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Nitrogen Monoxide Activates Iron Regulatory Protein 1 RNA-Binding Activity by
Two Possible Mechanisms: Effect on the [4Fe-4S] Cluster and Iron Mobilization
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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. (198&)I. 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 donorsSfaigggso-
N-acetylpenicillamine (SNAP), spermine-NONOate (SperNO),&nirosoglutathione (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 sulthydryl 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&fe from cells resulting in Fe depletion, which

then increases IRP1 RNA-binding activity.

The iron regulatory proteins (IRP1 and IRPPpsttran- to conserved hairpin loop structures called iron-responsive
scriptionally regulate the expression of several proteins that elements (IREs) found in theé &nd 3 untranslated regions
play key roles in cellular iron metabolisri-4). IRP1 binds (UTRs) of several mRNAs including those encoding the

ferritin H- and L-subunitsg, 6) and transferrin receptor (TfR)
, : - (7, 8). The binding of IRP1 to the single IRE in th&BTR
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reduced form to allow the protein to bind to the IRE2(
13). In contrast to IRP1, IRP2 does not contain a [4Fe-4S]
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Sigma. Spermine-NONOate (SperNO) and 3-morpholino-
sydnonimine (SIN-1) were obtained from Molecular Probes.

cluster and is rapidly degraded in cells that are Fe-replete DFO was obtained from Ciba-Geigy Pharmaceutical Co.

via proteasome-dependent degradatipfy (L5).

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 specie®( 3, 16—22). It has been suggested that NO
increases IRP1 RNA binding by direct coordination to the
[4Fe-4S] cluster and its subsequent destructid® (7).
There is also evidence that peroxynitrite (ONQGormed
from the reaction of NOwith superoxide can interact with

(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 morentl#ah with an

NO generator, the medium was replaced with fresh solutions
to maintain NO levelsZ4).

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-

the [4Fe-4S] cluster, although to a more limited extent than Ville, MD). The human HepG2 cell line was kindly provided

NO* (22, 23).

by Dr. Greg Anderson (Queensland Institute of Medical

It has also been suggested that NO may have an indirectResearch, 300 Herston Rd., Brisbane, Queensland, Australia).

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

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

and intracellular Fe pools has been described, this hypothesignedium (MEM) containing 10% fetal calf serum (FCS; CSL
is supported by evidence demonstrating the high affinity of Limited, Brisbane, Australia), 1% (v/v) honessential amino

NO for Fe and other transition metal iorZ}. Furthermore,

acids (Gibco BRL, Sydney, Australia), 1 mM sodium

Fe—nitrosyl complexes have been shown to exist in activated PYruvate (Gibco), 2 mM.-glutamine, 10Qug/mL strepto-

macrophages and their tumor cell targegts<28), and NO
can diffuse quickly into cells to exert its effect?dj.

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-nitrosoN-acetylpenicillamine (SNAP), sper-
mine-NONOate (SperNO), arignitrosoglutathione (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 increa8¥-e 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 Reagent¥he NO generatols
nitrosoN-acetylpenicillamine (SNAP) was synthesized by
established technique8Q) 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; fronsalmonella minnesot&e
595), L-glutamine, ferricyanide, ferrocyanide, mouse inter-
feron y (IFN-y), N®-monomethyl-arginine (-NMMA),
Snitrosoglutathione (GSNO), sodium cyanide, sodium ni-
troprusside (SNP), and transferrin (Tf) were obtained from

mycin (Gibco), 100 units/mL penicillin (Gibco), and 0.28
ug/mL fungizone (Squibb Pharmaceuticals, Moalr€anada).
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-y (50 units/mL) @9). Cells were grown in an incubator
(Forma Scientific) at 37C in a humidified atmosphere of
5% CQ/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 84).

Aconitase Actiity 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 in&&t (
Digitonin stock solution (5%) was prepared in DMSO and
then added at a final concentration of 0.007% to>4Q0°
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
180@/8 min/4 °C. The supernatant was then taken and
centrifuged at 2300@20 min/4°C to remove mitochondria.
The cytosolic supernatant was then desalted and concentrated
with an Amicon concentratomM; cutoff = 30 000) so that
the protein concentration was-@ mg/mL. The cytoplasmic
aconitase activity of extracts was determined spectrophoto-
metrically by measuring the disappearancecigfaconitate
at 240 nm as described previoud$5). Units represent
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nanomoles of substrate consumed per minute 8€3¢é240nm
= 3.6 mMtcm?) (35).

Protein Preparation and LabelingApotransferrin was
labeled with®%Fe (Dupont NEN) or®®Fe to produce Fe
transferrin (Tf) by standard procedurexl). In all studies,
fully saturated diferric Tf was used. UnbouptFe or>Fe
was removed by exhaustive dialysis against 0.15 M NaCl
adjusted to pH 7.4 with 1.4% NaHGQ@31).

Oxyhemoglobin (oxyHb) was prepared from bovine met-
hemoglobin by the method of Murphy and Noa86), The
concentration of oxyHb was determined spectrophotometri-
cally with es41,m= 13.8 mM 33).

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

Efflux Assay of Radioacte Labels from CellsStandard
techniques were used to examine the effect of NO and other
agents on the efflux of°Fe, 5Zn (Dupont NEN), °H-
thymidine (Dupont NEN), ofH-leucine (Dupont NEN) from
cells 31, 33). Briefly, LMTK ~ cells were labeled with either
S%Fe-Tf (0.75uM), 55Zn-citrate ([Zn]= 2.5uM; molar ratio
of Zn:citrate 1:100),°H-thymidine (1 xCi/plate), or3H-
leucine (1uCilplate) for various incubation periods at 37

extracts were prepared by incubating cells with medium alone °C in medium containing all supplements except FCS. After

(control) or medium containing FAC (10@/mL), DFO (100
uM), or the NO generators for 20 h at 3€. This incubation

this incubation, the cell culture dishes were placed on a tray
of ice, the medium was aspirated, and the cell monolayer

procedure with FAC and DFO has been shown to success-was washed four times with ice-cold balanced salt solution

fully deplete and load LMTK cells with Fe, respectively,
as indicated by IRPIRE 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-13), 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

(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 %%Fe release were prepared just prior to an
experiment and used immediately. After this incubation, the
overlying medium was removed and placed iptoounting
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

hemin (an Fe donor) has been implemented to examine thesypernatant by usingjascintillation counter (LKB Wallace

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 x 1Cf cells were washed with ice-cold
phosphate-buffered saline (PBS) and lysed &€C4in ice-
cold Munro extraction bufferg). The samples were centri-
fuged at 1000@ for 3 min at 4°C to remove nuclei and the
supernatant was stored-af0 °C. The protein concentration
was determined by the Bio-Rad protein assay (Bio-Rad Ltd.).
In some experiments, the cytosolic extractsu@) were
directly incubated with the NO-generating compounds for
60 min at 37°C or NEM (1 mM) for 30 min at £C in 25
mM Tris/40 mM KCI (pH 8). Lysates were derived from

1282 Compugamma, Finland).

RESULTS

Effect of NO Generators on IRP1 RNA-Binding Aityi

in Cell Lysates and Whole Cell§here are at least two
potential sites on IRP1 that can react with redox-related
species of NO Z0), 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 (1QM) or FAC (100

cells treated with either FAC or DFO (as described above). #9/mL). In DFO-treated cells, IRP1 is present predominantly

RNA-Protein Gel-Retardation AssayBhe gel-retardation

as an active RNA-binding protein (see Figures3) without

assay was used to measure the interaction between IRP1 andn [4Fe-4S] cluster and little c-acon activity. In FAC-treated

IREs by established techniques, (8). Briefly, aliquots
containing 1ug of protein were incubated with 0.1 ng
(approximately 1x 1P cpm) of 3?P-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 of-3?P] 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 IREprotein complexes were

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 witiN-ethylmaleimide (NEM; 1
mM) that binds to free sulfhydryl groups and inhibits binding
of IRP1 to the IRE12). 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

analyzed in 6% nondenaturing polyacrylamide gels that were incubation with DFO or FAC, the c-acon activity wastb

run for 3 h at 4°C.
In parallel experiments, samples were treated Wither-
captoethanolf-ME) at a final concentration of 2%, prior to

1.1 and 2% 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-
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Ficure 1: Effect of the NO-generating agentnitrosoN-acetylpenicillamine (SNAP), spermine-NONOate (SperNO), &hd
nitrosoglutathione (GSNO) on IRP1 RNA-binding activity. (A, B) The NO generators were incubated for 60 mirf@t\@ith lysates
derived from LMTK" cells treated with either (A) ferric ammonium citrate (FAC; 18§/mL) or (B) desferrioxamine (DFO; 1Q0M) for
20 h at 37°C. (C) LMTK™ cells were incubated with the NO generators for 20 h at@G7These results are typical of-& independent
experiments performed.

treated cells, IRP1 is present predominantly in its RNA- no marked effect on RNA-binding activity in DFO-treated
binding and c-acon forms, respectively. Considering these cells (Figure 1B), this suggests that it did not S-nitrosate
data collectively, examination of the effect of NO on the the critical sulfhydryl groups required for mRNA binding
RNA binding of IRP1 from DFO- and FAC-treated lysates or affect RNA-binding activity by some allosteric mecha-
will provide clues on whether the sulfhydryl groups or [4Fe- nism. The precursor compounds for SNAP, SperNO, and
4S] cluster are targeted by NO congeners. These results hav&sSNO that do not have the NO group, name¥yacetyl-
been compared to when NO generators were incubated forpencillamine (NAP), spermine, and glutathione (GSH)
20 h with LMTK™ cells in culture. respectively, had no effect on IRP1 RNA-binding activity
Lysates derived from LMTK cells incubated with FAC  (Figure 1A,B). In addition, oxyHb at either 5oV or 300
were treated with increasing concentrations of three NO- #M added to all three NO generators (1 mM) prevented the
generating agents, SNAP, SperNO, or GSNO (Figure 1A). increase in IRP1 RNA-binding activity in FAC-treated
When compared to lysates derived from cells treated with lysates, whereas oxyHb by itself had no effect compared to
FAC alone, the three NO generators markedly increased IRP1FAC alone (Figure 1A). Since oxyHb is an efficient NO
RNA-binding activity (Figure 1A). In contrast, these NO scavenger3), these results suggest that NO released from
donors had no appreciable effect on the RNA binding of these donors was responsible for the increase in IRP1 RNA-
IRP1 in lysates derived from DFO-treated cells when binding activity (Figure 1A). The increase in RNA-binding
compared to DFO alone (Figure 1B). Addition ®ME to activity of IRP1 observed in lysates after treatment with
the cell lysates demonstrated that these agents had no effecBNAP, SperNO, or GSNO was also seen when LMT€lls
on the total amount of IRP1 and confirmed the equal loading were incubated for 20 h with these agents (Figure 1C). A
of protein in all lanes (data not shown). The results for lysates faint IRP2 band is observed in some samples but not others
from FAC-treated cells (Figure 1A) suggest that NO derived (Figures 13), and the low level of expression of this protein
from these agents may have reacted with the [4Fe-4S] clusterin LMTK ™ cells impeded detailed investigation of its
of IRP1 to increase RNA binding. In addition, since NO had response to NO.
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Ficure 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; 108/mL) or (B) desferrioxamine
(DFO; 100uM) for 20 h at 37°C. (C) LMTK™ cells were incubated with SNP for 20 h at 3C. These results are typical of-3
independent experiments performed.
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Ficure 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; 180mL) or (B) desferrioxamine
(DFO; 100uM) for 20 h at 37°C. (C) LMTK™ cells were incubated with SIN-1 for 20 h at 3C. In panels A and B, lysates were
incubated with or without 298-ME. These results are typical of-38l independent experiments performed.

The effect of SNAP, SperNO, or GSNO on IRP1 RNA- LMTK ™~ cells were incubated for 20 h with increasing
binding activity was also compared to that of SNP (Figure concentrations of SNP, this compound decreased IRP1 RNA-
2). In a previous study we showed that when SNP (1 mM) binding activity compared to the control (Figure 2C).
was incubated for 18 h with K562 cells it decreased IRP1 Addition of 3-ME to cell lysates demonstrated that SNP did
RNA-binding activity (9). Similar results with SNP have not affect the total amount of protein (data not shown).
also been obtained by other investigators using HepG2 We also examined the effect on IRP1 RNA-binding
hepatoma cells39). From our data we suggested that the activity of SIN-1 (Figure 3), a compound that generates both
effect of SNP may be due to its ability to S-nitrosate the NO- and superoxide, which react together to form ONOO
critical sulfhydryl groups required for mRNA bindind 9). (21, 22, 41). Previous studies by Bouton et aR1j using
To test this hypothesis, SNP at concentrations up to 5 mM RAW 264.7 macrophages showed that the addition of SIN-1
were incubated with lysates derived from LMTkcells to lysates increased IRP1 RNA-binding activity but only at
exposed to either FAC (Figure 2A) or DFO (Figure 2B). high concentrations (110 mM) in the presence of SOD. In
However, no effect of SNP was observed. To ensure thatour experiments, in the absence of SOD, increasing concen-
the products of SNP decomposition (CNferricyanide, trations of SIN-1 added to LMTK cell lysates resulted in
ferrocyanide) did not affect IRP1 RNA-binding activity, the opposite effect (Figure 3A). At a SIN-1 concentration
lysates were also incubated with these compoua@s20, of 0.1 mM, an increase in IRP1 RNA-binding activity was
40). However, no effect was observed in either lysates from observed in both FAC- and DFO-treated cells (Figure 3A,B).
FAC-treated cells (Figure 2A) or DFO-treated cells (data not As the concentration of SIN-1 was increased from 0.5 mM
shown). In contrast to the results obtained with lysates, whenup to 5 mM, the RNA-binding activity markedly decreased
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(4.
o

(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 thioredoxi3g, although other
factors may be involved.

Addition of oxyHb (300uM) 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 NCappeared to be more efficiert3).
Treatment of the FAC- and DFO-treated lysates v E
resulted in a decrease in total IRP1 RNA-binding activity
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with increasing concentrations of SIN-1 (Figure 3A,B). These £ 55 z 2 EERE R €3 £
data may indicate possible damage to IRP1 by the oxidizing SEE2sss5T22285¢%8
effects of ONOO. Alternatively, SIN-1 and/or its byproducts o - E E FPE-EE-FE -
may prevent the effect ¢i-ME at increasing RNA-binding ° © s w - E

activity by oxidation of critical thiol residues.

In contrast to the results obtained with lysates, SIN-1 (B) 600
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 additiofp-0fE
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.
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results above for SNAP, SperNO, and GSNO in LMTK 822335532852 ¢¢
cell lysates derived from FAC-treated cells (Figure 1A) g s = 23 5588232 ¢E
indicate that NO may interact with the [4Fe-4S] cluster of EEEEETEEZTEZSH
c-acon. However, it has also been suggested that NO acts s 378~ o~ EESZ
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indirectly by interfering with intracellular Fe metabolisa8(
24), since the kinetics of NO activation of IRP1 RNA-binding FiGure 4: Effect of sodium nitroprusside (SNP), 3-morpholino-

activity were very similar to that found with DFCR4). sydnonimine (SIN-1), SnitrosoN-acetylpenicillamine (SNAP),
- . : ; - S-nitrosoglutathione (GSNO), and spermine-NONOate (SperNO)
Considering this, we decided to examine the ability of SNAP, on (A) 5%e mobilization from LMTK fibroblasts and (B) nitrite

GSNO, SperNO, SNP, and SIN-1 to relea$Ee from concentrations in the overlying medium. Cells were labeled with
LMTK ~ cells prelabeled fio3 h with 5°Fe-Tf (0.75uM; 59Fe-Tf (0.75uM) for 3 h at 37°C, washed, and then reincubated
Figure 4A). Interestinglya 3 hreincubation with SNAP,  for 3 h at 37°C in the presence or absence of the NO generators.
GSNO, or SperNO at 0.5 mM markedly increasdBe The overlying medium was then removed for estimatior?%e

- release and nitrite concentration. The results are rHe&D of 3
release.from 14% in control ceIIS_ to 36%, 44%, a”‘,’ 46%, replicates in a typical experiment of 2 experiments performed.
respectively (Figure 4A). Increasing the concentrations of
these NO generators up to 1 mM had relatively little effect  Further studies examined if the increase®¥Re release
on *Fe mobilization. The control compounds without the was due to a nonspecific increase in cellular permeability
NO group, namely, NAP, spermine, and GSH, had no effect resulting from NO damaging the cell membrane. To deter-
on %°Fe mobilization (Figure 4A). In addition, the NO mine this, cells were labeled f® h at 37°C with either
scavenger oxyHb also prevented the effect of SNAP, GSNO, ®H-leucine (1uCi/plate),H-thymidine (1uCi/plate),>Fe-
and SperNO orf%e efflux from cells (data not shown). Tf (0.75 uM), or %Zn-citrate (2.5«M), and the effect of
These controls strongly suggest that NO was the agentSNAP and GSNO at 0.5 mM on the efflux of these labels
responsible for inducingfFe release. In contrast, neither SNP was examined dura 3 hreincubation at 37C. Neither
nor SIN-1 increase®Fe release compared to the relevant SNAP nor GSNO had any effect otH-leucine or3H-
control (Figure 4A). The production of NO by these agents thymidine release, but they markedly incread8¥e mobi-
was estimated by the nitrite assay (Figure 4B), and it was of lization from 4% in control cells to 29% and 26%, respec-
interest to note that nitrite production was not directly tively (data not shown). These results suggest that the
correlated with*°Fe efflux. For example, SIN-1 produced increase irP%e release was not a nonspecific effect due to
more nitrite than either SNAP or GSNO (Figure 4B) but NO-mediated cell death or an increase in membrane perme-
had no appreciable effect §fFe mobilization (Figure 4A).  ability. Furthermore, after incubation with SNAP or GSNO,
This effect may be related to the fact that SIN-1 generates there was no change in the percentage of trypan blue stained
ONOO™ that rapidly decomposes to produce nitrda,(44). cells (viability >97%). Both GSNO and SNAP only slightly
Thus, in the case of SIN-1, the formation of nitrite may not increased®Zn release from 20%: 6% (control) to 30%+
be a reliable measure of biologically active Névels 33). 2% and 28%+ 2% (3 determinations), respectively (data
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rather than long labeling periodd5). 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 access45). SNAP was more effective than DFO
at increasing®Fe mobilization after both incubation times,
being far more effective aftea 1 h label (Figure 5A)
compared to a 20 h label (Figure 5B). Considering these
results, we then examined the ability of these concentrations
i , . of DFO and SNAP to increase IRP1 RNA-binding activity
0° 120 240 360 480 in LMTK ~ cells under the same conditions (Figure 5C).
Interestingly, SNAP increased IRP1 RNA-binding activity
after only a 1 hincubation, whié 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 of-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
0 120 240 360 480 activity more rapidly than DFO are in contrast to those
Time (min) obtained by Pantopoulos et a24), where DFO and SNAP
displayed similar kinetics. The reason for the difference in
results may be because these authors compared DFO and
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T of® af o Tg a 8 o SNAP at lower concentrations (0.1 mM) than those used in
5 Q é ggz5sk § s 5023 -
S & 538656 the present study (viz. 0.5 mM).

-2 . T .. .."."“ Effect of NO Generated Intracellularly on Fe Mobilization

and IRP1 RNA-Binding Aatity. Following on from the

Ficure 5: Effect of incubation time with desferrioxamine (DFO)  previous experiments, the effect of intracellular NO genera-
or S-nitrosoN-acetylpenicillamine (SNAP) on (A, B¥Fe release tion on 5%Fe efflux was examined in RAW 264.7 macro-
from LMTK~ cells and (C) IRP1 RNA-binding activity. Cells were . . '

incubated for either (A1 h or (B) 20 h at 37C with 5%Fe-transferrin phages. Incubation of these cells with LPS or LPS/WFN-

(0.75uM), washed, and then reincubated for 5 mBh at 37°C results in a marked increase in INOS synthesis that produces
with DFO (0.5 mM) or SNAP (0.5 mM). (C) The LMTK cells significant amounts of NO29). In our hands, incubation of
were incubated for 48 h with DFO (0.5 mM) or SNAP (0.5 mM) RAW 264.7 cells for 20 h with LPS alone (100 ng/mL)

at 37 °C and the IRP1 RNA-binding activity was assessed. The : s . . : :
results in panels (A) and (B) are means of duplicate determinationssnghtIy increased nitrite production, while incubation with

in a typical experiment of 2 experiments performed. The results in POth LPS (100 ng/mL) and IFN-(50 units/mL) resulted in
panel C are representative of 10 independent experiments. high levels of nitrite (Figure 6, inset). To determine whether

intracellular NO generation increasé®e release, cells

not shown). The fact that NO slightly increasédn release treated with LPS or LPS/IFN-for 20 h were incubated for
was not totally unexpected, as NO can bind to Zn(ll) and 3 h with 5%Fe-Tf (0.75uM), washed four times, and then
other transition metals2(, 45). reincubated fo 3 h at 37°C with medium. To ensure that

To investigate if the NO-mediated increaséfe release e release was not due to a general increase in membrane
from cells was not just a property unique to LMTK  permeability, cells were also incubated in the same way with
fibroblasts, we examined a range of cell types regularly used®H-leucine (1u«Ci), *H-thymidine (1«Ci), or ¢Zn-citrate (2.5
in our laboratory, including HepG2 hepatoma cells, SK-Mel- M) (Figure 6). The mobilization ofFe increased from 2%
28 melanoma cells, and SK-N-MC neuroepithelioma cells. in control cells to 4% and 11% in LPS and LPS/IFN-
In these experiments, cells were incubated Wike-Tf (0.75 treated cells, respectively (Figure 6). This increaséfie
uM) for 5.5 h at 37°C and the ability of 1. mM DFO, SNAP, release was not as marked as that observed when cells were
NAP, or SNP to increas®Fe release was examined over a exposed to the NO generators SNAP, GSNO, or SperNO
2 h reincubation at 37C. Using all cell types, SNAP  (see Figure 4A). In addition to an increaseSffe efflux,
increasecP®Fe release over that observed for control cells there was also an increase in the releastHeleucine,*H-
and was equally or more effective than DFO (data not thymidine, and®Zn in RAW 264.7 cells exposed to LPS or
shown). In contrast, NAP and SNP were not effective. especially LPS/IFN» compared to the control (Figure 6).

The ability of NO generators to mobiliZ8Fe from cells The marked increase fifl-thymidine release could be related
was further explored by investigating the kineticsfe to the NO-mediated inhibition of ribonucleotide reductase
release from LMTK cells mediated by SNAP compared to (47). Inhibition of this enzyme may prevent the incorporation
DFO. In these experiments, cells were labeled for either 1 h of *H-thymidine into DNA, allowing it to diffuse from the
(Figure 5A) or 20 h (Figure 5B) at 37TC with >°Fe-Tf (0.75 cell during reincubation. Interestingly, while there was an
uM), washed, and then reincubated for up& h at 37°C increase in the release #f-leucine and®zn from LPS- or
with SNAP (0.5 mM) or DFO (0.5 mM). Two labeling times  LPS/IFN+-treated cells, the increase was less than that
with 5°Fe-Tf were used to examine the effects of NO on observed foP°Fe (Figure 6). However, similar experiments
cellular Fe pools, as we have previously shown that a greaterusing the iNOS inhibitor.-NMMA (1 mM) had no effect
proportion of Fe can be released by some chelators after shorbn >°Fe release from RAW 264.7 cells, suggesting that the
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Ficure 6: Effect of incubating the RAW 264.7 macrophage cell
line with lipopolysaccharide (LPS) or LPS and interferno(lFN-

y) on the efflux of3H-leucine,®H-thymidine,°Fe, and®Zn. The
macrophages were incubated for 20 h af@#vith LPS (100 ng/
mL) or LPS (100 ng/mL) and IFN- (50 units/mL), washed, and
then labeled f03 h at 37°C with either®H-leucine (1uCi/plate),
3H-thymidine (1uCilplate), >°Fe-transferrin (0.75:M), or 65Zn-
citrate ([Zn]= 2.5uM; 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/IFNy. The results are meat SD of 3 replicates in

a typical experiment of 2 separate experiments performed.
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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-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 Ficure 7: Effect of interferony (IFN-y) alone or lipopolysaccha-

. . i ride (LPS) and IFNy on (A) IRP1 RNA-binding activity and (B)
band) but no significant effect on the RNA-binding activity nitrite production of RAW 264.7 macrophages. The macrophages

of IRP2 (lower band) (Figure 7A). Incubation of RAW 264.7  \yere incubated for 20 h at 3T with IFN-y alone (50 units/mL)
cells with IFN+ alone slightly increased IRP1 RNA-binding  or IFN-y (50 units/mL) and LPS (100 ng/mL) in the presence and
activity, but to a lesser extent than that found with both KN- absencethOfl the _ir_lduzil?\lﬁvl '\r/lligicl 0>'<\i/gel synth?.f ian:bifo-
i - monomethyle-arginine (- ; 1 mM). In panel A, cell lysates

gnd LP? (,{ngtlrr]e t7A)' Adfd ;trl]on of8-|:/IEh tz the Iysates_ bl were incub)eltted \?vith or without Z%mercaptgethanoBeME% and

emonstrate a r_lone 0 . e agen_s ad any apPre‘?'a §he IRP1 RNA-binding activity was assessed by the gel-retardation
effect on total protein. The increase in IRP1 RNA-binding assay. Panel B shows the nitrite concentration in the overlying
activity in RAW 264.7 cells could be partially prevented by medium after a 20 h incubation with the agents (mea8D of 3
incubation with IFNy alone or LPS/IFNy in the presence replicates). The results are typical from 2 independent experiments.
of the INOS inhibiton.-NMMA (Figure 7A). The inhibition
of INOS byL-NMMA was suggested by the decreased nitrite
concentration in the overlying medium (Figure 7B).
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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

DISCUSSION goccl\llj?s—generating agents or when cellular NO generation
Considering the present active interest in the role of NO Initially, we used lysates derived from LMTKfibroblasts
in the modulation of c-acon functiorl§—19, 2123, 29, incubated with FAC or DFO for 20 h. Under these condi-

39), we have examined the mechanisms by which NO can tions, IRP1 is present predominantly in its holoform with a
increase the RNA-binding activity of this protein. Previous [4Fe-4S] cluster that does not bind mMRNA (FAC-treated) or
studies have suggested that NO can act directly on the [4Fe-in its active RNA-binding state (DFO-treated). By use of
4S] cluster to destabilize it and increase IRP1 RNA-binding these lysates, the two potential target sites of NO congeners
activity (16, 17, 23). Apart from this mechanism, there is could be examined, namely, the [4Fe-4S] cluster and/or
also kinetic evidence to suggest that NO produced by SNAP sulfhydryl groups {1—13, 19, 20, 22). A similar protocol

acts to increase RNA-binding activity by an indirect effect using lysates derived from cells incubated with DFO and
on Fe pools that regulate this molecule3(24). However, hemin has been used to successfully study the interaction of
one of these latter studie24) did not directly demonstrate NEM and other sulfhydryl-binding agents with IRP1 in its
any effect of NO on intracellular Fe pool&,(3). In the holo and apo statesl?). While previous studies have
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assessed the effect of NO generators on IRP1 RNA-binding SIN-1 did not mobilize Fe from cells while the three NO
activity (16—19, 21, 22), none have simultaneously compared generators could (Figure 4A) substantiates this proposal. The
the results between lysates prepared from FAC- and DFO-results for LMTK™ cell lysates with SIN-1 appear different
treated cells and whole cells incubated with these agents. to than reported previously by others, where SIN-1 increased
Our experiments demonstrated that three NO generators RNA-binding activity in lysates from RAW 264.7 macro-
namely, SNAP, SperNO, and GSNO, act to increase IRP1 phages but only in the presence of SGI)( These authors
RNA-binding activity only in lysates derived from cells used high concentrations of SIN-1 (1 mM), which in our
pretreated with FAC but not DFO (Figure 1A). These studies hands had little influence on IRP1 RNA binding when
suggest that NO produced by these donors acts on c-acorcompared to the control (Figure 3C), and this may explain
that contains a [4Fe-4S] cluster but does not inhibit mMRNA- the apparent contradiction.
binding by S-nitrosation of critical cysteine residues that are  When cells were exposed to SNP there was a decrease in
required for mRNA binding11—13). We have also clearly IRP1 RNA-binding activity as a function of concentration
shown that these three NO generators are effective at(Figure 2C). In contrast, SNP added to lysates had little effect
increasing >°Fe mobilization from cells (Figure 4A) at (Figure 2A). At present, it remains unclear how SNP
concentrations shown to markedly enhance IRP1 RNA- decreases RNA-binding activity in whole cells. The experi-
binding activity (Figure 1C). Collectively, these results ments using lysates (Figure 2A,B) suggest that it was not
suggest that the increase in RNA-binding activity of IRP1 due to a direct effect of SNP S-nitrosating critical sulfhydryl
observed after incubation of cells with NO generators (Figure groups of IRP1. It is known that SNP added to cellular
1C) may be due to both a direct effect on the [4Fe-4S] cluster systems releases a number of species, includin@G;el().
and an indirect effect on the intracellular pools that supply As discussed in our previous studygj, the decrease in IRP1
Fe for cluster formation. Indeed, on a concentration basis, RNA binding observed in SNP-treated cells could be due to
SNAP was found to be more effective than DFO in terms it donating Fe. However, the addition of the impermeable
of its ability to increase Fe mobilization from cells (Figure chelator EDTA to SNP did not have any effect on the ability
5A,B). In contrast to the work of Pantopoulos et @4y of this NO generator to prevent the decrease in IRP1 RNA-
we have found that NO produced from SNAP increased IRP1 binding activity (L9). These studies suggest that Fe donation
RNA-binding activity more rapidly than DFO (Figure 5C). may not be the mechanism involved. Clearly, further studies
There may be several reasons for this difference in activity, on the mechanism of action of SNP on IRP1 are necessary.
including that NO may diffuse more quickly than DFO across  In contrast to the effect of NO-generating agents, intra-
the membrane and deprive cells of Fe at a faster rate (seecellular NO generation in induced RAW 264.7 macrophages
Figure 5A,B) and/or that NO not only may function to increased IRP1 RNA-binding activity (Figure 7A) in the
deplete cellular Fe pools but also may act directly to absence of significant changes in Fe mobilization (Figure
destabilize the [4Fe-4S] cluster to increase RNA-binding 6). Moreover, the increase in Fe mobilization in RAW 264.7
activity (Figure 1A). The combination of these latter two macrophages appeared to be independent of NO and due to
effects by NO may result in more rapid destruction of the a general increase in membrane permeability (Figure 6).
cluster than that seen with DFO, which can only chelate Fe These results suggest that, under the experimental conditions
(2, 3). However, further studies are required to clearly used, intracellular NO generation was not causing Fe
establish which mechanism predominates. It should be noteddepletion due to increased Fe efflux. Since SNAP, SperNO,
that while both NO and DFO can deplete cells of Fe that and GSNO produced more nitrite per unit time afe3 h
can induce IRP1 RNA-binding activity, it is known that this incubation compared to RAW 264.7 macrophages after a 20
alone is probably not sufficient to induce the loss of the [4Fe- h incubation [cf. Figures 4B and 6 (inset)], it can be
48] cluster from IRP1. The depletion of intracellular Fe is suggested that this is the reason for the lack of Fe efflux.
an initiating factor that results in some agent or mechanism Hence, under these experimental conditions in RAW 264.7
eliminating the [4Fe-4S] cluster. macrophages, NO generated intracellularly may be acting
While three NO generators (SNAP, GSNO, and SperNO) primarily to destabilize the [4Fe-4S] cluster.
were effective at increasing Fe mobilization, SNP and SIN-1  In the present study, by using pharmacological NO
were not (Figure 4A). The ability of the NO generators to generators and their relevant control compounds, we have
increase Fe release may be related to the different forms ofbeen able to directly demonstrate the effect of NO on Fe
NO produced by these agentd9( 20, 40, 41). SIN-1 mobilization. At present, the form of Fe that is mobilized
produces both NCand superoxide that react together to form from cells by NO remains unknown. Since NO appears to
ONOO (21, 22, 41). At low SIN-1 concentrations of 0.1  act somewhat like an Fe chelator (Figures 4 and 5), and
mM, marked activation of IRP1 RNA-binding activity was considering its high affinity for Fe2Q), it is likely that an
observed, and this decreased as the SIN-1 concentration waslO—Fe complex was being released from the cells. It is well-
increased up to 5 mM in lysates from both FAC- and DFO- known that NO has a rich coordination chemistry and can
treated cells (Figure 3A,B). In contrast, SIN-1 had little effect form complexes with a variety of transition metal i028)
on IRP1 RNA-binding activity when incubated with whole Previous studies by Vani®) indicated that NO in cells
cells (Figure 3C). These results were in contrast to what wasforms a complex with Fe and thiol ligands such as cysteine.
observed with agents that produce NO (viz SNAP, SperNO, It was further suggested that the Fe may be derived from a
and GSNO;24, 41) that increased IRP1 RNA-binding non-heme-containing Fe pool, rather than mitochondrial Fe-
activity in cell lysates and also in whole cells (Figure 1). containing proteins49). NO may remove Fe from a number
These data may be explained by the ability of NO to diffuse of sites in cells; in fact, it can remove Fe from ferritin in
through cell membranes while ONOGnay be effectively vitro (50), and Lee et al.§1) have found EPR-active Fe
guenched due to its high reactivi®d). Indeed, the fact that  nitrosyl complexes in this molecule. Other Fe-containing
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targets of NO could include ribonucleotide reductase, mi-
tochondrial aconitase, F& proteins of the mitochondrial
respiratory system, and ferrochelatase, all of which are Fe-
containing proteins affected by N@7, 52—54).

Additional evidence that NO can enter cells and release
Fe is supported by the work of Hibbs and colleagues using
activated macrophage5% 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 demonstratingrieosyl
complexes in these cell2], 26) and their tumor targetL{,

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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