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Nitric oxide (NO) is an important signaling molecule that interacts with different targets depending on its
redox state. NO can interact with thiol groups resulting in S-nitrosylation of proteins, but the functional
implications of this modification are not yet fully understood. We have reported that treatment of RAW 264.7
cells with NO caused a decrease in levels of iron regulatory protein 2 (IRP2), which binds to iron-responsive
elements present in untranslated regions of mRNAs for several proteins involved in iron metabolism. In this
study, we show that NO causes S-nitrosylation of IRP2, both in vitro and in vivo, and this modification leads
to IRP2 ubiquitination followed by its degradation in the proteasome. Moreover, mutation of one cysteine
(C178S) prevents NO-mediated degradation of IRP2. Hence, S-nitrosylation is a novel signal for IRP2 deg-

radation via the ubiquitin-proteasome pathway.

Physiologically, the majority of cells in vertebrates acquire
iron from a well-characterized plasma glycoprotein, transferrin
(Tf). Iron uptake from Tf involves the binding of Tf to the Tf
receptors (TfR), internalization of Tf within an endocytic ves-
icle by receptor-mediated endocytosis, and the release of iron
from Tf by a decrease in endosomal pH (15, 39, 41). Following
iron release from Tf within endosomes, Fe** passes through
the endosomal membrane by divalent metal transporter 1 (2,
8) and then enters the poorly characterized intracellular labile
pool (LIP). Intracellular iron that exceeds the requirement for
the synthesis of functional heme and nonheme iron-containing
proteins is stored within ferritin (39, 41).

In general, cellular iron homeostasis is regulated posttran-
scriptionally by the cytoplasmic factors iron regulatory proteins
1 and 2 (IRP1 and IRP2), which “sense” iron levels in the LIP
(7, 14, 35, 41). In the absence of iron in the LIP, IRPs bind to
specific nucleotide sequences called iron-responsive elements
(IREs), which are located in the 3’ untranslated region of TfR
mRNA (36, 41) and the 5' untranslated region of ferritin
mRNA (14, 30, 41). The binding of IRPs to IREs stabilizes
TfR mRNA and blocks ferritin mRNA translation. In iron-
replete cells, IRP1 contains a [4Fe-4S] cluster and binds RNA
with low affinity (13, 41). IRP2, however, does not have the
iron-sulfur cluster and is degraded under iron-replete condi-
tions. This degradation is dependent on a 73-amino-acid inser-
tion, rich in cysteine, which is absent in IRP1 (11, 20). Hence,
the expansion of the LIP inactivates IRP1 binding to IREs and
leads to a degradation of IRP2, resulting in a rapid degradation
of TR mRNA and an efficient translation of ferritin mRNA
(7, 35, 41). Importantly, IRPs can also be affected by various
forms of oxidative stress and nitric oxide (NO) (6, 12, 15, 38,
40, 46).

NO is an important signaling molecule (17, 18) that interacts
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with different targets depending on its redox state. The re-
duced form of NO (the notation NO is used here as a generic
expression encompassing all nitrogen monoxide species), NO',
interacts mainly with iron (39, 40) and is known to disrupt the
iron-sulfur cluster in IRP1 (25), leading to an increase in IRP1
binding to IREs (6, 40, 46). On the other hand, the oxidized
form of NO, NO™* (nitrosonium ion), reacts with thiol groups,
resulting in S-nitrosylation (42, 43). Numerous proteins have
been identified as targets for S-nitrosylation (4, 9, 23, 32, 37,
44), but the functional implications of this modification are not
yet fully understood. Previously, we observed that sodium ni-
troprusside (SNP), a compound with NO™" character that
readily promotes S-nitrosylation, decreased IRP2 protein lev-
els (26) in RAW 264.7 cells (a macrophage cell line); the
SNP-mediated degradation of IRP2 could be prevented by
inhibitors of proteasome-dependent protein degradation (26).
Importantly, the response to SNP was remarkably similar to
the IRP2 decrease seen in lipopolysaccharide-gamma interfer-
on-treated cells (27); these agents are known to induce NO
production in macrophages (31). Specific inhibitors of induc-
ible NO synthase prevented lipopolysaccharide-gamma inter-
feron-mediated degradation of IRP2 (27), indicating that their
effect is also caused by NO. Importantly, treatment of RAW
264.7 cells with either SNP or lipopolysaccharide-gamma in-
terferon led to a dramatic increase in ferritin synthesis that was
associated with a significant enhancement of iron incorpora-
tion into ferritin (28). The physiological relevance of NO reg-
ulation of IRP2 in macrophages is further supported by studies
showing that macrophages from IRP2-deficient mice have el-
evated ferritin levels (E. Meyron-Holtz, A. M. Martinez, and
T. A. Rouault, Proc. World Congr. Iron Metab., Biolron 2001,
abstract OS5, 2001). We deemed it important to define the
mechanism of IRP2 degradation by NO. In this study we dem-
onstrated that IRP2 is S-nitrosylated by SNP and that this
nitrosylation leads to its degradation via the ubiquitin-protea-
some pathway.



VoL. 24, 2004

MATERIALS AND METHODS

Cells. RAW 264.7 murine macrophages and COS1 cells were obtained from
the American Type Culture Collection and grown in 100-cm? plastic culture
dishes (Life Technologies) in a humidified atmosphere of 95% air and 5% CO,
at 37°C in Dulbecco’s modified Essential medium containing 10% fetal calf
serum, extra L-glutamine (300 pg/ml), sodium pyruvate (110 pg/ml), penicillin
(100 U/ml), and streptomycin (100 pg/ml).

Plasmid construction and transfection. IRP2 plasmid was obtained from Eliz-
abeth Leibold and amplified with primers containing the restriction sites of
BamH1 and Xhol. This fragment was cloned into mammalian expression vector
pcDNA3.1/His (Invitrogen). Mutations of IRP2 cysteines were generated with
the Quick-Change site-directed mutagenesis kit (Stratagene) as described in the
manufacturer’s manual, followed by sequencing analysis to confirm the accuracy
of mutations. Plasmids were transfected by Lipofectamine (Life Technologies)
according to the manufacturer’s instructions.

Preparation of **S-labeled IRP2. The COSI1 cells overexpressing IRP2 were
incubated with 50 wCi of [**S]methionine for 2 h in medium which lacked
methionine, following which cells were lysed with radioimmunoprecipitation
assay (RIPA) buffer (50 mM Tris CI [pH 7.5], 150 mM NaCl, 1% Nonidet P-40,
0.5% sodium deoxycholate, and 0.1% sodium dodecyl sulfate [SDS]), and
[>*S]IRP2 was immunoprecipitated with anti-Xpress antibody.

In vitro ubiquitin conjugation and degradation assay. Plasmid pcDNA3.1/His-
IRP2 was linearized by Xbal and in vitro translated with a TNT-coupled wheat
germ kit (Promega) in the presence of [*°S]methionine. Assays of ubiquitin
conjugation and degradation were performed as previously described (34).

Western blot analysis. About 5 X 107 cells were lysed with an extraction buffer
(10 mM HEPES [pH 7.5], 3 mM MgCl,, 40 mM NaCl, 5% glycerol, 1 mM
dithiothreitol [DTT], 0.2% Nonidet P-40), and 60 pg of protein was resolved
using SDS-6% polyacrylamide gel electrophoresis (PAGE). Protein was trans-
ferred to a nitrocellulose membrane, which was subsequently incubated with
rabbit anti-IRP2 antibodies (a generous gift from E. Leibold) or antinitrosothiol
(anti-SNO) antibody (Alexis Biochemicals Inc.). After 1 h of incubation, the
membranes were washed and incubated with alkaline phosphatase-conjugated
goat anti-rabbit immunoglobulin G (Sigma) for 1 h. The protein was then visu-
alized with an enhanced chemiluminescence Western blotting detection system
(Bio-Rad) according to the manufacturer’s manual.

Isoelectric focusing. Recombinant IRP2 was purified from yeast (generously
provided by E. Leibold) and pretreated with 10 mM DTT for 10 min. After
removing DTT by using Microcon (Millipore), IRP2 was treated with either 500
M nitrosoglutathione (GSNO) or SNP for 30 min. IRP2 was treated with 35
mM iodoacetamide and subjected to isoelectric focusing using a thin gel con-
taining pH 3.5 to 10.0 ampholyte (24). Protein was transferred to polyvinylidene
difluoride membrane and detected by anti-IRP2 antibody.

Immunoprecipitation analysis. Approximately 5 X 107 cells were incubated
with [**S]methionine in methionine-deficient minimum essential medium for 1 h.
The cells were then washed (three times) with cold phosphate-buffered saline
(PBS). The cells were lysed with RIPA buffer, and the equal amount of protein
was cleared with protein A-Sepharose (Amersham-Pharmacia). Three micro-
grams of antiferritin antibody was added to the lysate and incubated for 2 h at
4°C, following which 60 pl of protein A-Sepharose was added, and the beads
were washed with cold RIPA (three times) and boiled with SDS loading dye.
Immunoprecipitated protein was resolved using SDS-15% PAGE. The gels were
dried, and the band intensity was detected by fluorography.

RESULTS AND DISCUSSION

SNP decreases the stability of IRP2. We first investigated
whether the decrease in IRP2 protein levels after SNP treat-
ment of RAW 264.7 cells is caused by the degradation of this
protein. Following labeling of RAW 264.7 cells with [>>S]me-
thionine for 1 h, cells were treated with 100 pM SNP for
various time intervals and the amount of IRP2 was measured
by autoradiography following immunoprecipitation of IRP2
and SDS-PAGE (Fig. 1A). The levels of IRP2 started to de-
crease as early as 15 min of exposure of RAW 264.7 cells to
SNP, and this treatment caused a rapid degradation of
[**S]methionine-labeled IRP2 ([**S]IRP2) with an estimated
half-life of about 45 min, whereas in control cells levels of
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FIG. 1. The effect of SNP on IRP2 stability. (A) [*>S]IRP2 stability
in RAW264.7 cells. Following labeling of RAW264.7 cells with
[**SImethionine for 1 h, cells were washed with PBS (three times) and
incubated in growth medium with or without 100 uM SNP. [*>S]IRP2
was immunoprecipitated using anti-IRP2 antibodies and analyzed by
SDS-6.5% PAGE, followed by autoradiography. (B) Densitometric
analysis of [*>S]IRP2.

[**S]IRP2 remained virtually unchanged during 3 h of incuba-
tion (Fig. 1).

Because SNP is an iron complex, it may be argued that SNP
could donate iron to cells, resulting in IRP2 degradation. How-
ever, it is unlikely that SNP causes IRP2 degradation by in-
creasing iron levels in the LIP. First, the exposure of RAW
264.7 cells to SNP for 3 h does not decrease IRP1 activity (26),
which would occur if intracellular iron levels increased. Sec-
ond, iron-mediated deactivation of IRP1 and IRP2 occurs with
similar kinetics (12, 27). Third, the treatment of >Fe-labeled
RAW 264.7 cells with SNP did not mobilize *°Fe from ferritin
and other *?Fe-containing proteins (data not shown). Fourth,
ferricyanide, which is structurally very similar to SNP, did not
decrease IRP2 protein levels under conditions when SNP did
(26).

Since SNP may under certain conditions lead to the produc-
tion of peroxynitrite (ONOO ~, which forms by a reaction of
O, with NO") (1, 3), we examined the effects of SIN-1
(ONOO™ donor) or diethyleneaminetriamine NONO-ate
(NO' donor) plus xanthine-xanthine oxidase (O, -generating
system) on the binding of IRP2 to IRE. However, peroxynitrite
generated by these agents did not decrease IRP2 binding ac-
tivity in RAW 264.7 cells nor its protein levels (3 h treatment;
data not shown).

NO™* donors induce S-nitrosylation of IRP2 in vitro. Our
previous research suggested that an NO™-induced modifica-
tion of IRP2 leads to the degradation of IRP2 by the protea-
some (26). Despite the fact that the sequences of biochemical
reactions of the ubiquitin-proteasome pathway are well under-
stood (16), it is unclear how proteins are targeted for their
ubiquitination and consequent degradation. It is reasonable to
assume that this process is very specific, because numerous
short-lived proteins have to be identified among all the other
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FIG. 2. Invitro modification of IRP2 by SNP. (A) Isoelectric focusing analysis for S-nitrosylation of IRP2 and identification of target cysteines.
Following treatment of in vitro-translated [*>S]IRP2 with either 500 uM GSNO or SNP for 30 min, some samples (lanes 4, 5, 9, and 10) were
treated with 10 mM DTT for an additional 5 min. Iodoacetate (35 mM) was added to protect sulthydryls and to increase the negative charge on
the unmodified thiol groups by its alkylation. The protein was subjected to isoelectric focusing and detected by autofluorography. (B) In vitro
S-nitrosylation of recombinant WT IRP2. Recombinant IRP2 was treated without (control [CTL]) or with 500 uM concentration of either GSNO
or SNP for 30 min. Following this treatment, the samples were treated without or with HgCl, for 5 min and analyzed by slot blotting with anti-SNO
antibody (Alexis Biochemicals Inc.). (C) In vitro ubiquitin conjugation assay of IRP2. In vitro-translated [*>S]IRP2 was treated with or without 500
wM SNP for 30 min and then incubated (for 1.5 h) with cell lysate prepared from RAW 264.7 cells and various reagents as indicated. (D) In vitro
degradation assay. In vitro-translated IRP2 was pretreated with 500 uM SNP for 30 min and incubated without or with cell lysate from RAW264.7
cells and other reagents as indicated.
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FIG. 3. In vivo modification of IRP2 by SNP. (A) In vivo S-nitrosylation of endogenous IRP2. RAW 264.7 cells were incubated without (C) or
with 100 uM SNP (S) or 100 uM ferricyanide (F) for 1 h, washed, and lysed. SNO IRP2 was detected as described by Jaffrey et al. (23). Briefly,
free thiols in the lysate proteins were blocked by incubation with the thio-specific methylthiolating agent methyl methanethiosulfonate. After the
blocking of free thiols, nitrosothiols were selectively decomposed to thiols and subsequently reacted with a sulthydryl-specific biotinylating reagent.
All the biotinylated proteins (which were previously S-nitrosylated) were precipitated by using streptavidin beads, following which they were eluted
from the beads by 2-mercaptoethanol and subjected to SDS-PAGE and Western blot analysis using anti-IRP2 antibody (2-ME Eluates). The
“Starting Material” represents a Western blot analysis of IRP2 in untreated lysates. (B) In vivo S-nitrosylation of IRP2. Either WT or triple mutant
[3C-3S] His-tagged IRP2 was transfected into COS1 cells. Following labeling of RAW264.7 cells with [**S]methionine for 1 h, cells were washed
with PBS (three times) and incubated in growth medium with or without 500 M SNP and 100 M MG132. [**S]IRP2 was immunoprecipitated
using anti-His antibodies. The protein was subjected to isoelectric focusing and visualized by autofluorography. (C) In vivo ubiquitination assay of
[>*S]IRP2. Either WT or triple mutant [3C-3S] IRP2 was transfected together with HA-tagged ubiquitin plasmid into COS1 cells. IRP2 was
immunoprecipitated by using anti-IRP2 antibody and immunoblotted using HA tag antibody.
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FIG. 4. Identification of a target cysteine involved in IRP2 degradation. Western blot analysis of IRP2 after transfection of WT or mutated
IRP2. Plasmids containing either WT or mutated IRP2 were transfected into COS1 cells, and 48 h after the transfection cells were treated with
500 wM SNP for 6 h. The protein was detected by anti-Xpress tag antibody.

proteins. Degradation of a target protein seems to be mediated
by specific signals, which may be found in certain domains or
sequences that are required for rapid protein turnover (16).
Moreover, a substrate can be modified posttranslationally after
external stimuli. Examples of such modifications are phosphor-
ylation of IkBa (5) and hydroxylation of hypoxia-inducible
factor 1 (19, 22). NO™ is well known to interact with thiol
groups (e.g., -SH of cysteines in protein) (23, 42, 43), causing
S-nitrosylation of proteins, and this modification has been
shown to regulate the activity of these proteins (9, 23, 32, 37,
44). Importantly, three cysteines in IRP2 have been reported
to play an essential role in the stability of this protein (20, 21).
Therefore, we examined whether IRP2 can be a target for
S-nitrosylation by NO by comparing pl values of wild-type
(WT) IRP2 and its triple mutant (C168, C174, and C178 to
serine [3C-3S]). These cysteines reside in the unique 73-amino-
acid (AA) domain of IRP2, and this domain is essential for
IRP2 degradation in iron-replete cells. It has been reported
that these mutations prevent iron-mediated degradation of
IRP2 (20, 21), which cannot be S-nitrosylated at mutated sites.
[*>S]IRP2, prepared by in vitro translation in the wheat germ
system, was incubated with 500 uM SNP for 30 min. Both WT
(Fig. 2A, lanel) and mutant IRP2 (Fig. 2A, lane 6) showed a
pI of 6.4, which is equivalent to the calculated pI value based
on the amino acid composition of the protein. Importantly,
neither ferricyanide nor cyanide, which are the decomposition
products of SNP, caused any change in the pI of IRP2 (data
not shown). Treatment with GSNO or SNP raised the pI of
IRP2 from 6.4 to 7.0. When either GSNO- or SNP-treated WT
IRP2 was exposed to DTT, which removes NO from S-nitrosy-
lated proteins (33), the pI value decreased from 7.0 to 6.4 (Fig.
2A, lanes 4 and 5). In contrast, the pI value of [3C-3S] mutant
IRP2 did not change following either GSNO or SNP treatment
(Fig. 2A, lanes 7 and 8). In another experimental strategy, the
recombinant IRP2 protein which was purified from yeast was
treated without or with either GSNO or SNP. S-nitrosylation,
detected by the anti-SNO antibody, occurred only in GSNO- or
SNP-treated samples (Fig. 2B). Treatment of samples with
HgCl,, which is known to cleave NO from SNO (32), led to a
disappearance of the signal detectable by the anti-SNO anti-
body (Fig. 2B). Collectively, these data indicate that IRP2 is a
target for S-nitrosylation after exposure to either GSNO or
SNP.

S-nitrosylation of IRP2 leads to its degradation via the ubiq-
uitin-proteasome pathway in vitro. To examine whether S-
nitrosylation is a signal for degradation by the 26S proteasome
that in most cases requires ubiquitination of proteins destined
for proteolysis (16), we first performed an in vitro ubiquitin
conjugation assay. We compared WT IRP2 and its [3C-3S]
mutant. Following the incubation of SNP-treated [**S|IRP2 in
the lysate of RAW 264.7 cells in the presence of various re-
agents (Fig. 2C), [*>S]IRP2 was analyzed by SDS-PAGE. As
shown in Fig. 2C, SNP treatment substantially increased the
appearance of higher-molecular-weight bands in the presence
of both MG132 and ubiquitin aldehyde, which block the deg-
radation and deubiquitination, respectively, of ubiquitinated
proteins (32) (Fig. 2C, lane 5). The high-molecular-weight
bands provided evidence for the accumulation of multiubiq-
uitinated species of IRP2 whose formation was induced by
SNP. However, mutation of cysteines completely prevented
ubiquitination of IRP2 (Fig. 2C, lane 11).

A prominent feature of ubiquitin-dependent proteolysis is
its dependence on ATP, which is required for conjugation of
ubiquitin to the substrate and for degradation of the ubiquiti-
nated protein by the proteasome (16). To further characterize
the mechanism of degradation of IRP2 triggered by S-nitrosy-
lation, we exploited ATPyS, which is a nonhydrolysable ATP
analog. Pretreatment of [>>S]IRP2 with 500 uM SNP for 30
min caused its degradation in the presence of ATP and cell
lysate (Fig. 2D, lane 3), while in the absence of SNP, levels of
[**S]JIRP2 remained unchanged (Fig. 2D, lane 2). Moreover,
either addition of MG132 or replacement of ATP with ATPyS
blocked the SNP-induced degradation of WT IRP2 (Fig. 2D,
lanes 4 and 5), indicating that IRP2 degradation induced by
SNP is ATP dependent. Importantly, SNP was unable to in-
duce the degradation of mutated IRP2 (Fig. 2D, lane 8). Taken
together, these data indicate that IRP2 is a target for S-nitrosy-
lation by SNP and that this modification leads to IRP2 degra-
dation via a ubiquitin-proteasome pathway in vitro.

SNP causes S-nitrosylation of IRP2 and its consequent
ubiquitination in vivo. To investigate whether SNP can cause
S-nitrosylation of IRP2 in vivo, RAW 264.7 cells were incu-
bated with 100 uM SNP for 1 h and examined for S-nitrosy-
lation of IRP2 using a novel method developed by Jaffrey et al.
(23). Figure 3A shows that IPR2 is S-nitrosylated only in SNP-
treated cells. Moreover, COS1 cells were transfected with an
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FIG. 5. In vitro modification of IRP2 by SNP. (A) In vitro ubiquitin conjugation assay of IRP2. In vitro-translated [**S]IRP2 (either WT or the
C178S mutant) was treated with or without 500 wM SNP for 30 min and then incubated (for 3 h) with lysate prepared from RAW 264.7 cells and
various reagents as indicated. (B) In vitro degradation assay. In vitro-translated [**S]IRP2 was pretreated with 500 uM SNP (lanes 3 to 5 and 8
to 10) for 30 min and incubated with cell lysate from RAW264.7 cells and other reagents as indicated.

expression plasmid containing either WT or [3C-3S]IRP2, each
tagged with Xpress. Following labeling of IRP2-transfected
COSl1 cells with [**S]methionine for 1 h, cells were treated with
500 wM SNP for 3 h, and IRP2 was analyzed by autoradiog-
raphy after its immunoprecipitation and resolution by isoelec-
tric focusing. SNP treatment of COS1 cells expressing WT
IRP2 changed its pI from 6.4 to 7 (Fig. 3B, lanes 1 and 2);
addition of 10 mM DTT to the lysate prepared from SNP-
treated cells changed the pI to the value seen in untreated cells
(Fig. 3B, lane 3). In contrast, no change in the pI of IRP2 was
observed when COS1 cells transfected with [3C-3S]IRP2 were
treated with SNP. These results indicate that IRP2 can be
S-nitrosylated in vivo and its cysteine(s) are targets for S-
nitrosylation. To examine whether SNP-mediated S-nitrosyla-
tion of IRP2 causes ubiquitination of IRPs in intact cells,
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FIG. 6. A plasmid containing WT IRP2 was transfected into COS1
cells, and 48 h after the transfection cells were pretreated (overnight)
with 2 mM SA, following which the cells were treated with either 200
wM SNP or 200 pg of FAC/ml for 6 h. The protein was detected by
anti-Xpress tag antibody.



336 KIM ET AL.

COS1 cells were cotransfected with a vector expressing hem-
agglutinin (HA)-tagged human ubiquitin (45) and an expres-
sion plasmid harboring either WT IRP2 or the [3C-3S] IRP2
mutant, each containing the Xpress tag. Cotransfected COS1
cells were then treated with 500 wM SNP and 100 pM MG132
for 6 h, following which IRP2 was immunoprecipitated by
anti-Xpress antibodies and immunoblotted using anti-HA tag
antibodies. Treatment of cotransfected cells with these agents
enhanced the appearance of multiubiquitinated species only in
the transfectant expressing the WT IRP2 (Fig. 3C, lane 2
versus 6). These results, together with those shown in Fig. 2,
indicate that IRP2 is S-nitrosylated by SNP and that this mod-
ification leads to its degradation via the ubiquitin-proteasome
pathway.

S-nitrosylation of cysteine 178 is required for IRP2 degra-
dation. Next, we investigated the target cysteine(s) for S-ni-
trosylation of IRP2 by constructing a series of plasmids con-
taining single or double substitutions of cysteines with serines
in IRP2. Cells were transfected with a series of mutants and
treated with 500 wM SNP for 6 h. As expected, treatment of
transfected cells with SNP caused a decrease in WT IRP2 (Fig.
4, lanes 1 and 2) but did not result in the degradation of the
[3C-3S] IRP2 mutant (Fig. 4, lanes 15 and 16). Moreover, SNP
treatment decreased levels of IRP2 which had single cysteine
mutations at positions 168 or 174 (Fig. 4, lanes 3 versus 4 and
5 versus 6), whereas the C178S IRP2 mutant did not exhibit
any sign of degradation (Fig. 4, lanes 7 and 8). Importantly,
SNP-induced degradation of IRP2 did not occur when the
double mutants contained the C178S mutation, such as C168/
C178S and C174/C178S (Fig. 4, lanes 11 to 14), while C168S/
C174S IRP2 was still degraded (Fig. 4, lanes 9 and 10) in cells
exposed to SNP. These data indicate that C178 is essential for
IRP2 degradation following SNP treatment.

Additional experiments (Fig. 5) further stressed the impor-
tance of cysteine 178 in IRP2 degradation via the ubiquitin-
proteasome system. Using the same strategy as described for
Fig. 2C, we demonstrated that the C178S mutant of IRP2
cannot be ubiquitinated (Fig. 5A, lane 11 versus 5). It is per-
tinent to mention that a low degree of ubiquitination of WT
IRP2 occurred even in the absence of SNP, but only in the
presence of the lysate prepared from RAW 264.7 cells (Fig.
5A, lanes 3 and 4). It is likely that some lysate preparations, but
not all (Fig. 2C), contain molecules (e.g., GSNO) that lead to
S-nitrosylation. This is not totally unexpected, since S-nitrosy-
lating species of NO are ubiquitously present in cells (10).
Moreover, in contrast to WT IRP2, the C178S mutant was not
degraded in the proteasome (Fig. 5B, lane 8 versus 3).

It needs to be pointed out that NO-mediated degradation of
IRP2 is associated with increased ferritin synthesis in macro-
phage cell lines and that IRP2-deficient mice exhibit a dra-
matic increase in ferritin levels in various tissues (29), includ-
ing macrophages (Meyron-Holtz et al., Proc. World Congr.
Iron Metab., 2001). These observations are consistent with the
idea that NO regulation of IRP2 in macrophages is of physi-
ological and pathophysiological relevance. It has been pro-
posed that an NO-mediated increase of ferritin synthesis via
IRP2 downregulation in macrophages plays a role in anemia of
chronic disease (28) and that overexpression of ferritin in mac-
rophages of IRP2-deficient mice may lead to a misperception
of iron deficiency and consequently misregulation of iron ex-
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port from macrophages (Meyron-Holtz et al., Proc. World
Congr. Iron Metab., 2001).

Recently, Yamanaka et al. (47) identified the ubiquitin li-
gase that recognizes oxidized IRP2 and also demonstrated that
degradation of IRP2 by iron requires the synthesis and avail-
ability of heme. These investigators showed that succinylac-
etone (SA, a specific inhibitor of heme synthesis at the level of
5-aminolevulinic acid dehydratase) prevented iron-mediated
degradation of IRP2. Hence, we investigated whether NO-
mediated degradation of IRP2 is also a part of this pathway.
COS1 cells were transfected with WT IRP2, following which
the cells were pretreated with 2 mM SA for ~12 h to ensure
the depletion of heme; the cells were then treated with either
200 uM SNP or 200 pg of ferric ammonium citrate (FAC)/ml
for 6 h. As expected, the treatment of cells with either FAC or
SNP caused the degradation of WT IRP2 (Fig. 6, lanes 2 and
3); the treatment of cells with 2 mM SA did not significantly
change the basal level of IRP2 expression. We confirmed (Fig.
6, lane 5) that the treatment of cells with SA prevented FAC-
mediated degradation of IRP2 (47); however, the depletion of
cellular heme did not prevent the SNP-mediated degradation
of IRP2 (Fig. 6, lane 6). Moreover, we examined the effect of
SA on the SNP-mediated degradation of endogenous IRP2 in
RAW264.7 cells and obtained the same results as those de-
scribed for IRP2-transfected COS1 cells (data not shown).
These data suggest that NO-induced degradation of IRP2 does
not follow the same pathway used in iron-mediated degrada-
tion of IRP2.

In summary, we have demonstrated that SNP induces S-
nitrosylation of IRP2, both in vitro and in vivo, and that the
specific modification of C178 targets IRP2 for degradation via
the ubiquitin-proteasome pathway. Hence, we have identified
S-nitrosylation as a novel posttranslational modification that
targets a protein for recognition by the ubiquitin-proteasome
system. This modification now joins phosphorylation and hy-
droxylation as a family of molecular switches that can precisely
activate the degradation of a protein. Moreover, our findings
provide a new perspective on the molecular mechanism by
which NO exerts its signaling function.
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