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ABSTRACT: The iron-regulatory protein 1 (IRP1) regulates the expression of several molecules involved
in iron (Fe) metabolism by reversibly binding to iron-responsive elements (IREs) in the untranslated regions
(UTR) of particular mRNA transcripts. Several studies have indicated that nitrogen monoxide (NO) may
influence IRP1 RNA-binding activity by a direct effect on the [4Fe-4S] cluster of the protein. It has also
been suggested that NO may act indirectly on IRP1 by affecting the intracellular Fe pools that regulate
the function of this protein [Pantopoulous et al. (1996)Mol. Cell. Biol. 16, 3781-3788]. There is also the
possibility that NO may S-nitrosate sulfhydryl groups that are crucial for mRNA binding and decrease
IRP1 activity by this mechanism. We have examined the effect of a variety of NO donors [e.g.,S-nitroso-
N-acetylpenicillamine (SNAP), spermine-NONOate (SperNO), andS-nitrosoglutathione (GSNO)] on IRP1
RNA-binding activity in both LMTK- fibroblast lysates and whole cells. In cell lysates, the effects of
NO at increasing RNA-binding activity were only observed when cells were made Fe-replete. Under
these circumstances, IRP1 contains an [4Fe-4S] cluster that was susceptible to NO. In contrast, when
lysates were prepared from cells treated with the Fe chelator desferrioxamine (DFO), NO had no effect
on the RNA-binding activity of IRP1. The lack of effect of NO under these conditions was probably
because this protein does not have an [4Fe-4S] cluster. In contrast to the NO generators above, sodium
nitroprusside (SNP) decreased IRP1 RNA binding when cells were incubated with this compound. However,
SNP had no effect on IRP1 RNA-binding activity in lysates, suggesting that the decrease after incubation
of cells with SNP was not due to S-nitrosation of critical sulfhydryl groups. Apart from the direct effect
of NO on IRP1 in Fe-replete cells, we have shown that NO generated by SNAP, SperNO, and GSNO
could also mobilize Fe from cells. When NO generation was induced in RAW 264.7 macrophages, an
increase in IRP1 RNA-binding activity occurred but there was only a small increase in Fe release. Our
results suggest that NO could activate IRP1 RNA-binding by two possible mechanisms: (1) its direct
effect on the [4Fe-4S] cluster and (2) mobilization of59Fe from cells resulting in Fe depletion, which
then increases IRP1 RNA-binding activity.

The iron regulatory proteins (IRP1 and IRP2)1 posttran-
scriptionally regulate the expression of several proteins that
play key roles in cellular iron metabolism (1-4). IRP1 binds

to conserved hairpin loop structures called iron-responsive
elements (IREs) found in the 5′ and 3′ untranslated regions
(UTRs) of several mRNAs including those encoding the
ferritin H- and L-subunits (5, 6) and transferrin receptor (TfR)
(7, 8). The binding of IRP1 to the single IRE in the 5′-UTR
of ferritin mRNA inhibits translation, while the binding of
IRP1 to the five IREs in the 3′-UTR of TfR mRNA confers
stability against endonucleolytic degradation (2).

The binding of IRP1 and IRP2 to IRE motifs is regulated
by intracellular Fe levels (3). A high intracellular Fe
concentration promotes the assembly of a [4Fe-4S] cluster
in IRP1, with concomitant loss of IRE-binding activity (9,
10). Under these conditions, IRP1 has aconitase activity and
is identical to cytoplasmic aconitase (c-acon) (2, 3). In
Fe-deficient cells, IRP1 loses its [4Fe-4S] cluster and gains
the ability to bind the IRE (2, 3). The details of how cells
regulate the assembly and disassembly of the [4Fe-4S] cluster
to modulate RNA-binding activity remains unclear (2).
Several cysteine residues, particularly cysteine 437, also
appear to be involved in the binding of IRP1 to the IREs
(11-13). Indeed, cysteine 437 must remain in its free and
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reduced form to allow the protein to bind to the IRE (12,
13). In contrast to IRP1, IRP2 does not contain a [4Fe-4S]
cluster and is rapidly degraded in cells that are Fe-replete
via proteasome-dependent degradation (14, 15).

As well as decreasing intracellular Fe levels, nitrogen
monoxide (NO) can also increase IRP1 RNA-binding activ-
ity, although the mechanism by which this occurs is yet to
be determined (16-19). Both the [4Fe-4S] cluster and
sulfhydryl groups are potential target sites of NO or its redox-
related species (2, 3, 16-22). It has been suggested that NO
increases IRP1 RNA binding by direct coordination to the
[4Fe-4S] cluster and its subsequent destruction (16, 17).
There is also evidence that peroxynitrite (ONOO-) formed
from the reaction of NO• with superoxide can interact with
the [4Fe-4S] cluster, although to a more limited extent than
NO• (22, 23).

It has also been suggested that NO may have an indirect
effect on IRP1 RNA-binding activity by influencing the
intracellular Fe pool (18, 24). These studies demonstrated
that the NO-mediated increase in the IRP1 RNA-binding
activity occurred by similar kinetics as that found with DFO
(24). While no direct evidence of an interaction between NO
and intracellular Fe pools has been described, this hypothesis
is supported by evidence demonstrating the high affinity of
NO for Fe and other transition metal ions (20). Furthermore,
Fe-nitrosyl complexes have been shown to exist in activated
macrophages and their tumor cell targets (25-28), and NO
can diffuse quickly into cells to exert its effects (29).

In the present study we have investigated the mechanism
by which NO affects IRP1 RNA-binding activity. The effect
of NO on lysates obtained from cells that had been either
Fe-loaded with ferric ammonium citrate (FAC) or
Fe-depleted with the Fe chelator desferrioxamine (DFO) was
determined. Under these conditions, IRP1 is predominantly
present either with its [4Fe-4S] cluster or without, respec-
tively. We also examined the effect of NO on its ability to
mobilize Fe from cells. The results demonstrate that the NO
generatorsS-nitroso-N-acetylpenicillamine (SNAP), sper-
mine-NONOate (SperNO), andS-nitrosoglutathione (GSNO)
increase RNA-binding activity of IRP1 in cell lysates derived
from Fe-loaded cells only, suggesting direct interaction with
the [4Fe-4S] cluster. The NO generators described above
were also shown to increase59Fe release from cells, having
an efficacy that was greater than or similar to that found for
DFO. These results suggest that NO could increase IRP1
RNA-binding activity by the direct interaction of NO with
the [4Fe-4S] cluster and also by decreasing intracellular Fe
levels.

EXPERIMENTAL PROCEDURES

Cell Treatments and Reagents. The NO generatorS-
nitroso-N-acetylpenicillamine (SNAP) was synthesized by
established techniques (30) from the precursor compound
N-acetylpenicillamine (NAP; Sigma Chemical Co., St. Louis,
MO). Bovine catalase, bovine methemoglobin, bovine su-
peroxide dismutase (SOD), FAC, glutathione (GSH), heparin,
lipopolysaccharide (LPS; fromSalmonella minnesotaRe
595), L-glutamine, ferricyanide, ferrocyanide, mouse inter-
feron γ (IFN-γ), NG-monomethyl-L-arginine (L-NMMA),
S-nitrosoglutathione (GSNO), sodium cyanide, sodium ni-
troprusside (SNP), and transferrin (Tf) were obtained from

Sigma. Spermine-NONOate (SperNO) and 3-morpholino-
sydnonimine (SIN-1) were obtained from Molecular Probes.
DFO was obtained from Ciba-Geigy Pharmaceutical Co.
(Summit, NJ). All other chemicals were of analytical reagent
quality. The NO generators and other compounds were
dissolved in medium immediately prior to an experiment and
used on that day. In studies lasting more than 4 h with an
NO generator, the medium was replaced with fresh solutions
to maintain NO levels (24).

Cell Culture. The mouse fibroblast cell line, LMTK-, was
obtained from the European Collection of Cell Cultures
(Salisbury, Wiltshire, U.K.). The human SK-Mel-28 mela-
noma and human SK-N-MC neuroepithelioma cell lines were
obtained from the American Type Culture Collection (Rock-
ville, MD). The human HepG2 cell line was kindly provided
by Dr. Greg Anderson (Queensland Institute of Medical
Research, 300 Herston Rd., Brisbane, Queensland, Australia).
The RAW 264.7 mouse macrophage cell line was obtained
from Dr. David Cestor (Centre for Molecular and Cellular
Biology, University of Queensland, St. Lucia, Brisbane,
Queensland). The LMTK-, SK-Mel-28, and SK-N-MC cell
lines were grown in Eagle’s modified minimum essential
medium (MEM) containing 10% fetal calf serum (FCS; CSL
Limited, Brisbane, Australia), 1% (v/v) nonessential amino
acids (Gibco BRL, Sydney, Australia), 1 mM sodium
pyruvate (Gibco), 2 mML-glutamine, 100µg/mL strepto-
mycin (Gibco), 100 units/mL penicillin (Gibco), and 0.28
µg/mL fungizone (Squibb Pharmaceuticals, Montre´al, Canada).
The RAW 264.7 and HepG2 cell lines were maintained in
RPMI-1640 with the same additions as described above for
MEM, except that RAW 264.7 cells were grown using 10%
Serum Supreme (Biowhittaker, Walkersville, MD) instead
of FCS. Activation of RAW 264.7 cells was achieved by
incubation for 20 h with either LPS (100 ng/mL) and/or
IFN-γ (50 units/mL) (29). Cells were grown in an incubator
(Forma Scientific) at 37°C in a humidified atmosphere of
5% CO2/95% air and subcultured as described previously
(31). Cellular growth and viability were monitored by phase-
contrast microscopy, cell adherence to the culture substratum,
and trypan blue staining.

Nitrite Determination. The accumulation of nitrite in cell
culture supernatants is commonly used as a relative measure
of NO production (16, 24, 32, 33). Nitrite was assayed with
the Griess reagent, which gives a characteristic spectral peak
at 550 nm (34).

Aconitase ActiVity Determination. Briefly, cytosolic ac-
onitase was measured after treatment of cells with digitonin.
This detergent selectively permeabilizes the plasma mem-
brane and leaves inner mitochondrial membrane intact (35).
Digitonin stock solution (5%) was prepared in DMSO and
then added at a final concentration of 0.007% to 40× 106

cells that were resuspended in 10 mL of 0.25 M sucrose
buffered with 50 mM Hepes (pH 7.4). The tube was gently
shaken and left for 5 min on ice prior to centrifugation at
1800g/8 min/4 °C. The supernatant was then taken and
centrifuged at 230000g/20 min/4°C to remove mitochondria.
The cytosolic supernatant was then desalted and concentrated
with an Amicon concentrator (Mr cutoff ) 30 000) so that
the protein concentration was 3-4 mg/mL. The cytoplasmic
aconitase activity of extracts was determined spectrophoto-
metrically by measuring the disappearance ofcis-aconitate
at 240 nm as described previously(35). Units represent
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nanomoles of substrate consumed per minute at 37°C (ε240nm

) 3.6 mM-1 cm-1) (35).
Protein Preparation and Labeling. Apotransferrin was

labeled with59Fe (Dupont NEN) or56Fe to produce Fe2-
transferrin (Tf) by standard procedures (31). In all studies,
fully saturated diferric Tf was used. Unbound59Fe or 56Fe
was removed by exhaustive dialysis against 0.15 M NaCl
adjusted to pH 7.4 with 1.4% NaHCO3 (31).

Oxyhemoglobin (oxyHb) was prepared from bovine met-
hemoglobin by the method of Murphy and Noack (36). The
concentration of oxyHb was determined spectrophotometri-
cally with ε541nm ) 13.8 mM (33).

Preparation and Treatment of Cytosolic Extracts. Cellular
extracts were prepared by incubating cells with medium alone
(control) or medium containing FAC (100µg/mL), DFO (100
µM), or the NO generators for 20 h at 37°C. This incubation
procedure with FAC and DFO has been shown to success-
fully deplete and load LMTK- cells with Fe, respectively,
as indicated by IRP-IRE binding, TfR mRNA levels, and
Tf-bound-Fe uptake (37). With this protocol, IRP1 was
predominantly present with or without the [4Fe-4S] cluster,
respectively, and this was confirmed by the gel-retardation
assay (Figures 1-3), c-acon activity, and the susceptibility
of IRP1 RNA binding to the sulfhydryl alkylating agent
N-ethylmaleimide (NEM;12). Considering the assay with
NEM, a similar method using cells treated with DFO or
hemin (an Fe donor) has been implemented to examine the
effects of sulfhydryl-binding agents on IRP1 RNA-binding
activity (12).

To examine the binding of the IRPs to the IRE, ap-
proximately 2-5 × 106 cells were washed with ice-cold
phosphate-buffered saline (PBS) and lysed at 4°C in ice-
cold Munro extraction buffer (6). The samples were centri-
fuged at 10000g for 3 min at 4°C to remove nuclei and the
supernatant was stored at-70 °C. The protein concentration
was determined by the Bio-Rad protein assay (Bio-Rad Ltd.).
In some experiments, the cytosolic extracts (2µg) were
directly incubated with the NO-generating compounds for
60 min at 37°C or NEM (1 mM) for 30 min at 4°C in 25
mM Tris/40 mM KCl (pH 8). Lysates were derived from
cells treated with either FAC or DFO (as described above).

RNA-Protein Gel-Retardation Assays. The gel-retardation
assay was used to measure the interaction between IRP1 and
IREs by established techniques (6, 8). Briefly, aliquots
containing 1µg of protein were incubated with 0.1 ng
(approximately 1× 105 cpm) of 32P-labeled pGL66 RNA
transcript containing 118 bp of the ferritin H-chain (pGL66
was kindly provided by Dr. Elizabeth Leibold, University
of Utah, UT). With this protocol, the level of RNA added
was saturating. The riboprobe was transcribed in vitro from
linearized plasmid templates with SP6 RNA polymerase in
the presence of [R-32P] UTP (Dupont NEN) with the
Promega Riboprobe in vitro transcription kit (Promega,
Madison, WI) and purified on a 6% urea/polyacrylamide gel.
Unprotected probe was degraded by incubation with 1 unit
of RNAse T1 for 10 min at room temperature. Heparin (5
mg/mL) was then added for another 10 min to exclude
nonspecific binding. The IRE-protein complexes were
analyzed in 6% nondenaturing polyacrylamide gels that were
run for 3 h at 4°C.

In parallel experiments, samples were treated withâ-mer-
captoethanol (â-ME) at a final concentration of 2%, prior to

the addition of the IRE probe to allow full expression of
IRE binding activity. The IRE-protein complexes were
quantified by scanning densitometry using a laser densito-
meter and analyzed by Kodak Biomax I software (Kodak
Ltd.).

Efflux Assay of RadioactiVe Labels from Cells. Standard
techniques were used to examine the effect of NO and other
agents on the efflux of59Fe, 65Zn (Dupont NEN), 3H-
thymidine (Dupont NEN), or3H-leucine (Dupont NEN) from
cells (31, 33). Briefly, LMTK - cells were labeled with either
59Fe-Tf (0.75µM), 65Zn-citrate ([Zn]) 2.5µM; molar ratio
of Zn:citrate 1:100),3H-thymidine (1 µCi/plate), or 3H-
leucine (1µCi/plate) for various incubation periods at 37
°C in medium containing all supplements except FCS. After
this incubation, the cell culture dishes were placed on a tray
of ice, the medium was aspirated, and the cell monolayer
was washed four times with ice-cold balanced salt solution
(BSS). The cells were then reincubated for various times at
37 °C with serum-free medium in the presence or absence
of the agents to be tested. All compounds examined for their
effect on 59Fe release were prepared just prior to an
experiment and used immediately. After this incubation, the
overlying medium was removed and placed intoγ-counting
tubes. The cells were removed from the Petri dishes after
addition of 1 mL of BSS by using a plastic spatula to detach
them. Radioactivity was measured in both the cell pellet and
supernatant by using aγ-scintillation counter (LKB Wallace
1282 Compugamma, Finland).

RESULTS

Effect of NO Generators on IRP1 RNA-Binding ActiVity
in Cell Lysates and Whole Cells. There are at least two
potential sites on IRP1 that can react with redox-related
species of NO (20), namely, the [4Fe-4S] cluster and/or
sulfhydryl groups (19, 22, 38). Our initial experiments
examined the effect of NO produced by a variety of NO
generators on the RNA-binding activity of IRP1 derived from
LMTK - cell lysates. Lysates were prepared from cells
incubated for 20 h with either DFO (100µM) or FAC (100
µg/mL). In DFO-treated cells, IRP1 is present predominantly
as an active RNA-binding protein (see Figures 1-3) without
an [4Fe-4S] cluster and little c-acon activity. In FAC-treated
cells, IRP1 is present predominantly as c-acon that does not
readily bind mRNA but has c-acon activity.

In all experiments, densitometry demonstrated that when
compared to the relevant control, a marked increase in IRP1
RNA-binding activity was observed after treatment with DFO
(3-8-fold) while a decrease was observed after preincubation
with FAC (0.5-2-fold). This was further confirmed by
incubation of cell lysates withN-ethylmaleimide (NEM; 1
mM) that binds to free sulfhydryl groups and inhibits binding
of IRP1 to the IRE (12). In lysates derived from FAC-treated
cells, NEM had relatively little effect on the binding of IRP1
to the IRE, reducing it by 25% compared to untreated
samples. In contrast, in lysates derived from DFO-treated
cells, NEM inhibited IRP1 binding to the IRE, reducing it
by 98% (data not shown). Furthermore, after a 20 h
incubation with DFO or FAC, the c-acon activity was 5(
1.1 and 29( 1.2 units/mg (3 determinations), respectively.
Hence, these latter results agree with our NEM data plus
gel-retardation assays and indicate that, in DFO- and FAC-

2750 Biochemistry, Vol. 39, No. 10, 2000 Wardrop et al.



treated cells, IRP1 is present predominantly in its RNA-
binding and c-acon forms, respectively. Considering these
data collectively, examination of the effect of NO on the
RNA binding of IRP1 from DFO- and FAC-treated lysates
will provide clues on whether the sulfhydryl groups or [4Fe-
4S] cluster are targeted by NO congeners. These results have
been compared to when NO generators were incubated for
20 h with LMTK- cells in culture.

Lysates derived from LMTK- cells incubated with FAC
were treated with increasing concentrations of three NO-
generating agents, SNAP, SperNO, or GSNO (Figure 1A).
When compared to lysates derived from cells treated with
FAC alone, the three NO generators markedly increased IRP1
RNA-binding activity (Figure 1A). In contrast, these NO
donors had no appreciable effect on the RNA binding of
IRP1 in lysates derived from DFO-treated cells when
compared to DFO alone (Figure 1B). Addition ofâ-ME to
the cell lysates demonstrated that these agents had no effect
on the total amount of IRP1 and confirmed the equal loading
of protein in all lanes (data not shown). The results for lysates
from FAC-treated cells (Figure 1A) suggest that NO derived
from these agents may have reacted with the [4Fe-4S] cluster
of IRP1 to increase RNA binding. In addition, since NO had

no marked effect on RNA-binding activity in DFO-treated
cells (Figure 1B), this suggests that it did not S-nitrosate
the critical sulfhydryl groups required for mRNA binding
or affect RNA-binding activity by some allosteric mecha-
nism. The precursor compounds for SNAP, SperNO, and
GSNO that do not have the NO group, namely,N-acetyl-
pencillamine (NAP), spermine, and glutathione (GSH)
respectively, had no effect on IRP1 RNA-binding activity
(Figure 1A,B). In addition, oxyHb at either 50µM or 300
µM added to all three NO generators (1 mM) prevented the
increase in IRP1 RNA-binding activity in FAC-treated
lysates, whereas oxyHb by itself had no effect compared to
FAC alone (Figure 1A). Since oxyHb is an efficient NO
scavenger (3), these results suggest that NO released from
these donors was responsible for the increase in IRP1 RNA-
binding activity (Figure 1A). The increase in RNA-binding
activity of IRP1 observed in lysates after treatment with
SNAP, SperNO, or GSNO was also seen when LMTK- cells
were incubated for 20 h with these agents (Figure 1C). A
faint IRP2 band is observed in some samples but not others
(Figures 1-3), and the low level of expression of this protein
in LMTK - cells impeded detailed investigation of its
response to NO.

FIGURE 1: Effect of the NO-generating agentsS-nitroso-N-acetylpenicillamine (SNAP), spermine-NONOate (SperNO), andS-
nitrosoglutathione (GSNO) on IRP1 RNA-binding activity. (A, B) The NO generators were incubated for 60 min at 37°C with lysates
derived from LMTK- cells treated with either (A) ferric ammonium citrate (FAC; 100µg/mL) or (B) desferrioxamine (DFO; 100µM) for
20 h at 37°C. (C) LMTK- cells were incubated with the NO generators for 20 h at 37°C. These results are typical of 3-4 independent
experiments performed.
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The effect of SNAP, SperNO, or GSNO on IRP1 RNA-
binding activity was also compared to that of SNP (Figure
2). In a previous study we showed that when SNP (1 mM)
was incubated for 18 h with K562 cells it decreased IRP1
RNA-binding activity (19). Similar results with SNP have
also been obtained by other investigators using HepG2
hepatoma cells (39). From our data we suggested that the
effect of SNP may be due to its ability to S-nitrosate the
critical sulfhydryl groups required for mRNA binding (19).
To test this hypothesis, SNP at concentrations up to 5 mM
were incubated with lysates derived from LMTK- cells
exposed to either FAC (Figure 2A) or DFO (Figure 2B).
However, no effect of SNP was observed. To ensure that
the products of SNP decomposition (CN-, ferricyanide,
ferrocyanide) did not affect IRP1 RNA-binding activity,
lysates were also incubated with these compounds (19, 20,
40). However, no effect was observed in either lysates from
FAC-treated cells (Figure 2A) or DFO-treated cells (data not
shown). In contrast to the results obtained with lysates, when

LMTK - cells were incubated for 20 h with increasing
concentrations of SNP, this compound decreased IRP1 RNA-
binding activity compared to the control (Figure 2C).
Addition of â-ME to cell lysates demonstrated that SNP did
not affect the total amount of protein (data not shown).

We also examined the effect on IRP1 RNA-binding
activity of SIN-1 (Figure 3), a compound that generates both
NO. and superoxide, which react together to form ONOO-

(21, 22, 41). Previous studies by Bouton et al. (21) using
RAW 264.7 macrophages showed that the addition of SIN-1
to lysates increased IRP1 RNA-binding activity but only at
high concentrations (1-10 mM) in the presence of SOD. In
our experiments, in the absence of SOD, increasing concen-
trations of SIN-1 added to LMTK- cell lysates resulted in
the opposite effect (Figure 3A). At a SIN-1 concentration
of 0.1 mM, an increase in IRP1 RNA-binding activity was
observed in both FAC- and DFO-treated cells (Figure 3A,B).
As the concentration of SIN-1 was increased from 0.5 mM
up to 5 mM, the RNA-binding activity markedly decreased

FIGURE 2: Effect of sodium nitroprusside (SNP) concentration on IRP1 RNA-binding activity. (A, B) SNP was incubated for 60 min at 37
°C with lysates derived from LMTK- cells treated with either (A) ferric ammonium citrate (FAC; 100µg/mL) or (B) desferrioxamine
(DFO; 100 µM) for 20 h at 37°C. (C) LMTK- cells were incubated with SNP for 20 h at 37°C. These results are typical of 3-4
independent experiments performed.

FIGURE 3: Effect of 3-morpholinosydnonimine (SIN-1) concentration on IRP1 RNA-binding activity. (A, B) SIN-1 was incubated for 60
min at 37°C with lysates derived from LMTK- cells treated with either (A) ferric ammonium citrate (FAC; 100µg/mL) or (B) desferrioxamine
(DFO; 100µM) for 20 h at 37°C. (C) LMTK- cells were incubated with SIN-1 for 20 h at 37°C. In panels A and B, lysates were
incubated with or without 2%â-ME. These results are typical of 3-4 independent experiments performed.
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(Figure 3A,B). The concentration-dependent effect of SIN-1
on IRP1 RNA-binding activity in LMTK- cells may relate
to the endogenous level of thioredoxin (38), although other
factors may be involved.

Addition of oxyHb (300µM) prevented the effect of SIN-1
(0.1 mM) at increasing RNA-binding activity, suggesting that
NO• or ONOO- may be responsible for the increase observed
(Figure 3A). Both of these latter redox-related species of
NO have been shown to interact with the [4Fe-4S] cluster
of c-acon, although NO. appeared to be more efficient (23).
Treatment of the FAC- and DFO-treated lysates withâ-ME
resulted in a decrease in total IRP1 RNA-binding activity
with increasing concentrations of SIN-1 (Figure 3A,B). These
data may indicate possible damage to IRP1 by the oxidizing
effects of ONOO-. Alternatively, SIN-1 and/or its byproducts
may prevent the effect ofâ-ME at increasing RNA-binding
activity by oxidation of critical thiol residues.

In contrast to the results obtained with lysates, SIN-1
incubated for 20 h with LMTK- cells at concentrations from
0.01 to 5 mM had little effect on IRP1 RNA-binding activity
compared to the controls (Figure 3C). The addition ofâ-ME
showed there was no appreciable change in the total amount
of protein (Figure 3C). The inability of SIN-1 to increase
RNA-binding activity when incubated with cells may be due
to the high reactivity of ONOO- with plasma membrane
lipids (42), effectively quenching the influence of this
molecule on IRP1.

Effect of NO Generators on Iron Release from Cells. The
results above for SNAP, SperNO, and GSNO in LMTK-

cell lysates derived from FAC-treated cells (Figure 1A)
indicate that NO may interact with the [4Fe-4S] cluster of
c-acon. However, it has also been suggested that NO acts
indirectly by interfering with intracellular Fe metabolism (18,
24), since the kinetics of NO activation of IRP1 RNA-binding
activity were very similar to that found with DFO (24).
Considering this, we decided to examine the ability of SNAP,
GSNO, SperNO, SNP, and SIN-1 to release59Fe from
LMTK - cells prelabeled for 3 h with 59Fe-Tf (0.75 µM;
Figure 4A). Interestingly, a 3 h reincubation with SNAP,
GSNO, or SperNO at 0.5 mM markedly increased59Fe
release from 14% in control cells to 36%, 44%, and 46%,
respectively (Figure 4A). Increasing the concentrations of
these NO generators up to 1 mM had relatively little effect
on 59Fe mobilization. The control compounds without the
NO group, namely, NAP, spermine, and GSH, had no effect
on 59Fe mobilization (Figure 4A). In addition, the NO
scavenger oxyHb also prevented the effect of SNAP, GSNO,
and SperNO on59Fe efflux from cells (data not shown).
These controls strongly suggest that NO was the agent
responsible for inducing59Fe release. In contrast, neither SNP
nor SIN-1 increased59Fe release compared to the relevant
control (Figure 4A). The production of NO by these agents
was estimated by the nitrite assay (Figure 4B), and it was of
interest to note that nitrite production was not directly
correlated with59Fe efflux. For example, SIN-1 produced
more nitrite than either SNAP or GSNO (Figure 4B) but
had no appreciable effect on59Fe mobilization (Figure 4A).
This effect may be related to the fact that SIN-1 generates
ONOO- that rapidly decomposes to produce nitrite (43, 44).
Thus, in the case of SIN-1, the formation of nitrite may not
be a reliable measure of biologically active NO• levels (33).

Further studies examined if the increase in59Fe release
was due to a nonspecific increase in cellular permeability
resulting from NO damaging the cell membrane. To deter-
mine this, cells were labeled for 3 h at 37°C with either
3H-leucine (1µCi/plate),3H-thymidine (1µCi/plate),59Fe-
Tf (0.75 µM), or 65Zn-citrate (2.5µM), and the effect of
SNAP and GSNO at 0.5 mM on the efflux of these labels
was examined during a 3 hreincubation at 37°C. Neither
SNAP nor GSNO had any effect on3H-leucine or 3H-
thymidine release, but they markedly increased59Fe mobi-
lization from 4% in control cells to 29% and 26%, respec-
tively (data not shown). These results suggest that the
increase in59Fe release was not a nonspecific effect due to
NO-mediated cell death or an increase in membrane perme-
ability. Furthermore, after incubation with SNAP or GSNO,
there was no change in the percentage of trypan blue stained
cells (viability >97%). Both GSNO and SNAP only slightly
increased65Zn release from 20%( 6% (control) to 30%(
2% and 28%( 2% (3 determinations), respectively (data

FIGURE 4: Effect of sodium nitroprusside (SNP), 3-morpholino-
sydnonimine (SIN-1),S-nitroso-N-acetylpenicillamine (SNAP),
S-nitrosoglutathione (GSNO), and spermine-NONOate (SperNO)
on (A) 59Fe mobilization from LMTK- fibroblasts and (B) nitrite
concentrations in the overlying medium. Cells were labeled with
59Fe-Tf (0.75µM) for 3 h at 37°C, washed, and then reincubated
for 3 h at 37°C in the presence or absence of the NO generators.
The overlying medium was then removed for estimation of59Fe
release and nitrite concentration. The results are mean( SD of 3
replicates in a typical experiment of 2 experiments performed.
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not shown). The fact that NO slightly increased59Zn release
was not totally unexpected, as NO can bind to Zn(II) and
other transition metals (20, 45).

To investigate if the NO-mediated increase in59Fe release
from cells was not just a property unique to LMTK-

fibroblasts, we examined a range of cell types regularly used
in our laboratory, including HepG2 hepatoma cells, SK-Mel-
28 melanoma cells, and SK-N-MC neuroepithelioma cells.
In these experiments, cells were incubated with59Fe-Tf (0.75
µM) for 5.5 h at 37°C and the ability of 1 mM DFO, SNAP,
NAP, or SNP to increase59Fe release was examined over a
2 h reincubation at 37°C. Using all cell types, SNAP
increased59Fe release over that observed for control cells
and was equally or more effective than DFO (data not
shown). In contrast, NAP and SNP were not effective.

The ability of NO generators to mobilize59Fe from cells
was further explored by investigating the kinetics of59Fe
release from LMTK- cells mediated by SNAP compared to
DFO. In these experiments, cells were labeled for either 1 h
(Figure 5A) or 20 h (Figure 5B) at 37°C with 59Fe-Tf (0.75
µM), washed, and then reincubated for up to 8 h at 37°C
with SNAP (0.5 mM) or DFO (0.5 mM). Two labeling times
with 59Fe-Tf were used to examine the effects of NO on
cellular Fe pools, as we have previously shown that a greater
proportion of Fe can be released by some chelators after short

rather than long labeling periods (45). This latter effect may
be because after long incubation periods a greater proportion
of Fe is found in ferritin (45, 46), which is generally more
difficult to access (45). SNAP was more effective than DFO
at increasing59Fe mobilization after both incubation times,
being far more effective after a 1 h label (Figure 5A)
compared to a 20 h label (Figure 5B). Considering these
results, we then examined the ability of these concentrations
of DFO and SNAP to increase IRP1 RNA-binding activity
in LMTK - cells under the same conditions (Figure 5C).
Interestingly, SNAP increased IRP1 RNA-binding activity
after only a 1 hincubation, while a 4 hincubation with DFO
was required before an increase in RNA-binding activity
occurred (Figure 5C). In contrast to SNAP, its control NAP
did not have any effect on IRP1 RNA-binding activity (data
not shown). The addition ofâ-ME to the cell lysates
demonstrated that neither DFO nor SNAP affected the total
amount of protein (data not shown). These results demon-
strating the ability of SNAP to increase IRP1 RNA-binding
activity more rapidly than DFO are in contrast to those
obtained by Pantopoulos et al. (24), where DFO and SNAP
displayed similar kinetics. The reason for the difference in
results may be because these authors compared DFO and
SNAP at lower concentrations (0.1 mM) than those used in
the present study (viz. 0.5 mM).

Effect of NO Generated Intracellularly on Fe Mobilization
and IRP1 RNA-Binding ActiVity. Following on from the
previous experiments, the effect of intracellular NO genera-
tion on 59Fe efflux was examined in RAW 264.7 macro-
phages. Incubation of these cells with LPS or LPS/IFN-γ
results in a marked increase in iNOS synthesis that produces
significant amounts of NO (29). In our hands, incubation of
RAW 264.7 cells for 20 h with LPS alone (100 ng/mL)
slightly increased nitrite production, while incubation with
both LPS (100 ng/mL) and IFN-γ (50 units/mL) resulted in
high levels of nitrite (Figure 6, inset). To determine whether
intracellular NO generation increased59Fe release, cells
treated with LPS or LPS/IFN-γ for 20 h were incubated for
3 h with 59Fe-Tf (0.75µM), washed four times, and then
reincubated for 3 h at 37°C with medium. To ensure that
59Fe release was not due to a general increase in membrane
permeability, cells were also incubated in the same way with
3H-leucine (1µCi), 3H-thymidine (1µCi), or 65Zn-citrate (2.5
µM) (Figure 6). The mobilization of59Fe increased from 2%
in control cells to 4% and 11% in LPS and LPS/IFN-γ-
treated cells, respectively (Figure 6). This increase in59Fe
release was not as marked as that observed when cells were
exposed to the NO generators SNAP, GSNO, or SperNO
(see Figure 4A). In addition to an increase in59Fe efflux,
there was also an increase in the release of3H-leucine,3H-
thymidine, and65Zn in RAW 264.7 cells exposed to LPS or
especially LPS/IFN-γ compared to the control (Figure 6).
The marked increase in3H-thymidine release could be related
to the NO-mediated inhibition of ribonucleotide reductase
(47). Inhibition of this enzyme may prevent the incorporation
of 3H-thymidine into DNA, allowing it to diffuse from the
cell during reincubation. Interestingly, while there was an
increase in the release of3H-leucine and65Zn from LPS- or
LPS/IFN-γ-treated cells, the increase was less than that
observed for59Fe (Figure 6). However, similar experiments
using the iNOS inhibitorL-NMMA (1 mM) had no effect
on 59Fe release from RAW 264.7 cells, suggesting that the

FIGURE 5: Effect of incubation time with desferrioxamine (DFO)
or S-nitroso-N-acetylpenicillamine (SNAP) on (A, B)59Fe release
from LMTK- cells and (C) IRP1 RNA-binding activity. Cells were
incubated for either (A) 1 h or (B) 20 h at 37°C with 59Fe-transferrin
(0.75µM), washed, and then reincubated for 5 min-8 h at 37°C
with DFO (0.5 mM) or SNAP (0.5 mM). (C) The LMTK- cells
were incubated for 1-8 h with DFO (0.5 mM) or SNAP (0.5 mM)
at 37 °C and the IRP1 RNA-binding activity was assessed. The
results in panels (A) and (B) are means of duplicate determinations
in a typical experiment of 2 experiments performed. The results in
panel C are representative of 10 independent experiments.
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small increase in mobilization may be a nonspecific effect
due to increased membrane permeability after activation (data
not shown).

While the combination of LPS/IFN-γ had little effect on
59Fe mobilization from the RAW 264.7 cells (Figure 6), there
was an increase in the RNA-binding activity of IRP1 (upper
band) but no significant effect on the RNA-binding activity
of IRP2 (lower band) (Figure 7A). Incubation of RAW 264.7
cells with IFN-γ alone slightly increased IRP1 RNA-binding
activity, but to a lesser extent than that found with both IFN-γ
and LPS (Figure 7A). Addition ofâ-ME to the lysates
demonstrated that none of the agents had any appreciable
effect on total protein. The increase in IRP1 RNA-binding
activity in RAW 264.7 cells could be partially prevented by
incubation with IFN-γ alone or LPS/IFN-γ in the presence
of the iNOS inhibitorL-NMMA (Figure 7A). The inhibition
of iNOS byL-NMMA was suggested by the decreased nitrite
concentration in the overlying medium (Figure 7B).

DISCUSSION

Considering the present active interest in the role of NO
in the modulation of c-acon function (16-19, 21-23, 29,
39), we have examined the mechanisms by which NO can
increase the RNA-binding activity of this protein. Previous
studies have suggested that NO can act directly on the [4Fe-
4S] cluster to destabilize it and increase IRP1 RNA-binding
activity (16, 17, 23). Apart from this mechanism, there is
also kinetic evidence to suggest that NO produced by SNAP
acts to increase RNA-binding activity by an indirect effect
on Fe pools that regulate this molecule (18, 24). However,
one of these latter studies (24) did not directly demonstrate
any effect of NO on intracellular Fe pools (2, 3). In the

present investigation, we have examined whether both or
either mechanism may be responsible for the increase in IRP1
RNA-binding activity that is observed after exposure of cells
to NO-generating agents or when cellular NO generation
occurs.

Initially, we used lysates derived from LMTK- fibroblasts
incubated with FAC or DFO for 20 h. Under these condi-
tions, IRP1 is present predominantly in its holoform with a
[4Fe-4S] cluster that does not bind mRNA (FAC-treated) or
in its active RNA-binding state (DFO-treated). By use of
these lysates, the two potential target sites of NO congeners
could be examined, namely, the [4Fe-4S] cluster and/or
sulfhydryl groups (11-13, 19, 20, 22). A similar protocol
using lysates derived from cells incubated with DFO and
hemin has been used to successfully study the interaction of
NEM and other sulfhydryl-binding agents with IRP1 in its
holo and apo states (12). While previous studies have

FIGURE 6: Effect of incubating the RAW 264.7 macrophage cell
line with lipopolysaccharide (LPS) or LPS and interferonγ (IFN-
γ) on the efflux of3H-leucine,3H-thymidine,59Fe, and65Zn. The
macrophages were incubated for 20 h at 37°C with LPS (100 ng/
mL) or LPS (100 ng/mL) and IFN-γ (50 units/mL), washed, and
then labeled for 3 h at 37°C with either3H-leucine (1µCi/plate),
3H-thymidine (1µCi/plate), 59Fe-transferrin (0.75µM), or 65Zn-
citrate ([Zn]) 2.5µM; Zn:citrate ratio 1:100). After this, the cells
were washed four times and then reincubated with medium for 3 h
at 37 °C. The inset shows the concentration of nitrite in the
overlying medium after the 20 h incubation of RAW cells with
LPS or LPS/IFN-γ. The results are mean( SD of 3 replicates in
a typical experiment of 2 separate experiments performed.

FIGURE 7: Effect of interferonγ (IFN-γ) alone or lipopolysaccha-
ride (LPS) and IFN-γ on (A) IRP1 RNA-binding activity and (B)
nitrite production of RAW 264.7 macrophages. The macrophages
were incubated for 20 h at 37°C with IFN-γ alone (50 units/mL)
or IFN-γ (50 units/mL) and LPS (100 ng/mL) in the presence and
absence of the inducible nitric oxide synthase inhibitorNG-
monomethyl-L-arginine (L-NMMA; 1 mM). In panel A, cell lysates
were incubated with or without 2%â-mercaptoethanol (â-ME) and
the IRP1 RNA-binding activity was assessed by the gel-retardation
assay. Panel B shows the nitrite concentration in the overlying
medium after a 20 h incubation with the agents (mean( SD of 3
replicates). The results are typical from 2 independent experiments.
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assessed the effect of NO generators on IRP1 RNA-binding
activity (16-19, 21, 22), none have simultaneously compared
the results between lysates prepared from FAC- and DFO-
treated cells and whole cells incubated with these agents.

Our experiments demonstrated that three NO generators,
namely, SNAP, SperNO, and GSNO, act to increase IRP1
RNA-binding activity only in lysates derived from cells
pretreated with FAC but not DFO (Figure 1A). These studies
suggest that NO produced by these donors acts on c-acon
that contains a [4Fe-4S] cluster but does not inhibit mRNA-
binding by S-nitrosation of critical cysteine residues that are
required for mRNA binding (11-13). We have also clearly
shown that these three NO generators are effective at
increasing 59Fe mobilization from cells (Figure 4A) at
concentrations shown to markedly enhance IRP1 RNA-
binding activity (Figure 1C). Collectively, these results
suggest that the increase in RNA-binding activity of IRP1
observed after incubation of cells with NO generators (Figure
1C) may be due to both a direct effect on the [4Fe-4S] cluster
and an indirect effect on the intracellular pools that supply
Fe for cluster formation. Indeed, on a concentration basis,
SNAP was found to be more effective than DFO in terms
of its ability to increase Fe mobilization from cells (Figure
5A,B). In contrast to the work of Pantopoulos et al. (24),
we have found that NO produced from SNAP increased IRP1
RNA-binding activity more rapidly than DFO (Figure 5C).
There may be several reasons for this difference in activity,
including that NO may diffuse more quickly than DFO across
the membrane and deprive cells of Fe at a faster rate (see
Figure 5A,B) and/or that NO not only may function to
deplete cellular Fe pools but also may act directly to
destabilize the [4Fe-4S] cluster to increase RNA-binding
activity (Figure 1A). The combination of these latter two
effects by NO may result in more rapid destruction of the
cluster than that seen with DFO, which can only chelate Fe
(2, 3). However, further studies are required to clearly
establish which mechanism predominates. It should be noted
that while both NO and DFO can deplete cells of Fe that
can induce IRP1 RNA-binding activity, it is known that this
alone is probably not sufficient to induce the loss of the [4Fe-
4S] cluster from IRP1. The depletion of intracellular Fe is
an initiating factor that results in some agent or mechanism
eliminating the [4Fe-4S] cluster.

While three NO generators (SNAP, GSNO, and SperNO)
were effective at increasing Fe mobilization, SNP and SIN-1
were not (Figure 4A). The ability of the NO generators to
increase Fe release may be related to the different forms of
NO produced by these agents (19, 20, 40, 41). SIN-1
produces both NO• and superoxide that react together to form
ONOO- (21, 22, 41). At low SIN-1 concentrations of 0.1
mM, marked activation of IRP1 RNA-binding activity was
observed, and this decreased as the SIN-1 concentration was
increased up to 5 mM in lysates from both FAC- and DFO-
treated cells (Figure 3A,B). In contrast, SIN-1 had little effect
on IRP1 RNA-binding activity when incubated with whole
cells (Figure 3C). These results were in contrast to what was
observed with agents that produce NO (viz SNAP, SperNO,
and GSNO; 24, 41) that increased IRP1 RNA-binding
activity in cell lysates and also in whole cells (Figure 1).
These data may be explained by the ability of NO to diffuse
through cell membranes while ONOO- may be effectively
quenched due to its high reactivity (42). Indeed, the fact that

SIN-1 did not mobilize Fe from cells while the three NO
generators could (Figure 4A) substantiates this proposal. The
results for LMTK- cell lysates with SIN-1 appear different
to than reported previously by others, where SIN-1 increased
RNA-binding activity in lysates from RAW 264.7 macro-
phages but only in the presence of SOD (21). These authors
used high concentrations of SIN-1 (1 mM), which in our
hands had little influence on IRP1 RNA binding when
compared to the control (Figure 3C), and this may explain
the apparent contradiction.

When cells were exposed to SNP there was a decrease in
IRP1 RNA-binding activity as a function of concentration
(Figure 2C). In contrast, SNP added to lysates had little effect
(Figure 2A). At present, it remains unclear how SNP
decreases RNA-binding activity in whole cells. The experi-
ments using lysates (Figure 2A,B) suggest that it was not
due to a direct effect of SNP S-nitrosating critical sulfhydryl
groups of IRP1. It is known that SNP added to cellular
systems releases a number of species, including Fe (20, 40).
As discussed in our previous study (19), the decrease in IRP1
RNA binding observed in SNP-treated cells could be due to
it donating Fe. However, the addition of the impermeable
chelator EDTA to SNP did not have any effect on the ability
of this NO generator to prevent the decrease in IRP1 RNA-
binding activity (19). These studies suggest that Fe donation
may not be the mechanism involved. Clearly, further studies
on the mechanism of action of SNP on IRP1 are necessary.

In contrast to the effect of NO-generating agents, intra-
cellular NO generation in induced RAW 264.7 macrophages
increased IRP1 RNA-binding activity (Figure 7A) in the
absence of significant changes in Fe mobilization (Figure
6). Moreover, the increase in Fe mobilization in RAW 264.7
macrophages appeared to be independent of NO and due to
a general increase in membrane permeability (Figure 6).
These results suggest that, under the experimental conditions
used, intracellular NO generation was not causing Fe
depletion due to increased Fe efflux. Since SNAP, SperNO,
and GSNO produced more nitrite per unit time after a 3 h
incubation compared to RAW 264.7 macrophages after a 20
h incubation [cf. Figures 4B and 6 (inset)], it can be
suggested that this is the reason for the lack of Fe efflux.
Hence, under these experimental conditions in RAW 264.7
macrophages, NO generated intracellularly may be acting
primarily to destabilize the [4Fe-4S] cluster.

In the present study, by using pharmacological NO
generators and their relevant control compounds, we have
been able to directly demonstrate the effect of NO on Fe
mobilization. At present, the form of Fe that is mobilized
from cells by NO remains unknown. Since NO appears to
act somewhat like an Fe chelator (Figures 4 and 5), and
considering its high affinity for Fe (20), it is likely that an
NO-Fe complex was being released from the cells. It is well-
known that NO has a rich coordination chemistry and can
form complexes with a variety of transition metal ions (20).
Previous studies by Vanin (48) indicated that NO in cells
forms a complex with Fe and thiol ligands such as cysteine.
It was further suggested that the Fe may be derived from a
non-heme-containing Fe pool, rather than mitochondrial Fe-
containing proteins (49). NO may remove Fe from a number
of sites in cells; in fact, it can remove Fe from ferritin in
vitro (50), and Lee et al. (51) have found EPR-active Fe-
nitrosyl complexes in this molecule. Other Fe-containing
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targets of NO could include ribonucleotide reductase, mi-
tochondrial aconitase, Fe-S proteins of the mitochondrial
respiratory system, and ferrochelatase, all of which are Fe-
containing proteins affected by NO (47, 52-54).

Additional evidence that NO can enter cells and release
Fe is supported by the work of Hibbs and colleagues using
activated macrophages (52, 55, 56). In these studies, when
tumor target cells were cocultivated with activated mouse
macrophages, there was a significant loss of Fe (64% of cell
Fe/24 h) from target cells associated with inhibition of
mitochondrial respiration and DNA synthesis. Further support
for an interaction between NO and Fe in activated macro-
phages has come from studies demonstrating Fe-nitrosyl
complexes in these cells (25, 26) and their tumor targets (27,
28).

In conclusion, it is possible that NO can increase IRP1
RNA-binding activity by several mechanisms including
destabilization of the [4Fe-4S] cluster and also via an indirect
effect by mobilizing Fe from intracellular pools. The relative
contribution of each mechanism to the increase in IRP1
RNA-binding activity may be related to the concentration,
source, and redox-related state of the NO generated. Finally,
it should also be noted that physiological or pharmacological
levels of NO may be sufficient to activate IRP1 irrespective
of the level of Fe in the cell.
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