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IRP1 Ser-711 is a phosphorylation site, critical for regulation
of RNA-binding and aconitase activities
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In iron-starved cells, IRP1 (iron regulatory protein 1) binds to
mRNA iron-responsive elements and controls their translation or
stability. In response to increased iron levels, RNA-binding is in-
hibited on assembly of a cubane [4Fe-4S] cluster, which renders
IRP1 to a cytosolic aconitase. Phosphorylation at conserved serine
residues may also regulate the activities of IRP1. We demonstrate
that Ser-711 is a phosphorylation site in HEK-293 cells (human
embryonic kidney 293 cells) treated with PMA, and we study the
effects of the S711E (Ser-711 — Glu) mutation on IRP1 functions.
A highly purified preparation of recombinant IRP1g;,,; displays
negligible IRE-binding and aconitase activities. It appears that the
first step in the aconitase reaction (conversion of citrate into
the intermediate cis-aconitate) is more severely affected, as re-
combinant IRP1g;,,; retains approx. 45 % of its capacity to cata-

lyse the conversion of cis-aconitate into the end-product iso-
citrate. When expressed in mammalian cells, IRP1g;;;z com-
pletely fails to bind to RNA and to generate isocitrate from citrate.
We demonstrate that the apparent inactivation of IRP1g;,g is not
related to mutation-associated protein misfolding or to alterations
in its stability. Sequence analysis of IRP1 from all species cur-
rently deposited in protein databases shows that Ser-711 and
flanking sequences are highly conserved in the evolutionary scale.
Our results suggest that Ser-711 is a critical residue for the control
of IRP1 activities.

Key words: aconitase, ferritin, iron metabolism, iron regulatory
protein, iron-responsive element, transferrin receptor.

INTRODUCTION

Iron is essential for a number of cellular functions, but when pre-
sent in excess, it catalyses the generation of reactive oxygen
species, and leads to tissue damage [1]. Consequently, iron meta-
bolism has to be tightly controlled. Cells of higher eukaryotes
adapt to alterations in iron levels by the IRE (iron-responsive ele-
ment)/IRP (iron regulatory protein) regulatory system (reviewed
in [2,3]). The expression of proteins of iron uptake, transport,
storage and utilization is post-transcriptionally regulated by bind-
ing of iron regulatory proteins, IRP1 and IRP2, to mRNA IREs.
The IRE-IRP interactions co-ordinately control the translation or
stability of IRE-containing mRNAs of crucial homoeostatic pro-
teins, such as the transferrin receptor 1 and ferritin, which mediate
cellular iron uptake and storage respectively [4].

Both IRP1 and IRP2 belong to the family of iron-sulphur cluster
isomerases, which includes the mitochondrial aconitase, but they
sense intracellular iron levels by distinct mechanisms [2,3]. In
iron-rich cells, IRP1 assembles a cubane [4Fe-4S] cluster that con-
verts the RNA-binding protein into a cytosolic aconitase, whereas
IRP2 undergoes proteasomal degradation. The [4Fe-4S] cluster is
disassembled in response to iron deficiency and apoIRP1 acquires
RNA binding activity. Under these conditions, IRP2 expression
is stimulated by stabilization and de novo synthesis. The [4Fe-
485] cluster of IRP1 is subjected to regulation by additional iron-
independent signals, such as nitric oxide and oxidative stress; in
addition, IRP2 stability is regulated by nitric oxide and hypoxia.

Earlier experiments with PMA-treated HL-60 cells have sug-
gested that IRP1 and IRP2 are targets of phosphorylation, most

probably by PKC (protein kinase C) [5]. In vitro phosphorylation
assays of synthetic oligopeptides with PKC provided indirect
evidence that the conserved Ser-138 and Ser-711 of IRPI are,
probably, physiologically relevant phosphorylation sites. The
interest in a potential regulatory role for Ser-138 phosphorylation
has been spurred by results obtained with phosphomimetic IRP1
mutants expressed in an aconitase-deficient yeast strain (acol).
Wild-type IRP1 complements aerobic growth of acol cells; how-
ever, S138D (Ser-711 — Asp) or S138E substitutions fail to do so,
due to defects in the [4Fe-4S] cluster assembly pathway [6,7]. We
have demonstrated that IRP153;5 expressed in mammalian cells
not only fails to assemble the [4Fe-4S] cluster but, furthermore,
undergoes iron-dependent degradation [8] in a fashion akin to the
regulation of IRP2.

The potential role of Ser-711 phosphorylation in IRP1 regu-
lation has not received much attention so far, despite the fact that
the oligopeptides containing Ser-711 appeared to be better sub-
strates for PKC (K,, =0.6 mM) compared with those containing
Ser-138 (K, = 1.2-1.8 mM) [5]. To address this issue, we utilize
epitope-tagged wild-type IRP1, or modified versions bearing
phosphorylation-deficient SI138A and/or S711A mutations, and
demonstrate that Ser-711 is the actual phosphorylation site
in transfected HEK-293 (human embryonic kidney 293) cells
treated with PMA. Furthermore, we analyse the function of a
phosphomimetic IRP1;,,; and a control IRP1g;,,, mutant in vitro
and in transfected cells. The phosphomimetic S711E substitution
is associated with a severe impairment of both aconitase and IRE-
binding activities of IRP1, thus suggesting that Ser-711 is a critical
site for regulation.

Abbreviations used: DFO, desferrioxamine; DTT, dithiothreitol; EMSA, electrophoretic mobility-shift assay; HEK-293 cells, human embryonic kidney 293
cells; IRE, iron-responsive element; IRP, iron regulatory protein; 2-ME, 2-mercaptoethanol; Ni-NTA, Ni?+-nitrilotriacetic acid; PKC, protein kinase C.
" To whom correspondence should be addressed (email kostas.pantopoulos@mcgill.ca).
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MATERIALS AND METHODS
Materials

Haemin, PMA, bovine liver rhodanese, citrate, DL-isocitrate, cis-
aconitate and antibodies against FLAG (M2-FLAG) and B-actin
were purchased from Sigma (St. Louis, MO, U.S.A.). DFO (des-
ferrioxamine) was from Novartis (Dorval, Canada).

Plasmid construction

The S711A and S711E point mutations were introduced by
site-directed mutagenesis with the ExSite™ PCR-based method
(Stratagene, La Jolla, CA, U.S.A.), according to the manufac-
turer’s recommendations. The plasmid pSG5-hIRP1 [9] was uti-
lized as template with the following oligonucleotides: (a) for
S711A, 5-GAATTCAACTCCTATGGCGCCCGCCGAGGTA-
ATGACGCC-3' and the reverse complement 5'-GGCGTCATT-
ACCTCGGCGGGCGCCATAGGAGTTGAATTC-3'; and (b) for
S711E, 5-GAATTCAACTCCTATGGCGAACGCCGAGGTA-
ATGACGCC-3' and the reverse complement 5'-GGCGTCAT-
TACCTCGGCGTTCGCCATAGGAGTTGAATTC-3". All muta-
tions were confirmed by sequencing. A 0.6 kb EcoRV—Apal frag-
ment from pSGS5-hIRP1g;,,, was subcloned into the respective
site of pSG5-hIRP1g;354 [8], to yield pSGS5-hIRPIgs54/5711a-
For the generation of recombinant protein in bacteria, a 0.6 kb
EcoRV—-Apal fragment from pSG5-hIRPlg;;, or pSG5-
hIRP1g;,;; was subcloned into the respective sites of pT7-hIRP1
[10], to yield pT7-hIRP1g;;,, and pT7-hIRPlg;,; respectively.
For expression of His-tagged proteins in eukaryotic cells, the
29kb IRP1 cassette was excised from pT7-hIRP1, pT7-
hIRP1g;,,, and pT7-hIRP1g;, ¢ with Xbal-HindIII and transferred
into the BamH]1 site of pUHD10-3 [9], after blunt-end formation
with the Klenow fragment, to yield 10-3-His-hIRP1, 10-3-His-
hIRP1g7,, and 10-3-His-hIRP1g;;,¢ respectively. The constructs
encoding IRP1g;35, and IRP1g3 utilized in the present study
were described in [8].

Expression and purification of recombinant IRP1

pT7-hIRP1, pT7-hIRP1g;,,, and pT7-hIRP1g;,; were expressed
in Escherichia coli BL21 (DE3) and recombinant human IRP1
was purified by affinity chromatography on Ni-NTA (Ni**-
nitrilotriacetic acid) beads, followed by a second purification step
with anion-exchange chromatography on a Resource Q FPLC
column (Pharmacia, Baie d’Urfé, Quebec, Canada) [8].

Iron-sulphur cluster reconstitution

The iron-sulphur cluster of human recombinant IRP1 (wild-type
and mutants) was reconstituted by three different approaches:
5 ng of purified protein was incubated for 25 min at 25 °C either
with 10 mM cysteine/HCl (pH 7.4) and 100 M ferrous sulphate
[10], or with 100 mM DTT (dithiothreitol), 1 mM thiosulphate,
400 uM ferric citrate and 10 M bovine liver rhodanese (enzyme
catalysing the transfer of sulphur between thiosulphate and a
thiophilic anion) [11], or with 70 mM DTT, 800 uM sodium
sulphide and 350 uM ferric citrate [12].

Aconitase assay

Aconitase activity was determined by the reduction of NADP* at
340 nm in a coupled reaction with isocitrate dehydrogenase [10],
with 200 uM citrate or cis-aconitate as substrate. The reverse
aconitase activity was measured in a direct assay with 20 mM iso-
citrate as substrate. The formation of cis-aconitate was monitored
spectrophotometrically at 240 nm, using a molar absorption coef-
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ficient £ of 3600 M~ - cm™' [13]. One unit of aconitase is defined
as the amount that converts 1 umol substrate/min at pH 7.4 at
25°C.

Cell culture and transfections

Murine B6 fibroblasts and HEK-293 cells were grown in
Dulbecco’s modified Eagle’s medium supplemented with 10 %
(v/v) fetal bovine serum, 2 mM glutamine, 100 units/ml penicillin
and 0.1 ng/ml streptomycin. The stable B6 and HEK-293 clones,
expressing N-terminally His-tagged wild-type IRP1 or C-ter-
minally FLAG-tagged IRP1;,5: respectively were described ear-
lier [8]. Similarly, stable HEK-293 clones expressing pSGS5-
hIRP1s;,,g, and B6 clones expressing either 10-3-His-hIRP1g;;;5
or 10-3-His-hIRP1g;,,z, were obtained as described in [8] for the
respective Ser-138 mutants. Transient transfections were per-
formed with the Lipofectamine Plus™ reagent (Gibco BRL,
Burlington, Ontario, Canada).

Metabolic labelling with [32P]orthophosphate and analysis
of phosphorylated IRP1

Parent and transfected HEK-293 cells were washed with phos-
phate-free media and metabolically labelled with *PO,*~ (1 mCi/
107 cells). Cell lysates containing phosphatase inhibitors (50 mM
NaF and 50 mM g-glycerophosphate) were subjected to immuno-
precipitation with the M2-FLAG antibody (Sigma), as described
in [9]. Immunoprecipitated material was analysed by SDS/PAGE
(8 % polyacrylamide) and visualized by autoradiography.

Western blotting and EMSA (electrophoretic mobility-shift assay)

Analysis of IRP1 and control -actin expression by Western blot-
ting, and assessment of IRE-binding activity by EMSA were per-
formed as in [8].

Generation of 711[pS] phospho-specific antibodies and analysis of
phosphorylated IRP1

Polyclonal 711[pS] phospho-specific antibodies were obtained by
immunizing a rabbit against NSYG[pS]RRGND, corresponding
to IRP1,;7,6 (ResGen, Invitrogen). Specificity was assessed by
dot-blot analysis against the non-phosphorylated control peptide
NSYGSRRGND and the phosphorylated NSYG[pS]JRRGND
antigen.

CD spectroscopy

CD spectra of purified recombinant IRP1 (wild-type and mutants)
were recorded over the 180-320 nm range with a Jasco 810 spec-
tropolarimeter (Jasco, Hachioji City, Tokyo, Japan) at a scanning
speed of 5 nm/min, with a bandwidth of 4 nm and a time response
of 2 s [14]. Multiple spectra (between 3 and 10) were summed to
improve the signal-to-noise ratio. Protein solutions were prepared
in 10 mM Tris/HCI buffer with 50 mM KCl at pH 8.0. They were
kept in argon-filled quartz cuvettes of 0.1 cm optical path in a
nitrogen-flushed sample holder.

RESULTS

Treatment of HEK-293 cells with PMA leads to phosphorylation of
IRP1 at Ser-711

IRP1 is subjected to phosphorylation in HL-60 cells treated with
PMA, and in vitro experiments with oligopeptides suggested that
Ser-138 and Ser-711 are potential phosphorylation sites [5]. To
map the phosphorylation site(s) of IRP1 in vivo, we utilized cDNA
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Figure 1 Ser-711 is the site of IRP1 phosphorylation in cells treated with
PMA

(A) HEK-293 cells were transiently transfected with constructs encoding FLAG-tagged wild-type
(wt) or mutant (S138A, S711A or S138A/S711A) IRP1. Parent and transfected cells were
metabolically labelled with [*2Plorthophosphate. After 30 min, 0.2 M PMA (dissolved in
DMSQ) or solvent alone were added in the radioactive medium, and the treatment was
continued for 90 min. To assess the phosphorylation status of transfected wild-type IRP1,
IRP1s138a, IRP1s7114 and IRP1sizn/s711a, Cytoplasmic extracts (1000 .q) were subjected to
quantitative immunoprecipitation (IP) with a FLAG antibody (8.8 1g). The immunoprecipitated
material was analysed by SDS/PAGE (8% polyacrylamide). Phosphorylated proteins were
visualized by autoradiography (upper panel) and the recovery of transfected IRP1 was analysed
by immunoblotting (1B) with 1:1000 diluted FLAG antibody (lower panel). (B) The indicated
amounts of NSYG[pSIRRGND and NSYGSRRGND peptides were spotted on a nitrocellulose
filter and analysed by IB with 1:1000 diluted 711[pS], a phospho-specific antibody raised against
NSYGIpSIRRGND. (C) HEK-293 cells were transiently transfected with a construct encoding
FLAG-tagged wild-type IRP1 and treated with 0.2 «M PMA or DMSQ alone for 90 min. To
assess phosphorylation of IRP1 at Ser-711, cytoplasmic extracts (1000 1g) were subjected
to quantitative IP with the FLAG antibody (8.8 xg) and subsequently analysed by IB with
1:1000 diluted 711[pS] antibody (upper panel). The recovery of transfected IRP1 was analysed
by immunoblotting with the FLAG antibody (lower panel). The asterisks denote non-specific
bands.

constructs encoding C-terminally FLAG epitope-tagged wild-
type or mutant IRP1, bearing phosphorylation-deficient single
S138A, S711A, or double S138A/S711A substitutions. The con-
structs were transiently transfected into HEK-293 cells and
analysed for phosphorylation after metabolic labelling with
[**Plorthophosphate and treatment with or without PMA. Im-
munoprecipitation with the FLAG antibody (Figure 1A) reveals
that transfected wild-type IRP1 and IRPlg;3, undergo phos-

phorylation in response to PMA treatment (upper panel,
lanes 3-6). In contrast, no IRP1-specific signal is evident in
FLAG immunoprecipitates from parent cells (lanes 1-2) and
from cells transfected with IRP1g;;,, or with the double mutant
IRPIg;35457114 (lanes 7-10). Analysis of the immunoprecipitated
material by Western blotting shows the recovery of trans-
fected IRP1 (lower panel). The utilization of 711[pS], a Ser-711
phospho-specific antibody (Figure 1B), confirms that Ser-711 is
a site of in vivo phosphorylation (Figure 1C). Taken together,
these results suggest that PMA triggers IRP1 phosphorylation at
Ser-711.

Purified recombinant IRP1s714¢ displays minimal aconitase and
IRE-binding activities

Having established that Ser-711 is a biologically relevant phos-
phorylation site, we utilized recombinant wild-type and mutated
versions of human IRP1, including the phosphorylation-deficient
IRP1g;;,4 and the phosphomimetic IRP1g;;,z mutants, to investi-
gate further the role of this residue in IRP1 function. The proteins
were tagged with an N-terminal His, epitope, expressed in E. coli
and purified by affinity and ion exchange chromatography. The
purity of the preparations was very high, as evaluated by SDS/
PAGE and staining with Coomassie Brilliant Blue (Figure 2A).
Aliquots of the purified material (80 ng) were analysed for IRE-
binding activity by EMSA (Figure 2B). As expected, wild-
type IRP1 and IRPl1g;,, were active in IRE-binding (lanes 1
and 2). Treatment with 2-ME (2-mercaptoethanol), known to
induce latent [4Fe-4S]-IRP1 for IRE-binding [15], only slightly
stimulated the activity of wild-type IRP1 and IRP1g;,,, (lower
panel), suggesting that the analysed proteins were almost fully
active to bind to RNA after the purification. Interestingly, the
IRE-binding activity of IRP1g;,;z was minimal (~ 10 % of wild-
type, lane 3), even after 2-ME treatment (lower panel), indicating
that this response is not due to the presence of a [4Fe-4S]
cluster. Similar results were obtained with different quantities
of recombinant proteins (results not shown).

The purified proteins were further analysed for aconitase ac-
tivity. Consistent with the view that our preparations of wild-type
IRP1 and IRP1g;,;, are mostly in the apo-form, these proteins
exhibited relatively low levels of aconitase activity (Figure 2C,
white bars), which depends on the presence of the [4Fe-4S] cluster
[16]. Three different approaches were employed to reconstitute
the [4Fe-4S] cluster of the purified proteins in vitro, involving a
treatment with one among ferrous sulphate/cysteine [10], ferric
citrate/rhodanese/thiosulphate [11] or ferric citrate/sulphide [12].
The aconitase activities of wild-type IRP1 and IRPl1g;,,, were
significantly (P <0.01) stimulated by all cluster reconstitution
treatments. The proteins treated with ferric citrate/sulphide
displayed the highest activity, which was induced approx. 13-fold
more than that of untreated controls. Thus it appears that, under the
above experimental conditions, ferric citrate/sulphide promotes
the most efficient [4Fe-4S] cluster reconstitution of recombinant
IRP1. Notably, untreated IRP1;,,; displayed no aconitase activity
at all. Moreover, all cluster reconstitution treatments merely
resulted in a minimal aconitase activity, which at best reached
approx. 5 % of that of wild-type IRP1. These results suggest that
IRP1g;;,¢ may be defective in the assembly or the maintenance of
its [4Fe-4S] cluster.

This apparent inactivation of IRP1g;;;¢ as an IRE-binding pro-
tein and as an aconitase could be a result of distortions in the
protein structure, due to the introduction of a negative charge by
the S711E mutation. To address this possibility, the purified pro-
teins were analysed by CD spectroscopy. However, all wild-type
IRP1, IRPlg;;, and IRPlg; g, but also the IRPlg 3, and

© 2005 Biochemical Society



146 C. Fillebeen and others

A B
,\\\?:\\\@ ¥ &
& o9 AR
180 kDa 99
130 kDa
100 kDa o . —a— reC.His-IRP1
70 kDa
<5 kDe rec. His-IRPI/IRE —» il i
45 kDa
35 kDa
‘1_ 7 3 4 free probe -—-—“
1. 2. 3
25
C — T
=11
3 20
5
E EE
oy 15 s . rec. His-IRP1/IRE —»= “ -
S 10
2 . + 2-ME (2%)
g 5\ m
g 0 | free probe —=
< 4

wt STI1A

STIIE

Figure 2 Recombinant IRP1g;;:: possesses minimal aconitase and IRE-binding activities

(A) SDS/PAGE of purified human recombinant His-tagged wild-type IRP1, IRP1s711a and IRP1s711¢. The proteins were visualized by staining with Coomassie Brilliant Blue. (B) Purified recombinant
proteins (80 ng) were analysed by EMSA with a 32P-labelled IRE probe in the absence (upper panel) or presence (lower panel) of 2 % (w/v) 2-ME. The positions of specific His-IRP1-IRE complexes
and excess free probe are indicated by arrows. (C) Aconitase assay before (white bars) and after iron-sulphur cluster reconstitution with one among ferrous sulphate/cysteine (light grey bars), ferric
citrate/rhodanese/thiosulphate (dark grey bars) or ferric citrate/sulphide (black bars). Values correspond to means of triplicate samples; the aconitase activity is expressed in terms of m-units/jug of

recombinant protein. **P < 0.01 versus untreated control (Student’s f test).

IRP1g,35; mutants [8], yielded similar spectra (results not shown),
indicating that the phenotype of recombinant IRP1g,,,z depicted
in Figures 2(B) and 2(C) is not due to improper folding.

The phosphomimetic S711E substitution primarily affects the first
step of the IRP1 aconitase reaction

Aconitases catalyse the isomerization of citrate to isocitrate
through the intermediate cis-aconitate, in a two-step reaction [16].
To gain mechanistic insights on the aconitase inactivation by the
phosphomimetic S711E mutation, purified recombinant prepara-
tions of wild-type IRP1, IRP1g;,,, and IRP1g;,,; were subjected
to [4Fe-4S] cluster reconstitution with ferric citrate/sulphide
and analysed for enzymatic activity with different substrates.
Although IRP1g;,,; displayed minimal (~5% of wild-type)
capacity to catalyse the conversion of citrate into isocitrate, it
retained sizeable enzymatic activity (~45 % of wild-type) when
the intermediate cis-aconitate was used as substrate (Figure 3A).
Accordingly, IRP1g;,, also displayed partial (~30% of wild-
type) enzymatic activity in the reverse reaction, the conversion
of isocitrate into cis-aconitate (Figure 3B). Taken together, these
results (summarized in Figure 3C) suggest that the phosphomi-
metic S711E substitution strongly impairs the first step of the aco-
nitase reaction, and modestly inhibits the second step.

IRP15711¢ expressed in mammalian cells exhibits properties
of a null mutant

To evaluate further the role of Ser-711 on IRP1 function, B6 mu-
rine fibroblasts were transfected with constructs encoding His-
tagged wild-type IRP1, IRP1g;,, or IRP1g;,5. Stable transfectants
were selected and representative clones were analysed for ex-
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Figure 3 IRP1s;4¢ displays a profound defect in the first step of the

aconitase catalytic reaction

Purified recombinant wild-type IRP1 (white bars), IRP1s711a (grey bars) or IRP1s711¢ (black
bars) (5 neg each) were analysed for aconitase activity after treatment with ferric citrate/sulphide
to reconstitute the [4Fe-4S] cluster. (A) The conversion of citrate or cis-aconitate into
isocitrate was measured by the coupled isocitrate dehydrogenase reaction [10]. (B) The
formation of cis-aconitate from isocitrate was monitored spectrophotometrically at 240 nm [13].
(C) Schematic representation of the aconitase reaction, with the relative efficiency of IRP1s711
to catalyse each step, compared with wild-type IRP1.

pression of transfected IRP1 by Western blotting (Figure 4A,
upper panel). Commercial His antibodies did not yield reliable
signals and thus, a polyclonal IRP1 antibody, which does not dis-
tinguish between endogenous and transfected IRP1, was utilized
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Wild-type IRP1, IRP1s7114 o IRP1s714¢, tagged with a Hisg epitope at their N-termini, were stably transfected into B6 cells. (A, B) Cytosolic extracts, devoid of mitochondrial aconitase [20], of
non-transfected parent cells and of clones expressing wild-type IRP1, IRP1s714 or IRP1s711e Were analysed by Western blotting (A) with antibodies against IRP1 (upper panel) and B-actin (lower
panel) and for aconitase activity by the coupled isocitrate dehydrogenase reaction with citrate as substrate (B). Values in (B) correspond to triplicate samples; the aconitase enzymatic activity
is expressed in terms of m-units/ug of total proteins in the cytosolic lysate. (C) Cells were treated overnight with 100 .M DFO or haemin. Cytoplasmic extracts of non-transfected parent cells
(lanes 1-3) and of clones expressing wild-type IRP1 (lanes 4-6), IRP1s714 (lanes 7-9) or IRP1s7¢ (lanes 10~12) were analysed by EMSA with a 32P-labelled IRE probe in the absence (upper
panel) or presence (lower panel) of 2% 2-ME. The positions of excess free probe and of specific IRP1—IRE complexes, corresponding to endogenous murine IRP1 and transfected human His—IRP1,

are indicated by arrows. **P < 0.01 versus control (Student’s ¢ test).

for detection. Under these conditions, the IRP1 signal intensity
was increased approx. 2-fold in all transfectants (lanes 2—4) com-
pared with parent cells (lane 1), suggesting an approx. 1:1 ratio
between endogenous and transfected IRP1. The immunoblot was
also probed with an antibody against B-actin (lower panel) to
control equal loading. The transfected cells were further analysed
for cytosolic aconitase activity (Figure 4B). As shown previously
[8], this activity increased approx. 2-fold (P < 0.01) in cells ex-
pressing wild-type IRP1 compared with parent cells, and a similar
effect was observed for IRP1g;,,,. In contrast, the expression of
IRP1g;, g failed to increase total cytosolic aconitase activity (with
citrate as substrate). Thus, in agreement with the results obtained
with purified recombinant IRPl1g;,,z (Figures 2C and 3A), it
appears that IRP1g;,,; expressed in B6 cells is not capable of cata-
lysing the conversion of citrate into isocitrate.

The transfected proteins were further assessed for their IRE
binding properties. Parent cells and transfectants were subjected
to iron manipulations and cytoplasmic extracts were analysed by
EMSA (Figure 4C, upper panel). In this experimental setting,
IRE complexes with transfected human IRP1 display a different
electrophoretic mobility from those with endogenous mouse IRP1
[8]; thus, the IRE-binding activities of transfected and endogenous
proteins can be readily separated (IRP2-IRE complexes are not
visible in the absence of DTT in the buffer). The extracts from
parent cells gave rise to a single band (lanes 1-3), corresponding
to IRE complexes with endogenous IRP1, the intensity of which
was strongly induced after an overnight treatment with the iron
chelator DFO (lane 2). The extracts of wild-type IRP1 and
IRP1g;,,, transfectants yielded an additional, faster-migrating
band (lanes 4-9), corresponding to IRE complexes with trans-
fected IRP1. As with endogenous IRP1, the IRE-binding activities
of transfected IRP1 and IRP1s,,,, were induced by iron chelation
(lanes 5 and 8) and suppressed after a treatment with hae-
min (lanes 6 and 9). Notably, the extracts from IRP1g;, trans-
fectants did not give rise to a fast-migrating band, suggesting

that IRP1g;, is not active in IRE-binding. Mainly, no detectable
exogenous IRE-binding activity could be restored in extracts
of IRPlg; g-expressing cells treated with 2-ME, although, as
expected, this treatment was effective for wild-type IRP1 and
IRP1g;,,» (lower panel). Thus IRP1g;,,, behaves essentially as
wild-type IRP1; however, IRPlg;; lacks any apparent bio-
chemical activity.

The expression of IRP1s714¢ is not affected by iron

To characterize better this unusual phenotype, all His-tagged
proteins from transfected cells were purified from the crude
cytoplasmic extracts by affinity chromatography on Ni-NTA
beads (Figure 5). Analysis of the total lysate (Figure SA) and of the
purified His-tagged proteins (Figure 5B) by EMSA confirmed that
IRP1;,x lacks any apparent IRE-binding activity, independently
of the iron status of the cells, and even after 2-ME treatments. The
aconitase activity of transfected His-tagged IRP1 appears to be
unstable to dilution after affinity purification [8], and thus, an
aconitase assay with the preparations of all affinity-purified
proteins yielded negative results. The crude lysate and the puri-
fied material were subsequently analysed by Western blotting
with the IRP1 antibody. In agreement with the results shown in
Figure 4(A), the analysis of the crude lysate (Figure 5C, upper
panel) confirms that the expression levels of all His-tagged IRP1
constructs were in the same range. Moreover, this assay shows
that the expression of wild-type IRP1, IRP1g;,,, and IRP1g;, are
largely unresponsive to iron manipulations. The immunoblot with
B-actin (lower panel) serves as a loading control. Similar results
were obtained with the affinity-purified material (Figure SD).
We have previously established that IRP1 bearing a phos-
phomimetic S138E substitution apparently fails to assemble a
[4Fe-4S] cluster and undergoes proteasomal degradation in iron-
replete cells [8]. To characterize better the response of IRP1g;, to
iron and to directly compare it with that of IRP1g,34, constructs
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Figure 5 The expression of N-terminally His-tagged IRP1s;1 in B6 cells is not affected by iron

Cells expressing human wild-type IRP1, IRP1s7414 0r IRP1s741¢ were treated with 100 ..M DFO or haemin for the indicated time intervals. His-tagged IRP1 was purified from cytoplasmic extracts by
affinity chromatography with Ni-NTA beads. (A, B) Total lysates (A) or affinity-purified transfected IRP1 (B) were analysed by EMSA with a 2P-labelled IRE probe in the absence (upper) or presence
(lower panel) of 2% 2-ME. The positions of excess free probe and of specific IRP1-IRE complexes, corresponding to endogenous murine IRP1 and transfected human His—IRP1, are indicated by
arrows. (G, D) Western blotting of total lysates (C) or affinity-purified transfected IRP1 (D) with antibodies against IRP1 and g-actin (lower panel in C).
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Figure 6 The expression of C-terminally FLAG-tagged IRP1s744¢ in HEK-293
cells is not affected by iron

The cells were stably transfected with constructs encoding C-terminal FLAG epitope-tagged
human IRP1s711e (A) or IRP1s136: (B). After an overnight treatment with 100 M DFO or
haemin, cell lysates were analysed by Western blotting with antibodies against FLAG (upper
panel) or B-actin (lower panel).

encoding the respective mutants, tagged with a FLAG epitope
at their C-termini, were stably transfected into HEK-293 cells.
The expression levels of FLAG-tagged proteins were analysed
by Western blotting after iron perturbations of the transfected
cells by an overnight treatment with haemin or DFO (Figure 6).
Iron manipulations had no effect on the expression of IRP1g;; g
(Figure 6A, upper panel) or on control B-actin (lower panel).
However, under the same experimental conditions, the treatment
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with haemin diminished the expression of IRP1,3s: (Figure 6B,
upper panel), as expected on the basis of our previous observations
[8]. We conclude that the inactivation of IRP1g;,,5 is not due to
iron-dependent alterations in protein expression.

Ser-711 is highly conserved in IRP1 molecules

Ser-711 and Ser-138 were earlier identified as conserved PKC
phosphorylation sites within IRP1 [5]. By analysing a set of IRP1
homologues we showed that Ser-138 appears to be conserved
only in IRP1 molecules of vertebrates, but not of plants or lower
organisms [8]. A multiple sequence alignment among all IRP1
molecules currently deposited in the SwissProt database was
performed to evaluate the conservation of Ser-711 (Figure 7, upper
panel). This analysis reveals that, with the exception of the IRP1
homologue of the malaria parasite (Plasmodium falciparum), Ser-
711 and flanking sequences are highly conserved in all other
IRP1 or IRP1-like molecules from mammals (Homo sapiens,
Oryctolagus cuniculus, Rattus norvegicus and Mus musculus),
chicken (Gallus gallus), crayfish (Pacifastacus leniusculus),
insects (Drosophila melanogaster, Anopheles gambiae and
Manduca sexta) and plants (Arabidopsis thaliana, Citrus limon
and Curcubita maxima). Interestingly, despite the significant con-
servation of flanking sequences, Ser-711 appears to be replaced
with an alanine residue in IRP2 (Figure 7, lower panel), but a larger
number of samples would be required to draw a firm conclusion.
Taken together, these results suggest that Ser-711 and the domain
surrounding it are highly conserved in IRP1 molecules from a
broad spectrum of species.

DISCUSSION

The evidence that Ser-138 and Ser-711 of IRP1 are potential sites
of phosphorylation by PKC has solely been based on in vitro
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Figure 7 Multiple sequence alignment of amino acids 702-721 in IRP1 (upper panel) and the respective amino acids in IRP2 (lower panel) molecules from

all species currently deposited in the SwissProt database

With the exception of Plasmodium falciparum, Ser-711 (*) appears to be highly conserved in IRP1 or IRP1-like molecules from vertebrates, invertebrates, insects and plants. Despite the homology
in flanking sequences, the equivalent position in IRP2 appears to be replaced with an alanine residue. The genlnfo identifier (gi) numbers of all molecules are indicated on the right. The alignment

was made by the ClustalW algorithm (MacVector software, version 7.2).

experiments with oligopeptides [5]. Thus, in the present study,
we sought to map the actual phosphorylation site(s) of IRP1
in vivo. To this end, constructs encoding wild-type or mutant
versions of FLAG-tagged IRP1 were transiently transfected into
HEK-293 cells, the cells were metabolically labelled with [*2P]-
orthophosphate in the presence or absence of PMA, and FLAG
immunoprecipitates were analysed for the presence of **P-la-
belled IRP1. The results presented in Figure 1 demonstrate that
Ser-711 is the only residue of IRP1 that undergoes phosphoryl-
ation in response to PMA, at least in HEK-293 cells. Similar
conclusions were also reached in a recent publication employing
HEK-293 cells [17]. Interestingly, no spontaneous phosphoryl-
ation of endogenous or transfected IRP1 was evident in the
absence of PMA. We speculate that Ser-138 may be subjected
to phosphorylation in response to other signals. In addition, we
cannot exclude the possibility that the pattern of IRP1 phos-
phorylation may also depend on tissue or cell-specific factors.

To understand better the functional implications associated with
IRP1 phosphorylation at Ser-711, we undertook a mutagenesis ap-
proach involving the replacement of this residue with a ‘phos-
phomimetic’ glutamate. The effects of the S711E substitution
on IRP1 activity were examined in vitro and in transfected cells.
An analogous approach revealed that a single S138E substitution
alters significantly the response of IRP1 to iron and renders the
protein sensitive to iron-dependent degradation [8].

A first set of experiments with highly purified preparations of
recombinant wild-type and mutant IRP1 showed that IRP1g;, 3 is
completely inactive as an aconitase (Figure 2C). Various pro-
cedures for in vitro reconstitution of the [4Fe-4S] cluster
profoundly stimulated the aconitase activity of wild-type IRP1
and IRP1g;,,,, but only marginally recovered the catalytic activity
of IRP1g;,,s. These results exclude the possibility that the failure of
IRP1g; ¢ to function as aconitase is merely due to predominance
of apoprotein in the purified preparation. Moreover, at a first
glance, they also hint that the S711E substitution may impair the
capacity of IRP1 to assemble its [4Fe-4S] cluster.

Further studies revealed that iron-loaded IRPlg;; retains
a considerable aconitase activity when the intermediate cis-
aconitate is used as substrate (Figure 3). The same holds true for
the reverse conversion of isocitrate into cis-aconitate, suggesting
that the S711E mutation primarily affects the first step in the
aconitase reaction. Considering that the [4Fe-4S] cluster is
indispensable for catalysis [16], these results imply that IRP1g;; ¢

can assemble a [4Fe-4S] cluster, at least to some extent. Pitula
et al. [17] recently reported a selective inhibition in the ability
of IRP1 bearing phosphomimetic substitutions at Ser-711, to
convert citrate into isocitrate, and proposed that this could be
a result of impaired binding of cis-aconitate to the ‘citrate mode’
of aconitase. Earlier studies with mitochondrial aconitase showed
that the intermediate cis-aconitate must ‘flip” from a ‘citrate to
an isocitrate mode’ of binding during catalysis [16]. Our con-
clusion that the S711E mutation primarily affects the first step
in the aconitase reaction is consistent with this view. The results
presented in Figure 3 show that the S711E mutation also affects the
other half reaction, albeit to a smaller extent. This may be due to
interference of the phosphomimetic residue with the assembly and
maintenance of the [4Fe-4S] cluster. None of the above scenarios
are mutually exclusive.

The purified recombinant IRP1g;,,; was also examined for its
capacity as an RNA-binding protein. In contrast with wild-type
IRP1 or IRP1gy14, IRP1g; 5 displayed a very limited IRE-binding
activity, which only moderately increased on treatment with 2-ME
(Figure 2B). Purified recombinant IRP1g,35: was similarly found
to have reduced IRE-binding activity compared with controls,
but this was efficiently recovered by 2-ME treatment [8]. On the
basis of the CD analysis, these defects are unlikely to be related
to significant perturbations in the overall secondary structure of
IRP1. To understand why the S711E mutation associates with loss
of IRE-binding activity, one can hypothesize that Ser-711 may lie
in close proximity to bound RNA [18], so that the introduction of a
negative charge may disrupt the RNA—protein interaction. On the
other hand, it should be noted that all RNA-binding assays were
performed only with a ferritin IRE-probe. Thus our results do not
exclude the possibility that IRP1g;,,; may bind more efficiently to
alternative IRE structures [19].

We finally evaluated the properties of IRP1g;,,z when expressed
in mammalian cells. In agreement with the results obtained with
the purified recombinant material, the analysis of crude extracts
of B6 transfectants (Figure 4B) confirmed that IRPlg;, fails
to catalyse the conversion of citrate into isocitrate. Furthermore,
transfected IRP1g;,,; completely lacked any apparent IRE-binding
activity, regardless of the iron status of the cells. This result was
corroborated in crude cell extracts (Figures 4C and 5A) and in an
affinity-purified preparation of transfected IRP1,,,¢ (Figure 5B),
even in the presence of 2-ME. The apparent inactivation of
IRP1g;¢ in transfected cells was not associated with alterations
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in its expression levels (Figures 5C and 5D). Thus, despite some
similarities (e.g. the loss of aconitase activity), the phenotype
of transfected IRPlg;,,; differs from that of IRP1g,s:, which
undergoes iron-dependent degradation ([8] and Figure 6). In
contrast, IRP1g;, ¢ is stable in iron-loaded cells and thus it exhibits
the hallmarks of a null mutant, even though it most probably
retains some capacity to convert isocitrate back into cis-aconitate.
It has been proposed that this reverse aconitase activity may,
under physiological conditions, promote ‘enhanced accumulation
of citrate and/or depletion of isocitrate and possibly NADPH’
from the cytosol [17]. However, it is evident from the results pre-
sented in Figure 3(A) that IRP1g,;,; can catalyse the conversion
of cis-aconitate into isocitrate with an efficiency similar to that of
the reverse reaction. We speculate that in vivo this may result in
a vicious cycle. More significantly, the profound inhibition in the
first step of the aconitase reaction (Figure 3A) could be sufficient
to elicit accumulation of citrate and concomitant depletion of
isocitrate from the cytosol, without the contribution of reverse
aconitase activity.

In conclusion, we demonstrate here that Ser-711 is the site
of IRP1 phosphorylation by a PMA-dependent pathway in vivo,
and that a phosphomimetic S711E substitution functionally in-
activates the protein. The high conservation of Ser-711 and flank-
ing sequences in the evolutionary scale (Figure 7) further support
the idea that Ser-711 is critical for IRP1 regulation and function.
Considering that the conservation of Ser-138 appears to be res-
tricted to IRP1 sequences from vertebrates [8], it is probable that
Ser-711 evolved earlier as a regulatory site and was possibly lost
in IRP1 homologues that do not assemble a [4Fe-4S] cluster, such
as IRP2. The physiological implications of IRP1 phosphorylation
at Ser-711 in the control of iron homoeostasis remain to be
established.
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