of IRP1g,55: to complement aconitase activ-
ity in acol yeast (3) and suggest that IRP1g,55p is unable to
assemble a stable [4Fe-4S] cluster under aerobic conditions.

IRP1g, 345 expressed in mammalian cells is sensitive to iron-
dependent degradation. To study the function of Ser-138 in
a more physiological context, His-tagged wild-type IRP1,
IRP1g 554, and IRP1g, 55 Were stably transfected into murine
B6 fibroblasts. The expression of chimeric proteins was first
analyzed by Western blotting with a polyclonal antibody
against IRP1, which also cross-reacts with endogenous IRP1
(detection of chimeric IRP1 with commercial antibodies
against the His tag was not reliable due to the poor quality of
the immunoblots). The result depicted in Fig. 2A (top panel)
shows that the IRP1 signal is increased by about twofold in
cells transfected with wild-type IRP1 or IRP1g,54¢ (lanes 2 and
4, respectively) and by about fourfold in cells transfected with
IRP1g;344 (lane 3). No differences are observed in the levels of
control B-actin (bottom panel). In line with the above results,
the expression of chimeric wild-type IRP1 and IRP1g,55, con-
tributes to significant (P < 0.01) increases in cytosolic aconi-
tase activity of about twofold and fourfold, respectively (Fig.
2B). However, the aconitase activity in cytoplasmic extracts of
cells expressing IRP1g, 555 is similar to the activity of parent
cells (Fig. 2B). We conclude that IRP1g,5 expressed in B6
cells fails to function as aconitase, which is in agreement with
the data shown in Fig. 1C.
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FIG. 1. Recombinant IRP1g,54 fails to function as aconitase. (A) SDS-PAGE results of purified human recombinant (rec.) His-tagged
wild-type IRP1 (wt), IRP1g,33,, and IRP1g; 345 The proteins were visualized by staining with Coomassie brilliant blue. (B) Purified recombinant
proteins (80 ng) were analyzed by EMSA with a **P-labeled IRE probe in the absence (top) or presence (bottom) of 2% 2-mercaptoethanol
(2-ME). The positions of specific His-IRP1/IRE complexes and excess free probe are indicated by arrows. (C) Aconitase assay prior to (white bars)
and after (black bars) treatment with ferrous sulfate-cysteine. Values correspond to results from triplicate samples; the aconitase activity is
expressed as milliunits per microgram of recombinant protein. #*, P < 0.01 versus values for the control (Student’s ¢ test).

To evaluate the IRE-binding activities of the chimeric pro-
teins and assess how they respond to iron manipulations, cy-
toplasmic extracts were analyzed by EMSA (Fig. 2C). In this
assay, the activity of chimeric IRP1 (lanes 4 to 12) can be easily
distinguished from that of endogenous IRP1, which is apparent
when extracts of nontransfected parent cells are analyzed
(lanes 1 to 3), due to the faster electrophoretic mobilities of
human IRP1/IRE complexes. Overnight exposure of B6 cells
to the iron chelator desferrioxamine results in activation of
endogenous IRP1 and of the transfected wild-type IRP1,
IRP1g;344, and IRP1g, 545. Likewise, overnight administration
of hemin leads to a complete loss of IRE-binding activity. A
treatment of cytoplasmic lysates with 2-mercaptoethanol prior
to EMSA is routinely performed to monitor total IRP1 levels.
The experimental results depicted in Fig. 2C (bottom panel)
reveal that while the IRE-binding activity of endogenous IRP1
and transfected wild-type IRP1 and IRPlg,5, in extracts of
untreated or iron-loaded cells can be recovered in vitro by
2-mercaptoethanol, this is not the case for IRP1g, ;4 (lanes 10
to 12). Thus, an apparent iron-replete state of untreated cells
(lane 10) or further iron loading by treatment with exogenous
hemin (lane 12) seems to result in an irreversible inactivation
of IRP1g; 4. It is also evident that the recovery of endogenous
IRP1 activity from iron-loaded B6 transfectants by 2-mercap-
toethanol is relatively poor (see Discussion).

To better characterize the effects of hemin on IRP1g, 45, we

utilized the His tag for purification of the transfected proteins
from the crude cytoplasmic extract by means of Ni** affinity
chromatography (Fig. 3). Analysis of the total lysate (Fig. 3A)
and of the purified chimeric proteins (Fig. 3B) by EMSA con-
firms that the IRE-binding activity of IRP1g, 4 obtained from
iron-loaded cells cannot be recovered in vitro with 2-mercap-
toethanol (compare lanes 1 to 8 with lanes 9 to 12 in panels A
and B). All affinity-purified proteins were inactive as aconi-
tases, possibly due to the instability of this activity upon dilu-
tion. Finally, the purified material was subjected to Western
blotting with the IRP1 antibody. Analysis of the total lysate
(Fig. 3C) reveals a hemin-induced reduction in the intensity of
the signal from IRP1g,;ge-expressing cells (lanes 11 and 12),
while desferrioxamine produced the opposite effect (lane 10).
Notably, the signal from untreated cells (lane 9) is weaker than
that from iron-starved cells (lane 10). The iron manipulations
leave the expression of wild-type IRP1 or IRP1g;54 largely
unaffected (lanes 1 to 8). Probing the filter with an antibody
against B-actin (bottom) provides a loading control. The neg-
ative effects of hemin in IRP1g, 545 expression are clearly dem-
onstrated by the immunoblot of the affinity-purified proteins
(Fig. 3D), where the background of endogenous IRP1 is elim-
inated (compare lanes 9 to 12 in panels C and D).

The above results were obtained with N-terminally tagged
wild-type and mutant IRP1s, transfected into mouse B6 fibro-
blasts. To exclude the possibility that the decrease in IRP1g; ;¢



6976 FILLEBEEN ET AL.

arent ¢

6 cells S138A SI38E

WB : IRP1 Ab
end. + transf. [RP1 — e e QD s

P-actin —=

0.3
025 s
02

0.154

0.05 -

aconitase activity (mU/ug)

arent wt

6 cells LA

SI38E

end. IRPI/IRE —
transf. His-IRP1/IRE —=

= end. IRP1/IRE —
i transf. His-IRP1/IRE —

MoL. CELL. BIOL.

arent ] s -

6 cells |His-IRP1,, |His-IRPIg;3, | His-IRPlgysg¢
hemin (100 uM) | = = +| - = +| - - +| - - 4
DFO (100puM) | = 4+ -] - + - = + |- + .

7 8 9 10 11 12

+2-ME (2%)

free probe —=

FIG. 2. Iron-dependent regulation of chimeric human IRP1 constructs in B6 cells. Wild-type IRP1 (wt), IRP1g;344, and IRP1g, 3555, tagged with
a His, epitope at their N-termini, were stably transfected (transf.) into B6 cells. (A and B) Cytosolic extracts (devoid of mitochondrial aconitase)
of nontransfected parent cells and of cells expressing chimeric wild-type IRP1, IRP1g; 354, or IRP1g; 345 Were analyzed by Western blotting (WB)
(A) with antibodies (Ab) against IRP1 (top) and B-actin (bottom) and for aconitase activity (B). Values in panel B correspond to results from
triplicate samples; the aconitase enzymatic activity is expressed as milliunits per microgram of total protein in the cytosolic lysate. (C) Cells were
treated overnight with 100 pM desferrioxamine (DFO) or hemin. Cytoplasmic extracts of nontransfected parent cells (lanes 1 to 3) and of cells
expressing chimeric wild-type IRP1 (lanes 4 to 6), IRP1g;354 (lanes 7 to 9), or IRP1g5sr (lanes 10 to 12) were analyzed by EMSA with a **P-labeled
IRE probe in the absence (top) or presence (bottom) of 2% 2-mercaptoethanol (2-ME). The positions of excess free probe and specific IRP1/IRE
complexes, corresponding to endogenous (end.) murine IRP1 and transfected (transf.) human His-IRP1, are indicated by arrows. #x, P < 0.01

versus values for the control (Student’s ¢ test).

expression in untreated and hemin-treated cells might be re-
lated to the manipulation at the protein’s N terminus by the
His tag, we generated plasmids encoding IRPlg 554 Or
IRP1g, 555 tagged at its C terminus with a FLAG epitope.
These constructs were stably transfected into HEK293 cells,
and the chimeric proteins were analyzed in the absence or
presence of hemin. In addition, a construct encoding FLAG-
tagged wild-type IRP1 was utilized for similar analysis follow-
ing transient transfection into HEK293 cells. The cells were
exposed to hemin for 4 or 16 h, and protein levels were deter-
mined by Western blotting. Probing with antibodies against
IRP1 or FLAG shows no significant effects from hemin on the
steady-state levels of chimeric wild-type IRP1 (Fig. 4A) and
IRP1g;554 (Fig. 4B). However, this assay reveals a significant
hemin-dependent reduction in the signal obtained from
IRP1g,55-expressing cells with the IRP1 antibody, which cor-
responds to both endogenous IRP1 and chimeric IRP1g;34p
(Fig. 4C, top). Following 16-h exposure of the cells to the drug,
the decrease in signal intensity is ~50% (lane 3). Probing with
a FLAG antibody (middle panel) demonstrates that this
decrease is due to an almost complete loss of transfected
IRP1g,54g, since under these conditions the background of

endogenous IRP1 is eliminated. No differences in the levels of
control B-actin are observed (bottom panel). Notably, in un-
treated cells IRP1g,555 is expressed at relatively lower levels
than those of IRPlg;55, and wild-type chimeric IRP1 (com-
pare lanes 1 in Fig. 4).

The above results raised the possibility that IRP1g, 5 may
be destabilized in iron-replete cells. This issue was directly
addressed with a pulse-chase experiment. HEK293 cells ex-
pressing IRP1g,354 or IRPlg, ;¢ Were metabolically labeled
with [**S]methionine-cysteine for 2 h. Subsequently, after the
label was washed, the cells expressing IRP1g,55, Were chased
for 4 to 24 h in the absence (Fig. 5A, top) or presence (bottom)
of 100 pM hemin. Similarly, the cells expressing IRP1g;34p
were chased for 4 to 24 h without any iron perturbations (Fig.
5B, top) or in the presence of 100 uM hemin (middle) or 100
wM desferrioxamine (bottom). Analysis of the transfected pro-
teins by immunoprecipitation with the FLAG antibody and
quantification of the data with phosphorimaging show that
IRP1g;44,4 is fairly stable (half-life, >12 h) and that its turnover
remains largely unaffected by hemin (Fig. SA). In contrast, the
stability of IRP1g, 4 is subjected to iron-dependent regulation
(Fig. 5B). Thus, in untreated control cells, IRP1g,55x has a
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FIG. 3. Hemin-dependent decrease of IRP1g, 34 expression in B6 cells. Cells expressing human wild-type IRP1, IRP1g; 354, or IRP1g, 35 were
treated with 100 wM desferrioxamine (DFO) or hemin for the indicated time intervals. His-tagged chimeric IRP1 was purified from cytoplasmic
extracts by affinity chromatography with Ni**-nitrilotriacetic acid beads. (A and B) Total lysate (A) or affinity-purified chimeric IRP1 (B) was
analyzed by EMSA with a **P-labeled IRE probe in the absence (top) or presence (bottom) of 2% 2-mercaptoethanol (2-ME). The positions of
excess free probe and specific IRP1/IRE complexes, corresponding to endogenous (end.) murine IRP1 and transfected (transf.) human His-IRP1,
are indicated by arrows. (C and D) Western blotting of total lysates (C) or affinity-purified chimeric IRP1 (D) with antibodies against IRP1 and

B-actin (C, bottom).

half-life of ~6 h (top). In the presence of hemin, the half-life
of IRP1g, 555 further decreases to ~4 h (middle). The decay of
IRP1g, 53 can be completely inhibited by desferrioxamine
(bottom). We conclude that IRP1g,,¢ undergoes iron-depen-
dent degradation in apparently iron-replete control cells or in
iron-overloaded, hemin-treated cells but that it is stabilized in
iron-deficient cells treated with desferrioxamine. As an addi-
tional control, we performed a pulse-chase experiment with
untransfected parent HEK293 (Fig. 5C) and B6 (Fig. 5D) cells
to analyze endogenous IRP1. This experiment confirms previ-
ous findings (22, 28) by showing that the half-life of endoge-
nous IRP1 is >12 h. It also demonstrates that IRP1 stability
remains unaffected by a treatment with hemin in both cell types,
in agreement with the data obtained with IRP1g;55, (Fig. 5A).
Proteasomal inhibitors block iron-dependent degradation of
IRP1g,345x. To investigate whether IRPlg,55 is specifically
subjected to degradation by hemin, or iron in general, we
compared the effects of hemin and Fe-SIH, an alternative iron
donor, on IRP1 expression (24). The HEK293 stable clones
were exposed to different doses of hemin or Fe-SIH for 8 h,
and the expression of chimeric IRP1 was analyzed by Western
blotting with the FLAG antibody. As expected, these drugs

have no effects on the steady-state levels of IRP1g,55, (Fig.
6A, top) and control B-actin (bottom). However, both hemin
and Fe-SIH inhibit the expression of IRP1g, ;4 (Fig. 6B, top)
without affecting control B-actin (bottom). Thus, IRP1g, ;g is
sensitive to degradation by both heme and nonheme iron.

Finally, we examined the potential of various inhibitors to
antagonize the degradation of IRP1g,4s. The proteasomal
inhibitors MG132 (Fig. 6C) and lactacystin (Fig. 6D) com-
pletely protect IRP1g,55x from degradation following treat-
ment of the cells with hemin. By contrast, lysosomal inhibitors
(ammonium chloride and 3-methyladenine) fail to do so (data
not shown). These results suggest that iron promotes the deg-
radation of IRP1g, 54 by the proteasome.

Ser-138 is highly conserved in vertebrate IRP1 molecules.
Ser-138 and its flanking sequences constitute a PKC phosphor-
ylation site, which was earlier found to be conserved in mam-
malian (human, rabbit, rat, and mouse) IRP1 molecules (9). In
the last few years, IRP1 sequence data from additional verte-
brate and invertebrate species have been obtained. Multiple
sequence alignment of all IRP1 molecules currently deposited
in Swiss-Prot (Fig. 7) reveals that as in mammals (Homo sapi-
ens, Oryctolagus cuniculus, Rattus norvegicus, and Mus muscu-
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FIG. 4. Hemin-dependent decrease of IRP1g, 34k expression in HEK293 cells. The cells were either transiently transfected with pSG5-hIRP1
or stably transfected with pSG5-hIRP1g,35, or pSG5-hIRP1g, 545 to express chimeric wild-type IRP1 (IRP1,,) (A), IRP1g 354 (B), or IRP1g; 34
(C), respectively. All chimeric proteins are tagged with a FLAG epitope at their C termini. The cells were treated with 100 .M hemin for the

indicated time intervals, and cell lysates were analy:

zed by Western blotting (WB) with antibodies (Ab) against IRP1 (top), FLAG (middle), or

B-actin (bottom). end., endogenous; transf., transfected.

lus), Ser-138 is also conserved in chicken (Gallus gallus) IRP1. maxima) and the malaria parasite (Plasmodium falciparum).

However, Ser-138 is replaced with an alanine i
from crayfish (Pacifastacus leniusculus) and ins

n IRP1 proteins Interestingly, the stretches of amino acids upstream and down-
ects (Drosophila stream of mammalian and chicken Ser-138 sequences shown in

melanogaster and Manduca sexta) and in IRP1-like proteins Fig. 7 are almost identical (with the exception of the D131H

from plants (Arabidopsis thaliana, Citrus limon, and Curcubita and A136S substitutions in rat and chicken Ser-138 sequences,
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FIG. 5. (A and B) IRPI1g, 355, but not IRP1g; 354,
with [**S]methionine-cysteine and chased with cold

, is sensitive to iron-mediated degradation. HEK293 cells were metabolically labeled for 2 h
media for the indicated time intervals in the absence of iron perturbations (control [ctrl]) or

in the presence of 100 pM hemin (+hemin) or 100 pM desferrioxamine (+DFO). The half-life (t;,,) of IRP1g 354 (A) or IRP1g; 35 (B) was
assessed by quantitative immunoprecipitation of 500 wg of cytoplasmic extracts with 8.8 wg of FLAG antibody. (C and D) Hemin does not
accelerate the turnover of endogenous IRP1 in HEK293 or B6 cells. HEK293 (C) or B6 cells (D) were treated as described for panels A and B,
and the decay of endogenous IRP1 was assessed by quantitative immunoprecipitation of 500 pg of cytoplasmic extracts with 20 ul of IRP1
antiserum. Immunoprecipitated material was analyzed by SDS-PAGE on 8% gels, and proteins were visualized by autoradiography. Radioactive
bands were quantified by phosphorimaging, and the indicated half-lives were calculated by plotting the data (data not shown).
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FIG. 6. Iron-dependent degradation of IRP1g,ss is blocked by proteasomal inhibitors. (A and B) HEK293 cells expressing IRP1g,554 Or
IRP1g, ;35 were treated with the indicated concentrations of hemin or Fe-SIH for 16 h. The expression levels of IRP1g;35, (A) and IRP1g; 3
(B) were analyzed by Western blotting with the FLAG antibody (top). (C and D) HEK293 cells expressing IRP1g, 355 were treated for the indicated
time intervals with 100 uM hemin in the presence or absence of 100 uM MG132 (C) or 10 uM lactacystin (D). The expression of IRP1g; 35 Was
analyzed by Western blotting with the FLAG antibody (top). All blots shown were also hybridized with an antibody against B-actin (bottom). The

cells were viable under all experimental conditions.

respectively). There is also some degree of conservation in the
sequences surrounding Ala-138 of invertebrate IRP1 mole-
cules, but this is clearly less prominent than in the vertebrate
counterparts and restricted to fewer positions (for example,
Q129, V130, N142, and E146). Taken together, Ser-138 and
flanking sequences are highly conserved only in the IRP1 mol-
ecules of vertebrates, not invertebrates.

DISCUSSION

Genetic (3) and biochemical (4) experiments in yeast acol
cells have suggested that phosphomimetic replacements of Ser-
138 impair the process of [4Fe-4S] cluster assembly in chimeric

Homo sapiens
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Pacifastacus leniusculus
Drosophila melanogaster 1A
Drosophila melanogaster 1B |
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Citrus limon {
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Plasmodium falciparum

won—A>Pmn oD T oD

rabbit IRP1 proteins under aerobic conditions. Consequently,
this mutation abolishes the aconitase function of IRP1. Here
we confirm these findings after studying the aconitase activity
of highly purified human recombinant IRP1g; ;4. The aconi-
tase assay (Fig. 1C) clearly suggests that while wild-type
IRP1 and IRP1g;544 are capable of reconstituting (at least
partially) their [4Fe-4S] clusters following treatment with
iron and cysteine, IRP1g, ;5 fails to do so. The activating
effect of 2-mercaptoethanol in the IRE-binding activity of
IRP1g;55¢ (Fig. 1B) is consistent with the presence of an
[4Fe-4S] cluster in the protein. However, purified recombi-
nant IRP1g, 5. is fully active as an IRE-binding protein at
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FIG. 7. Multiple sequence alignment of amino acids 129 to 147 in IRP1s of various species currently deposited in Swiss-Prot. Ser-138 (asterisk)
is conserved only in the IRP1 proteins from vertebrates. The genInfo identifier (gi) numbers of all molecules are indicated on the right. The
alignment was made by the Clustal W algorithm (MacVector software, version 6.5.3).
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higher concentrations. On the basis of this observation and
of the aconitase data (Fig. 1C), we speculate that IRP1g;54p
may be sensitive to oxidation in the absence of the [4Fe-4S]
cluster. All results shown in Fig. 1 were from experiments
performed under aerobic conditions. Considering the ge-
netic data from yeast (3), we cannot exclude the possibility
that IRP1g, 555 may recover its ability to assemble a cluster
in an anaerobic environment.

Since the IRE/IRP system is not conserved in yeast, we
investigated the function of IRP1g, 55 in the more physiolog-
ically relevant context of mammalian cells. In B6 transfectants,
the IRE-binding activity of IRP1g, 545 can be induced following
iron chelation with desferrioxamine (Fig. 2C and 3A and B).
This finding suggests that in apparently iron-replete B6 cells,
IRP1g;54 may assemble a [4Fe-4S] cluster, which is expected
to render the protein to cytosolic aconitase and inactivate IRE
binding. To directly address this possibility, we performed acon-
itase assays with affinity-purified wild-type and mutant IRP1s,
but we were unable to detect any enzymatic activity. Conceiv-
ably, aconitase activity is more sensitive to dilution than IRE-
binding activity. Nevertheless, the results with the crude lysates
(Fig. 2B) are in agreement with the notion that IRP1g; 54 is
unable to function as an aconitase in B6 transfectants. The
positive effect of desferrioxamine in the IRE-binding activity of
IRP1g, 55 may suggest that in iron-replete but not overloaded
B6 cells, this mutant behaves as a null form of IRP1, possibly
due to partial assembly of the iron-sulfur cluster (15). In ad-
dition, the increase in IRP1g, 555 steady-state levels (lanes 10 in
Fig. 3C and D) indicates that desferrioxamine may stabilize
IRP1g;55k (see also below).

We were intrigued by the failure of 2-mercaptoethanol to
recover the IRE-binding activity in extracts of iron-loaded
IRP1g;5¢p-expressing cells (Fig. 2C and 3A and B). A similar
effect was previously observed with (endogenous) IRP1 in B6
cells in response to menadione-induced oxidative stress (10).
Although under these conditions the loss of activity was not
associated with any significant alterations in IRP1 levels
(10), we show here that iron loading leads to the accelerated
turnover of IRP1g, 5. The iron-dependent degradation of
IRP1g;4¢g is documented for two different cell lines of mouse
(Fig. 2 and 3) and human (Fig. 4 to 6) origins and for two types
of modified constructs carrying an N- or C-terminal epitope
tag. It should be noted that wild-type IRP1 has a relatively long
half-life (>12 h), which is not dramatically affected by iron
(22, 28) (Fig. 5C and D). These findings also hold true for
IRP1g;554 (Fig. SA). In contrast, our data suggest that iron
promotes the degradation of IRP1g,54p by the proteasome
(Fig. 5B and 6C and D), in a fashion akin to the well-estab-
lished iron-dependent degradation of IRP2 (14, 17). The deg-
radation kinetics appear to correlate with the level of iron
loading. In apparently iron-replete control cells, the half-life of
IRP1g;4g is ~6 h (Fig. 5B). Further iron loading with hemin
accelerates the turnover of IRP1g, ;¢ and reduces its half-life
to ~4 h. Importantly, the degradation of IRP1g,;4 can be
efficiently blocked by the iron chelator desferrioxamine.

We also observed that the recovery of endogenous IRE-
binding activity in extracts of hemin-treated B6 transfectants
by 2-mercaptoethanol was relatively poor (for example, Fig.
2C, lanes 6, 9, and 12). However, IRP1 could be completely
recovered by 2-mercaptoethanol from hemin-treated parent

MoL. CELL. BIOL.

B6 cells (Fig. 2C, lane 3). We speculate that the weak effect of
2-mercaptoethanol on endogenous IRP1 in the transfectants
may be related to nonreversible inactivation of the protein,
possibly via posttranslational modifications (perhaps oxida-
tion), but the reason for this is unclear. Notably, similar ef-
fects have previously been observed in a different setting
(10). In support of this interpretation, the pulse-chase ex-
periments with B6 and HEK293 cells in the absence or pres-
ence of hemin (Fig. 5C and D) rule out the possibility that
hemin may generally promote the degradation of IRP1. Thus,
our results do not support a general model for heme-mediated
degradation of IRP1, which had been proposed in the past (11)
well before it became clear that the mechanism for IRP1 reg-
ulation involves an iron-sulfur cluster switch and that IRP2 is
regulated at the level of protein stability. Nevertheless, in light
of the data presented here, it might be worth considering
Ser-138 phosphorylation as a possibility underlying the heme-
mediated degradation of IRP1 described previously (11).

In conclusion, IRP1g, ;¢ expressed in mammalian cells un-
der normoxic conditions not only is unable to assemble a [4Fe-
4S] cluster but also undergoes iron-mediated degradation via
the proteasome. Considering that Ser-138 may be a target of
phosphorylation by PKC (9), our data raise the possibility for
a new mode of IRP1 regulation at the level of protein stability.
Preliminary experiments with HL-60 cells aiming to assess the
effect of iron on the stability of endogenous IRP1 after treat-
ment with phorbol 12-myristate 13-acetate (PMA) to acti-
vate PKC pathways were negative. The effectiveness of this
treatment was monitored by immunoblot detection of PMA-
induced p21™4F (6). However, it should be noted that the
evidence for Ser-138 phosphorylation within IRP1 in PMA-
treated HL-60 cells remains thus far indirect and has primarily
been based on in vitro phosphorylation assays with oligopep-
tides as substrates (9). It is conceivable that in the context of
the entire protein, Ser-138 may be a target for modification by
other kinases. Alternatively, our culture conditions may have
favored the predominance of iron-loaded [4Fe-4S] IRP1,
which is not a preferable substrate for phosphorylation by PKC
(26). Generation and employment of phospho-specific anti-
bodies are expected to help towards identifying conditions for
Ser-138 phosphorylation within IRP1 in vivo and studying the
responses of the phosphorylated protein to iron.

The conservation of Ser-138 and the flanking sequences in
the IRP1 proteins of vertebrates is indicative of the functional
significance of this residue. If this assumption proves correct,
the S138A substitution in crayfish and insect IRP1s and in the
IRP1-like molecules of plants and the malaria parasite (Fig. 7)
suggests that Ser-138 in vertebrate IRP1s has evolved to inte-
grate a more complex repertoire of regulatory signals.
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