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Reactive oxygen species are known to participate in the regu-
lation of intracellular signaling pathways, including activation
of NF-�B. Recent studies have indicated that increases in intra-
cellular concentrations of hydrogen peroxide (H2O2) have anti-
inflammatory effects in neutrophils, including inhibition of the
degradation of I�B� after TLR4 engagement. In the present
experiments, we found that culture of lipopolysaccharide-stim-
ulated neutrophils and HEK 293 cells with H2O2 resulted in
diminished ubiquitination of I�B� and decreased SCF�-TrCP

ubiquitin ligase activity. Exposure of neutrophils or HEK 293
cells to H2O2 was associated with reduced binding between
phosphorylated I�B� and SCF�-TrCP but no change in the com-
position of the SCF�-TrCP complex. Lipopolysaccharide-in-
duced SCF�-TrCP ubiquitin ligase activity as well as binding of
�-TrCP to phosphorylated I�B� was decreased in the lungs of
acatalasemic mice and mice treated with the catalase inhibitor
aminotriazole, situations in which intracellular concentrations
of H2O2 are increased. Exposure to H2O2 resulted in oxidative
modification of cysteine residues in �-TrCP. Cysteine 308 in
Blade 1 of the �-TrCP �-propeller region was found to be
required for maximal binding between �-TrCP and phosphory-
lated I�B�. These findings suggest that the anti-inflammatory
effects of H2O2 may result from its ability to decrease ubiquiti-
nation aswell as subsequent degradationof I�B� through inhib-
iting the association between I�B� and SCF�-TrCP.

Reactive oxygen species (ROS)4 are generated during normal
physiologic processes and participate in the maintenance of
cellular homeostasis (1). However, increased production of
ROS accompanies pathophysiologic conditions, such as

chronic obstructive pulmonary disease, sepsis, and ischemia-
reperfusion injury, that are characterized by activation of neu-
trophils, macrophages, and other cell populations to release
cytokines and other proinflammatory mediators, many of
which are under the regulatory control of the transcription fac-
tor NF-�B (2–5). Although initial reports indicated that ROS,
such as superoxide and hydrogen peroxide (H2O2), exerted
proinflammatory effects through activation of NF-�B, more
recent studies have shown that ROS are not only responsible for
inducing inflammation but also can have potent anti-inflam-
matory properties. In particular, increases in intracellular con-
centrations ofH2O2 have been demonstrated to diminish TLR4
(Toll-like receptor 4)-induced activation of NF-�B and produc-
tion of proinflammatory cytokines in neutrophils, epithelial
cells, and other cell populations (6–8).
NF-�B p50/p65 heterodimers are retained in the cytoplasm

by binding to the inhibitorymolecule I�B� (inhibitor ofNF-�B)
(9). However, in response to external stimuli, such as engage-
ment of TLR4, I�B� is degraded by a three-step process involv-
ing phosphorylation by IKK kinases, polyubiquitination by the
SCF�-TrCP (Skp1-cullin-F-box/�-transducin repeat-containing
protein) complex, and degradation of ubiquitinated I�B� by the
26 S proteasome, thereby exposing the nuclear localization
sequence in NF-�B and permitting translocation of NF-�B to
the nucleus (10–12). Previous studies from our laboratory
showed that exposure of LPS-stimulated neutrophils to H2O2
was associated with diminished degradation of I�B� and
decreased translocation of NF-�B to the nucleus, providing a
potential mechanism for the anti-inflammatory properties of
H2O2. Increased intracellular concentrations of H2O2 did not
affect LPS-induced activation of IKK or phosphorylation of
I�B� (13). Although H2O2 has been shown to diminish 26 S
proteasome activity, at least in part through oxidative modifi-
cation and S-glutathionylation of the Rpn2 regulatory particle
(14), the extent of stabilization of I�B� in LPS-stimulated neu-
trophils cultured with H2O2 was greater than that produced by
treatment with MG132, a specific inhibitor of the 26 S protea-
some (6). Such results suggest that H2O2 may affect additional
processes, such as the ubiquitination of I�B�, which are
involved in targeting I�B� for degradation by the 26 S protea-
some and which contribute to the activation of NF-�B (15–17).
SCF E3 ubiquitin ligases consist of three invariable coremol-

ecule components, Skp1, cullin-1 (Cul1), and Rbx1 (also known
as Roc1 or Hrt1), associated with an F-box protein and ubiq-
uitin-conjugating enzyme (E2) (18, 19). The individual F-box
protein and E2 enzyme associated with the SCF ligase complex
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provide substrate specificity. For ubiquitination of I�B�, the
specific F-box protein and E2 bound to SCF are �-TrCP and
UbcH3/Cdc34, respectively (20–22). Association of phosphor-
ylated I�B� with the �-TrCP component of SCF�-TrCP permits
proper positioning of I�B� for polyubiquitination by UbcH3/
Cdc34 (19, 23, 24).
In the present experiments, we examined the ability of H2O2

to modulate I�B� ubiquitination and SCF�-TrCP activity after
TLR4 engagement. We found that exposure to H2O2 or inhibi-
tion of catalase, a situation associated with increased intracel-
lular concentrations of H2O2 (6, 13), resulted in diminished
association of SCF�-TrCP with I�B� as well as decreased ubiq-
uitination of I�B�.

EXPERIMENTAL PROCEDURES

Mice—Male C57BL/6, C3HeB/FeJ, or acatalasemic C3Ga.
Cg-Cat B/Jmice, 8–12weeks of age, were purchased from Jack-
son Laboratory (Bar Harbor, ME). The mice were kept on a
12-h/12-h light/dark cycle with free access to food and water.
All experiments were conducted in accordance with institu-
tional reviewboard-approved protocols (University ofAlabama
at Birmingham Institutional Animal Care andUseCommittee).
Materials—Hydrogen peroxide, lipopolysaccharide (LPS;

from Escherichia coli O4:B111), 3-amino-1,2,4-triazole (ATZ),
andMG132 were purchased from Sigma. Anti-cullin-1, anti-�-
TrCP, and anti-c-Myc antibodies were from Zymed Laborato-
ries Inc. (South San Francisco, CA). Rabbit anti-I�B�, mouse
anti-phospho-I�B�, and mouse anti-ubiquitin antibodies were
fromCell Signaling Technology (Danvers, MA). Mouse anti-�-
catenin antibodies were from BD Transduction Laboratories
(San Jose, CA). Goat anti-mouse IgG (H � L)-horseradish per-
oxidase conjugate and goat anti-rabbit IgG (H � L)-horse-
radish peroxidase conjugate were from Bio-Rad, whereas
goat anti-mouse �-chain-horseradish peroxidase was from
SouthernBiotech (Birmingham, AL).
Neutrophil Isolation and Culture—Bone marrow neutrophils

were isolated as described previously (6, 25, 26). Neutrophil purity
was consistently�97%, as determined byWright-Giemsa-stained
cytospin preparations. Neutrophils were cultured in RPMI 1640
medium containing 0.5% fetal bovine serum and treated as indi-
cated in the figure legends. Neutrophil viability as determined by
trypan blue staining was consistently �95%.
Cell Culture, Transfection, and Generation of Stable Cell

Lines—Human embryonic kidney cells (HEK 293) cells were
maintained in RPMI 1640 (Sigma) containing 10% fetal bovine
serum (Atlanta Biologics), and penicillin/streptomycin solu-
tion (1:10; Sigma). 293-hTLR4/MD2-CD14 cells, an isolated
HEK 293 clone stably transfected with hTLR4,MD2, and CD14
genes (catalog number 293-htlr4-md2-cd14, Invivogen), were
maintained according to the manufacturer’s instructions. In
experimental procedures, all treatments were performed in
serum-free media as described in the figure legends. Cells were
transfected using Lipofectamine 2000TM reagent. Stable cell
lines overexpressing �-TrCP were generated by transfecting
293-hTLR4/MD2-CD14 cells with �-TrCP-FLAG plasmid
DNA using Lipofectamine 2000TM reagent followed by G418
(Sigma) selection.

Acute Lung Injury Model—Acute lung injury was induced by
intratracheal administration of 1 mg/kg LPS in 50 �l of phos-
phate-buffered saline as described previously (8, 13, 27, 28).
Briefly, mice were anesthetized with isoflurane and then sus-
pended by their upper incisors on a 60° incline board. The
tongue was then gently extended, and LPS solution was depos-
ited into the pharynx (8, 25, 29). Mice were pretreated with
saline or ATZ (500mg/kg body weight dissolved in 0.9% saline)
intraperitoneally, and 4 h later, LPS (1mg/kg)was administered
intratracheally. Lungs were harvested 24 h after LPS
administration.
Construction of Expression Plasmids and Recombinant Pro-

tein Expression—A full-length human �-TrCP cDNA was
purchased from Open Biosystems and cloned into 3�FLAG-
CMV10 (Sigma) for mammalian expression. Four FLAG-
tagged point mutant constructs of �-TrCP-C308A (MB1),
C348A (MB2), C471A (MB5), and C511A (MB6) were gener-
ated using PCR mutagenesis. An IKK� cDNA containing
N-terminal amino acids 1–420 was obtained from Open Bio-
systems and cloned into 3�FLAG-CMV10. Full-length human
Roc1, Skp1, and UBCH3/Cdc34 (Open Biosystems) were
cloned into pcDNA-Myc vector for mammalian expression as
Myc-tagged proteins. A full-length cDNA for �-catenin was
purchased from Open Biosystems. The I�B� construct in
pET15b was kindly provided by Dr. Gourisankar Ghosh (Uni-
versity of California, San Diego, La Jolla, CA). I�B� and �-cate-
ninwere cloned into pGEX vector (GEHealthcare) for bacterial
expression as N-terminal GST fusion proteins. GST-tagged
recombinant proteins were purified using glutathione-Sepha-
rose (GE Healthcare).
In Vitro Phosphorylation of I�B� and�-Catenin—Phosphor-

ylation of I�B� or �-catenin was performed using 2 �g of GST-
tagged substrate protein, 50 ng of IKK� (Cell Signaling, Dan-
vers, MA), or GSK3� (SignalChem, Richmond, Canada), in 50
�l of 1� kinase buffer (Cell Signaling) and 2 mM ATP for 1 h at
room temperature. The phosphorylated products were stored
at �80 °C until used.
In Vitro Ubiquitination Assay—Cultured cells and neutro-

phils were lysed, or lungs of mice were homogenized in lysis
buffer consisting of 50 mM Tris, pH 8.0, 5 mM EDTA, 150 mM

NaCl, 10 mM NaF, 2 mM Na3VO4, protease inhibitor mixture
(1:100, v/v) (Sigma), and 0.5% Nonidet P-40. Protein concen-
trations were determined using Bradford’s reagent (Bio-Rad).
To immunoprecipitate SCF�-TrCP, 1 mg of cell lysates or lung
homogenates was incubated with anti-cullin-1 mouse mono-
clonal antibody in 1ml of lysis buffer containing 5% glycerol for
2 h, followed by the addition of 30 �l of Protein A-Sepharose
beads (Sigma) and incubation overnight at 4 °C with continu-
ous stirring. The beads were then washed three times with lysis
buffer and twice with ligase buffer (50 mM Tris, pH 7.5, 25 mM

MgCl2, 2 mM Na3VO4, 10 mM NaF). Ubiquitination was per-
formed with the washed beads resuspended in 30 �l of solution
containing 100 ng of E1-GST (Boston Biochem, Cambridge,
MA), 500 ng of His-tagged UbcH3 (Boston Biochem), 1 �g of
ubiquitin-FLAG (BioMol, Plymouth Meeting, PA), Energy
Regeneration Solution (Boston Biochem) (a mixture that con-
tains MgCl2, ATP, and ATP-regenerating enzymes to recycle
hydrolyzedATP (i.e.AMPandADP toATP)), 100�MATP, and
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200 ng of phosphorylated substrate for 1 h at 30 °C. The reac-
tion was then stopped by adding SDS-PAGE loading buffer,
followed by boiling the samples for 15 min, and resolution on
6% SDS-PAGE. Ubiquitination of substrates was detected by
either anti-ubiquitin antibodies or antibodies to I�B� or
�-catenin.
GST Pull-down of �-TrCP Using Phospho-GST-I�B� or

Phospho-GST-�-Catenin—PhosphorylatedGST-I�B�orphos-
phorylated GST-�-catenin (500 ng) was added to 1 mg of pro-
tein obtained from cell lysates or lung extracts in 1 ml of lysis
buffer containing 5% glycerol. Glutathione-Sepharose beads
were added, and themixture was incubated at 4 °Cwith contin-
uous stirring for 1 h. The beads were washed three times with
lysis buffer, and I�B�- or �-catenin-bound �-TrCP was ana-
lyzed by immunoblotting with specific antibodies to FLAG or
�-TrCP.

Imaging of DCF Fluorescence—
Intracellular levels of ROS, includ-
ing hydrogen peroxide, were mea-
sured using the redox-sensitive
probe DCFH-DA (30) in conjunc-
tionwith fluorescentmicroscopy (1,
6, 8, 31–33). Briefly, neutrophils,
HEK293 cells, or 293-hTLR4/MD2-
CD14 cells (�80% confluent) were
incubated in a 4-well chambered
coverglass (Nalge; Naperville, IL)
with dichlorofluorescein diacetate
(10 �M) for 60 min, followed by
treatment with various concentra-
tions of H2O2 or LPS at 37 °C.
Imageswere acquired by single bidi-
rectional scans of live cells using a
Leica DMIRBE inverted epifluores-
cence/Nomarski microscope outfit-
ted with Leica TCS NT laser confo-
cal optics. The pinhole setting was
0.2 Airy units, and laser excitation
was set for 5% to avoid dye photo-
oxidation. The levels of fluores-
cence were averaged using Sim-
plePCI software (Compix; Cranberry
Township, PA). Images were pro-
cessed using IPLab Spectrum and
Adobe Photoshop (Adobe Systems)
software.
Cytokine Enzyme-linked Immu-

nosorbent Assay—Levels of tumor
necrosis factor-� from neutrophils
into culture media were deter-
mined using commercially available
enzyme-linked immunosorbent as-
say kits (R&D Systems, Minneapo-
lis, MN), according to the man-
ufacturer’s instructions and as
previously described (7, 8, 13, 34).
Measurement of Proteasome Ac-

tivity—26 S proteasomal chymo-
trypsin-like and trypsin-like activity was measured in HEK
293 cells using the fluorogenic peptide substrate succinyl-
Leu-Leu-Val-Tyr-7-amido-4-methylcoumarin or t-butoxy-
carbonyl-Leu-Arg-Arg-7-amido-4-methylcoumarin, respectively, as
previously described (13, 35–38).
Labeling of �-TrCP Free Cysteine Thiols—The extent of free

(unoxidized) cysteine residues within �-TrCP was determined
using the biotinylated iodoacetyl ethylenediamine (BIAM)-la-
beling assay (14, 39–42). Briefly, cell lysates (0.5 mg/ml)
obtained from HEK 293 cells that transiently expressed
�-TrCP-FLAGwere incubated with BIAM (100 �M) for 30min
at room temperature, and then excess BIAM was removed by
passing the extracts through Bio-Gel P10. Next, BIAM-protein
conjugates were precipitated with streptavidin-agarose for 1 h
at 4 °C. Samples were washed four times with lysis buffer con-
taining 0.05% SDS and then subjected to reducing SDS-PAGE

FIGURE 1. Effects of H2O2 and 26 S proteasomal inhibition on I�B� degradation and cytokine production
in LPS-stimulated cells. A–C, neutrophils or 293-hTLR4/MD2-CD14 cells were cultured with H2O2 (0 or 300 �M)
for 5 min and then with LPS (0 or 100 ng/ml) for an additional 60 min. In specified experiments, cells were
preincubated with the 26 S proteasomal inhibitor MG132 (10 �M) for 1 h before the addition of H2O2 and LPS to
the cultures. Representative Western blots show the levels of I�B� in neutrophils (A) as well as I�B� (B) and
phospho-I�B� (C) in 293-hTLR4/MD2-CD14 cells. D, neutrophils were cultured with LPS or H2O2 or the combi-
nation of H2O2 and LPS for the indicated time period. Western blot analysis of phospho-Ser-32/36I�B�, total
I�B�, and actin is shown. E, proteasomal chymotrypsin-like and trypsin-like activity was measured in neutro-
phils incubated with MG132 (0 or 10 �M) or H2O2 (0, 300, or 500 �M) for 60 min. Values are means � S.D. (***, p �
0.001 compared with untreated cells; ���, p � 0.001 comparing treatment with H2O2 (300 �M) with MG132
(10 or 30 �M)). F, levels of tumor necrosis factor-� were measured in cell culture supernatants from neutrophils
cultured with LPS, H2O2, or H2O2 and LPS for 5 h. In specified experiments, cells were preincubated with MG132
(0 or 10 �M) for 1 h before LPS or H2O2 treatment (means � S.D.; n � 3; ���, p � 0.001 comparing LPS with
untreated; ***, p � 0.001 comparing LPS treatment with cells incubated with either LPS and H2O2 or MG132).

H2O2 Inhibits SCF�-TrCP Activity

JANUARY 22, 2010 • VOLUME 285 • NUMBER 4 JOURNAL OF BIOLOGICAL CHEMISTRY 2667



andWestern blot analysis with antibodies to �-TrCP or FLAG
peptide. Cells were also directly incubatedwith BIAM (200�M)
for 20 min, and then cell lysates were passed through Bio-Gel
P10 to remove excess BIAM. The amount of BIAM-�-TrCP
adduct formation was determined using streptavidin-agarose
pull-down followed by Western blot analysis with antibodies
specific to �-TrCP or FLAG peptide.
Statistical Analyses—For each experiment, neutrophils were

isolated and pooled from groups of mice (n � 3–4), and all
conditions were studied at the same time. Data are presented as
means� S.D. for each experimental group.One-way analysis of
variance, theTukey-Kramermultiple comparison test (formul-
tiple groups), or Student’s t test (for comparisons between two
groups) were used. p � 0.05 was considered significant.

RESULTS

Inhibitory Effects of Hydrogen Peroxide on TLR4-induced
I�B� Degradation—In recent studies, we demonstrated that
increased intracellular levels of H2O2 were associated with
diminished degradation of I�B� and reduced 26 S proteasomal
activity in LPS-stimulated neutrophils (6, 8). As shown in Fig. 1,
A–C, whereas exposure of LPS-stimulated neutrophils or 293-
hTLR4/MD2-CD14 cells to H2O2 resulted in diminished deg-
radation of I�B�, the extent of I�B� stabilization in H2O2-
treated cells was greater than that found after blockade of 26 S
proteasomal function with MG132 in the absence of H2O2.
These results suggested that the mechanisms by which H2O2
prevents I�B� degradation may extend beyond proteasomal
inhibition.
Because phosphorylation of I�B� is required for its polyubiq-

uitination and subsequent degradation by the 26 S proteasome,
we hypothesized that a mechanism by which H2O2 might
diminish TLR4-induced degradation of I�B� was through
inhibiting I�B� phosphorylation. To examine this possibility,
293-hTLR4/MD2-CD14 cells were stimulated with LPS in the
presence or absence of H2O2. As shown in Fig. 1C, H2O2 expo-
sure appeared to have no effect on LPS-induced phosphoryla-
tion of I�B�. Although exposure to LPS or LPS and H2O2 both
resulted in enhanced phosphorylation of I�B�, the amount of
total I�B� decreased in LPS-treated cells but not in those
treated with both LPS and H2O2 (Fig. 1D). Next, we examined
the effects ofH2O2 andMG132 on 26 S proteasomal activity. As
shown in Fig. 1E, incubation of HEK 293 cells with MG132
resulted in inhibition of trypsin-like and chymotrypsin-like
proteasomal activity; such inhibition of 26 S proteasomal func-
tionwasmore pronounced in cells treatedwithMG132 as com-
pared with that found in cells treated withH2O2 alone (Fig. 1E).
As shown in Fig. 1F, preincubation with H2O2 or MG-132 had
inhibitory effects on the release of tumor necrosis factor-� from
LPS-stimulated neutrophils.
The experiments shown in Fig. 1, A–D, indicate that

although H2O2 appeared to be a less potent inhibitor of 26 S
proteasomal activity thanwasMG132, exposure of LPS-treated
cells to H2O2 appeared to stabilize I�B� levels to a greater
extent than did MG132. These results suggest that in addition
to its inhibitory actions on the 26 S proteasome, H2O2 alsomay
affect upstream events that result in I�B� stabilization, such as
through modulating I�B� ubiquitination.

Effects of H2O2 on I�B� Ubiquitination by SCF�-TrCP—Ubiq-
uitination of I�B� occurs after TLR4 engagement (43) and is
required for the processing and degradation of I�B� by the 26 S
proteasome. As shown in Fig. 2, A and B, exposure of neutro-
phils or 293-hTLR4/MD2-CD14 cells to LPS resulted in
increased ubiquitination of I�B�, an effect that was enhanced
by blockade of 26 S proteasomal activity following the addition
of the proteasomal inhibitor MG132 to the cultures. In con-
trast, LPS-induced ubiquitination of I�B� was diminished in a
concentration-dependent manner after exposure of cells to
H2O2.
The E3 ubiquitin ligase SCF�-TrCP is responsible for the ubiq-

uitination of I�B� (15, 44, 45). Therefore, given the diminished
ubiquitination of I�B� in H2O2-exposed cells, it seemed possi-
ble that H2O2 might affect SCF�-TrCP activity. As shown in Fig.
2,C andD, SCF�-TrCP isolated fromneutrophils or 293-hTLR4/

FIGURE 2. Exposure to H2O2 diminishes SCF�-TrCP-dependent ubiquitina-
tion of I�B�. A and B, levels of ubiquitinated I�B� (Ubn-I�B�) were deter-
mined in neutrophils (A) or in 293-hTLR4/MD2-CD14 cells that transiently
expressed Myc-tagged I�B�, IKK�-FLAG, or Ub-HA. In B, cells were treated
with combinations of H2O2, LPS, and MG132 as indicated, and cell extracts
were subjected to immunoprecipitation (IP) with anti-ubiquitin antibodies.
Representative Western blots show the amounts of Ubn-I�B� conjugates
detected with antibodies specific for phospho-I�B�. Two additional experi-
ments provided similar results. C and D, neutrophils (C) or 293-hTLR4/MD2-
CD14 cells stably expressing �-TrCP-FLAG (D) were cultured with H2O2 (0 or
300 �M) for 60 min, and then the SCF�-TrCP complex was immunoprecipitated
from cell extracts using anti-cullin-1 antibodies, followed by determination of
SCF�-TrCP-dependent ubiquitination of phosphorylated recombinant I�B�.
Representative Western blots show levels of Ubn-I�B� as detected with anti-
phospho-I�B� antibodies. A second experiment provided similar results.
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MD2-CD14 cells cultured with H2O2 was less able to ubiquiti-
nate I�B� than was SCF�-TrCP purified from cells that had not
been exposed to H2O2.

In initial experiments to determine the mechanism for the
inhibitory actions of H2O2 on SCF�-TrCP ubiquitin ligase activ-
ity, we examined the effect of H2O2 on cullin-1 neddylation, a
process that has been shown to result in enhanced SCF�-TrCP

activity (45). Despite the reduction of SCF�-TrCP activity in
H2O2-exposed cells, incubation of HEK 293 cells with H2O2
resulted in increased cullin-1 neddylation (Fig. 3A). Such
results indicate that the ability of H2O2 to diminish SCF�-TrCP

activity was not due to inhibition of cullin-1 neddylation.
Because the H2O2-induced decrease in SCF�-TrCP ubiquitin

ligase activity might be due to alterations in the composition of
the SCF�-TrCP complex, we determined binding of �-TrCP to
Skp1, cullin-1 to Skp1, and cullin-1 to Roc1 in HEK 293 cells
that were transfected with �-TrCP-FLAG and Skp1-Myc, cul-
lin-1-FLAGand Skp1-Myc, or cullin-1-Flag andRoc 1-Myc and
then exposed or not to increasing concentrations of H2O2. As
shown in Fig. 3, B, C, and D, H2O2 did not appear to affect
binding of Skp1 to cullin-1,�-TrCP to Skp1, or cullin-1 toRoc1.
These data suggest that alterations in the composition of
SCF�-TrCP are not responsible for the ability of H2O2 to inhibit
its ubiquitin ligase activity.
Because H2O2 does not affect SCF�-TrCP complex formation,

we next examined the effect of H2O2 on the binding affinity of
SCF�-TrCP to phosphorylated I�B�.Within the SCF�-TrCP com-
plex, the F-box protein �-TrCP is responsible for substrate
acquisition, including binding to phosphorylated I�B� and
�-catenin (18, 24). For these experiments, we transfected 293-
hTLR4/MD2-CD14 cells with I�B�-Myc, �-TrCP-FLAG, and
IKK�-FLAG constructs and then treated the cells with increas-
ing doses of H2O2 followed by immunoprecipitation of I�B�.

As shown in Fig. 4A, incubation of
the 293-hTLR4/MD2-CD14 cells
with H2O2 diminished binding of
I�B� to �-TrCP in LPS-stimulated
cells. Similar results were found
after cell extracts from 293-hTLR4/
MD2-CD14 cells stably expressing
�-TrCP-FLAGwere incubated with
phosphorylated I�B� tagged with
GST (Fig. 4B).
Enhanced Intracellular H2O2 Con-

centrations in Vivo Are Associated
with Diminished SCF�-TrCP Activity
andAssociationwith I�B�—Intracel-
lular concentrations of H2O2 are
increased in acatalasemic mice and
in mice treated with ATZ, a specific
inhibitor of catalase (13). These
conditions therefore permit explo-
ration of the effects of increased
intracellular H2O2 on SCF�-TrCP

activity under in vivo conditions. As
shown in Figs. 5 and 6, SCF�-TrCP

isolated from the lungs of acata-
lasemic mice or mice treated with

ATZ is less able to ubiquitinate I�B� and also demonstrates
diminished binding to phosphorylated I�B� as compared with
SCF�-TrCP from control mice (Figs. 5B and 6D). In addition,
intratracheal administration of LPS resulted in enhanced ubiq-
uitination of I�B� in the lungs of control mice but not in the
lungs of mice treated with ATZ before LPS exposure (Fig. 6A).
Although SCF�-TrCP isolated from the lungs of LPS-exposed
mice showed increased ability to ubiquitinate either phosphor-
ylated I�B� or phosphorylated�-catenin, therewas no increase
in ubiquitin ligase activity of SCF�-TrCP that had been purified
from mice treated with ATZ before LPS exposure (Fig. 6, B
and C). These results are consistent with the ability of
increased intracellular H2O2 levels to inhibit SCF�-TrCP

activity and decrease I�B� turnover even under basal condi-
tions (Figs. 5A and 6D).
Cysteine Thiols of �-TrCP Undergo Oxidative Modification

after Exposure to H2O2—Reactive oxygen species (and particu-
larlyH2O2) can affect intracellular signaling through posttrans-
lational protein modification and particularly through oxida-
tion of cysteine thiols (1, 42, 46, 47). To determine if cellular
exposure to H2O2 produces modification of cysteines in
�-TrCP, we labeled free, unmodified cysteine residues by the
addition of BIAM to cells incubated with increasing concentra-
tions of H2O2. As shown Fig. 7A, the number of unaltered cys-
teines in�-TrCP available for BIAM-cysteine adduct formation
was decreased in a dose-dependent manner by cellular incuba-
tion with H2O2, a situation associated with increased intracel-
lular concentrations of H2O2 and other reactive oxygen species
(supplemental Fig. 1). Similarly, incubation of cell extracts with
H2O2 resulted in diminished BIAM association with �-TrCP,
consistentwithH2O2-dependent oxidativemodification of cys-
teine residues in �-TrCP (Fig. 7B).

FIGURE 3. Effects of H2O2 on SCF�-TrCP complex composition. A, HEK 293 cells were treated with H2O2 (0, 100,
300, and 500 �M) for 1 h. Representative Western blot analysis with anti-cullin-1 antibody shows the levels of
endogenous cullin-1 and neddylated cullin-1 (nedd-cullin 1). B–D, HEK 293 cells transiently expressing �-TrCP-
FLAG and Skp1-Myc, cullin-1-FLAG and Skp1-Myc, or cullin-1-FLAG and Roc1-Myc were treated with H2O2 (0,
100, 300, and 500 �M) for 1 h. Western blots show the amounts of SCF�-TrCP components before (cell extract) or
after immunoprecipitation with anti-FLAG-agarose beads (IP: Flag). After immunoprecipitation, the amounts
of �-TrCP-FLAG associated with Skp1-Myc (B) or of cullin-1-FLAG associated with Skp1-Myc (C) or of cullin-1-
FLAG associated with Roc1-Myc (D) were determined by Western blot analysis with anti-Myc antibodies. A
second experiment provided similar results.

H2O2 Inhibits SCF�-TrCP Activity

JANUARY 22, 2010 • VOLUME 285 • NUMBER 4 JOURNAL OF BIOLOGICAL CHEMISTRY 2669

http://www.jbc.org/cgi/content/full/M109.060822/DC1


Cysteine 308 in the Blade 1 �-TrCP �-Propeller Region Is
Required for Binding between �-TrCP and Phosphorylated
I�B�—�-TrCP contains a total of 25 cysteine residues. The
binding site of �-TrCP to phosphorylated substrates, includ-
ing phosphorylated I�B�, has been localized to the top face
of the WD40 domain of �-TrCP (19, 48–50). There are a
total of 12 cysteines in the seven blades of the �-TrCPWD40
�-propeller region that are likely to interact with phosphor-
ylated substrates, including phosphorylated I�B�; of these
12 cysteines, only four are likely to exist as thiolate anions as
a result of being close to positively charged amino acids (i.e.
Cys-Leu in Blade 1, Leu-Cys-Leu in Blade 2, Arg-Cys-Leu in
Blade 5, and Arg-Cys-X-Arg in Blade 6) (Fig. 8A). These four
cysteines in Blades 1, 2, 5, and 6 are therefore potentially more
vulnerable to oxidation by H2O2 and were targets for site-di-
rected mutagenesis in �-TrCP. In these experiments, Cys 3
Ala point mutations in �-TrCP were generated in the targeted

cysteines in Blades 1, 2, 5, and 6, and
then the FLAG-tagged mutants or
wild type �-TrCP were expressed in
HEK 293 cells.
As shown in Fig. 8B, mutation of

cysteine 308 in Blade 1 of �-TrCP to
alanine reduces binding of phos-
phorylated I�B� with �-TrCP,
whereas mutation of cysteine 348 in
Blade 2, cysteine 471 in Blade 5, or
cysteine 511 in Blade 6 in theWD40
domain of �-TrCP did not affect
binding between �-TrCP and phos-
phorylated I�B�. These results
demonstrate that cysteine 308 in
Blade 1 of �-TrCP participates in
binding between �-TrCP and phos-
phorylated I�B�. Of note, whereas
exposure of cells to H2O2 increased
intracellular oxidation of DCF-DA,
an indicator of intracellular ROS
formation, transient expression or
�-TrCP or exposure to LPS had no
effects on DCF-DA oxidation (sup-
plemental Fig. 1).

DISCUSSION

Previous studies have shown that
increased intracellular concentra-
tions of H2O2 exert anti-inflamma-
tory effects on TLR4 induced neu-
trophil activation (51, 52). Exposure
of neutrophils to H2O2 stabilizes
cytoplasmic concentrations of
I�B�, both in resting cells and after
TLR4 engagement, and also dimin-
ishes LPS-induced nuclear trans-
location of NF-�B (6–8, 13).
Although initial experiments with
HeLa cells suggested that exposure
to H2O2 enhanced nuclear translo-

cation of NF-�B, subsequent studies (51, 53–56) in other cell
populations found the opposite effect, with H2O2 inhibiting
NF-�B activation. Such disparate findings suggested that the
role of H2O2 in affecting pathways relating to the activation of
NF-�B is likely to be cell type-specific. Several potential mech-
anisms for the ability of H2O2 to inhibit degradation of I�B�
and to diminish activation of NF-�B have been proposed (6, 13,
57–59). Phosphorylation of serine 32 and 36 in I�B� by the IKK
complex is required to initiate the subsequent ubiquitination
and degradation of I�B� in the 26 S proteasome (60–62).
Although previous studies in C10 and aortic smooth muscle
cells demonstrated that H2O2 treatment resulted in inhibition
of IKK� (52), we did not find any effects of H2O2 exposure on
IKK activity in neutrophils (7, 51). Similarly, the present studies
did not demonstrate any alterations in the phosphorylation of
I�B� after incubation of 293-hTLR4/MD2-CD14 cells with
H2O2.

FIGURE 4. H2O2 diminishes SCF�-TrCP-dependent binding to I�B�. A, 293-hTLR4/MD2-CD14 cells transiently
expressing �-TrCP-FLAG, I�B�-Myc, and IKK�-FLAG were treated with combinations of H2O2, LPS, and MG132
as noted in the figure. The amounts of I�B� associated with �-TrCP were determined after pull-down with
anti-I�B� antibodies (IP: I�B�) with Western blot analysis using anti-FLAG antibodies. Representative Western
blots show the level of I�B�, �-TrCP-FLAG, and actin before (cell extract) or after I�B� immunoprecipitation (IP:
I�B�). B, 293-hTLR4/MD2-CD14 cells stably expressing �-TrCP-FLAG were treated with H2O2 (0, 100, 300, and
500 �M) for 1 h, and then the cell extracts were incubated with phosphorylated GST-I�B�, followed by pull-
down with glutathione-Sepharose. Western blots show the amount of �-TrCP-FLAG bound to GST-I�B� (pull
down) and amounts of GST-I�B� and �-TrCP-FLAG in the cell extracts before pull-down. The optical band
density (means � S.D.) obtained from three independent experiments (A and B) is provided (*, p � 0.05,
comparing the amount of I�B� associated with �-TrCP in cells incubated with 300 or 500 �M H2O2 with that
found in untreated cells).
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Our laboratory and others have
demonstrated that increased intra-
cellular levels of H2O2 result in inhi-
bition of 26 S proteasomal function
in neutrophils or other cell popula-
tions (6, 63). If inhibition of the 26 S
proteasome was the primary mech-
anism leading to stabilization of
intracellular levels of I�B� in H2O2-
treated cells, then one would also
expect to find increased concentra-
tions of polyubiquitinated I�B�
after H2O2 exposure. However, as
shown in the present experiments,
incubation of LPS-stimulated neu-
trophils or 293-hTLR4/MD2-CD14
cells with H2O2 resulted in dimin-
ished ubiquitination of I�B�, con-
sistent with inhibition of ubiquitin
ligase activity. Our studies also
found that exposure of neutrophils
or HEK 293 cells to H2O2 resulted
in inhibition of the activity of
SCF�-TrCP, the specific E3 ubiquitin
ligase responsible for ubiquitination
of I�B�, thereby providing a mech-
anism thatmay explain the ability of
increased intracellular concentra-
tions of H2O2 to prevent degrada-
tion of I�B�, activation of NF-�B,
and expression ofNF-�Bproinflam-
matory genes, such as tumor necro-
sis factor-�, after TLR4 engagement
(Fig. 9).
Ubiquitination of target proteins

is a multistep process. After activa-
tion by an E1 enzyme, ubiquitin is
transferred to an active cystine of a
ubiquitin-conjugating enzyme (E2).
A ubiquitin ligase (E3) then trans-
fers ubiquitin from the E2 ubiq-
uitin-conjugating enzyme to the
target protein either by forming an
E3-ubiquitin thioester intermediate
in the case of HECT E3 ubiquitin
ligases or by facilitating the transfer
of ubiquitin directly from the E2 to
the substrate for RING finger E3
ubiquitin ligases (60, 61). SCF�-TrCP,
a RING finger E3, appears to be spe-
cific for ubiquitination of phosphor-
ylated I�B� as well as for phosphor-
ylated �-catenin (11, 24, 64, 65).
SCF�-TrCP includes several struc-
tural and functional components:
�-TrCP, a F-box protein that binds
to phosphorylated I�B� and�-cate-
nin; the adapter protein SKP1,

FIGURE 5. SCF�-TrCP activity is diminished in the lungs of acatalasemic mice. A and B, representative West-
ern blots and mean optical band density show the levels of I�B� obtained from lung homogenates of control
C3HeB/FeJ (control) or C3Ga.Cg-Cat B/J (acat) mice (means � S.D., n � 3 per each group of mice; *, p � 0.05).
C and D, SCF�-TrCP complex was immunoprecipitated (IP) from lung homogenates of control or acatalasemic
mice using anti-cullin-1 antibodies followed by measurement of I�B� ubiquitination in vitro. Representative
Western blots using anti-phospho-I�B� antibodies show the amounts of Ubn-I�B� (C). In C, lung extracts from
control and acatalasemic mice were incubated with recombinant phospho-I�B�-GST followed by pull-down
with glutathione-Sepharose and Western blotting with anti-�-TrCP antibodies. The amounts of �-TrCP in the
lung extracts as well as recombinant phospho-I�B�-GST added to lung extracts (input) are shown. Input indi-
cates the levels of �-TrCP in lung homogenates obtained from control or acatalasemic mice. Similar results
were obtained from three independent experiments.

FIGURE 6. SCF�-TrCP activity is diminished in the lungs of mice treated with aminotriazole. A–E, C57BL/6
mice were treated intraperitoneally with saline or the catalase inhibitor ATZ and then 4 h later were given LPS
(1 mg/kg) intratracheally. Lung homogenates were obtained 2 h after LPS administration. In A, lung homoge-
nates were subjected to immunoprecipitation (IP) with anti-Ub antibodies, and Ubn-I�B� conjugates were
determined using Western blots (WB) developed with anti-phospho-I�B� antibodies. B and C, SCF�-TrCP com-
plexes were immunoprecipitated from lung homogenates of control or ATZ-treated mice with anti-cullin-1
antibodies followed by determination of the ability of the precipitated SCF�-TrCP to ubiquitinate phospho-GST-
I�B� or phospho-�-catenin in vitro. D, representative Western blots are shown as well as mean optical band
density of the levels of I�B� obtained from lung homogenates of control and mice treated with ATZ (means �
S.D., n � 3 per each group of mice, **p � 0.01). E, lung homogenates were incubated with recombinant
phospho-I�B�-GST and then precipitated with glutathione-Sepharose. The amounts of �-TrCP in the lung
extracts as well as recombinant phospho-I�B�-GST added to lung extracts (input) are shown. Representative
Western blots are shown. Two additional experiments provided similar results.
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which binds to �-TrCP as well as the NH3-terminal region of
cullin-1; and the RING finger protein Rbx1/Roc1/Hrt1, which
binds to the COOH-terminal region of cullin-1 and also
recruits the E2 enzyme UbcH3/Cdc34 that ubiquitinates phos-
phorylated I�B� and phosphorylated �-catenin (19, 48–50).
In the present experiments, we found that exposure of 293-

hTLR4/MD2-CD14 cells to H2O2 was associated with dimin-
ished activity of SCF�-TrCP. Because phosphorylated I�B� was
used in ubiquitination assays containing purified E1 and E2, the
decreased ubiquitination of I�B� found with SCF�-TrCP immu-

noprecipitated from H2O2-treated
cells must be due to decreased ubiq-
uitin ligase activity of SCF�-TrCP and
not to diminished phosphorylation
of the substrate, as might occur
through oxidation-induced changes
in I�B� or inhibition of IKK or to
inactivation of the E1 or E2 enzymes
through modification of cysteine or
other amino acids by H2O2.
Neddylation of cullin-1 is in-

volved in SCF�-TrCP complex
assembly and enhances its ubiquitin
ligase activity (45, 66). A previous
study showed that H2O2 can dimin-
ish SCF�-TrCP ubiquitin ligase activ-
ity by inhibiting the neddylation of
cullin-1 (67). Contrary to these pre-
vious findings, we found that cul-
lin-1 neddylation is not affected in
H2O2-treated cells although such
conditions result in decreased activ-
ity of SCF�-TrCP. Such results indi-
cate that the inhibitory effects of
H2O2 on SCF�-TrCP activity are not
due to modulation of cullin-1
neddylation.
A potential mechanism for the

inhibitory effect of H2O2 on I�B�
ubiquitination may be through
alteration in SCF�-TrCP complex
formation. The results of the pres-
ent experiments indicate that H2O2
exposure does not affect SCF�-TrCP

complex composition but does
result in diminished binding
between SCF�-TrCP and phosphor-
ylated I�B�. Because binding of
phosphorylated I�B� to �-TrCP is
required for ubiquitination of I�B�
by the SCF�-TrCP complex, the
H2O2-induced inhibition of interac-
tion between I�B� and SCF�-TrCP

provides a potential mechanism for
the ability of H2O2 to inhibit I�B�
ubiquitination. Because cysteine
thiol modification is a common
mechanism by which H2O2 modu-

lates protein function (46, 68), it is possible that cysteines in
�-TrCP that are critical for binding I�B� are oxidized in H2O2-
exposed cells. In these studies, exposure of �-TrCP to H2O2
resulted in diminished BIAM adduct formation, consistent
with oxidative modification of cysteine residues in �-TrCP.

Using site-directed mutagenesis of specific cysteines in the
�-TrCPWD40 region that are likely to interact with phosphor-
ylated I�B�, we found that Cys-308 in Blade 1 of the �-TrCP
�-propeller region is required for optimal binding between
phosphorylated I�B� and�-TrCP and is likely to be involved in

FIGURE 7. Exposure to H2O2 induces oxidation of �-TrCP cysteine thiols. A, cell extracts obtained from HEK
293 cells transiently expressing �-TrCP were incubated with H2O2 and BIAM. BIAM adduct formation in �-TrCP
was determined by pull-down with streptavidin-agarose followed by Western blotting with �-TrCP antibody.
B, HEK 293 cells transiently expressing �-TrCP were treated with H2O2 (300 �M) for 20 min followed by culture
with BIAM (200 �M) for an additional 20 min. A representative Western blot shows the amount of total �-TrCP
in the cell extract (left; input) and the BIAM-�-TrCP adduct formation obtained after precipitation with strepta-
vidin-agarose (right; pull down). A second experiment provided similar results.

FIGURE 8. Cys-308 in �-TrCP is involved in the binding of phosphorylated I�B�. A, schematic diagram of
the human �-TrCP gene showing the three primary domains: dimerization domain, F-box domain, and sub-
strate binding WD40 domain (�-propeller region). Partial amino acid sequence of Blade 1, Blade 2, Blade 5, and
Blade 6 is shown, and the cysteines targeted for mutagenesis are underlined. B, a representative Western blot
(bottom) shows the concentrations of FLAG-tagged wild type �-TrCP or mutant �-TrCP with cysteine to alanine
changes, specifically C308A (MB1), C348A (MB2), C478A (MB5), or C511A (MB6) transiently expressed in HEK
293 cells (input). Cell extracts were incubated with recombinant phospho-I�B�-GST and then subjected to
glutathione-Sepharose precipitation (pull down). The amounts of �-TrCP associated with GST-phospho-I�B�
were determined by Western blot analysis with anti-FLAG antibodies (top). Two additional experiments pro-
vided similar results. Mean optical density for I�B� associated with �-TrCP (wild type (WT)) or �-TrCP MB1 is
shown in C (means � S.D.; n � 3; *, p � 0.05). aa, amino acids; WT, wild type.
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the H2O2-induced reduction in binding between SCF�-TrCP

and phosphorylated I�B�. These results are consistent with
the previously reported findings that alkylation of cysteine
thiols of �-TrCP by N-ethylmaleimide significantly dimin-
ished ubiquitination of I�B�, whereas alkylation of cullin-1
and Roc1 with N-ethylmaleimide had no effect on I�B�
ubiquitination (20).
Exposure of the lungs to LPS during Gram-negative pneu-

monia, during systemic Gram-negative infections, or through
environmental factors produces acute inflammatory changes
associated with neutrophil migration into the pulmonary
parenchyma and airways, release of reactive oxygen species and
proinflammatory cytokines, and the development of lung injury
(69–71). Catalase facilitates the conversion of H2O2 to H2O
and O2, and intracellular H2O2 concentrations are increased in
neutrophils from acatalasemic mice or mice treated with ami-
notriazole, an inhibitor of catalase, reflecting the importance of
catalase in regulating oxidant balance. There is diminished
severity of LPS-induced pulmonary inflammation and lung
injury in mice that are acatalasemic or treated with amino-
triazole (13). The present experiments, showing diminished
SCF�-TrCP ubiquitin ligase activity in the lungs of aminotria-
zole-treated mice and of acatalasemic mice, provide a potential
mechanism for the protective effects of catalase inhibition or its
absence on LPS-associated lung injury. In particular, similar to
the findings in H2O2-treated HEK 293 cells, there was
decreased binding between phosphorylated I�B� and
SCF�-TrCP immunoprecipitated from the lungs of aminotria-
zole-treated and acatalasemicmice as well as diminished ability
of SCF�-TrCP to ubiquitinate phosphorylated I�B� or a second

substrate, phosphorylated �-catenin. These results show that
the inhibitory effects of H2O2 on SCF�-TrCP ubiquitin ligase
activity are not specific for I�B� but rather reflect a generic
decrease of its ability to associate with and ubiquitinate its
substrates.
The present findings, showing that H2O2 inhibits SCF�-TrCP

ubiquitin ligase activity through diminishing association with
its substrates, including phosphorylated I�B�, provide a novel
mechanism for the anti-inflammatory actions of H2O2 (Fig. 9)
Although our results indicate that H2O2 can diminish associa-
tion between phosphorylated I�B� and �-TrCP, it is also pos-
sible that H2O2 affects additional functions of the SCF�-TrCP

complex, such as coordination of Cdc34-dependent transfer
of ubiquitin to I�B�. Although oxidation of cysteine thiols by
H2O2 has been shown to participate in regulating the activity
of kinases, such as IKK and Akt, as well as transcriptional
factors, such as the p50 subunit of NF-�B, that are involved
in inflammatory processes, there were no previous data dem-
onstrating that H2O2 or other ROS could affect ubiquitina-
tion, an important regulatory pathway in physiologic and
pathophysiologic processes. Although our experiments
focused on interactions between H2O2, I�B�, and SCF�-TrCP,
it is possible that H2O2 may also participate in affecting the
function of other ubiquitin ligases, providing an expanded
role for ROS as participants in modulating cellular regula-
tion and activation.

Acknowledgment—We thank Dr. Jack Lancaster, Jr. for helpful
advice.

FIGURE 9. Proposed mechanism for the ability of H2O2 to inhibit LPS-induced I�B� degradation and NF-�B activation. 1, in unstimulated cells, I�B� is
bound to the p50/p65 NF-�B heterodimeric complex, thereby preventing nuclear translocation of NF-�B. 2, engagement of TLR4 by LPS leads to IKK-depend-
ent phosphorylation of I�B� that then associates with and is ubiquitinated by the SCF�-TrCP complex. Ubiquitinated I�B� is targeted for degradation by the 26
S proteasome (3), followed by nuclear translocation of NF-�B and enhanced transcription of NF-�B-dependent genes (4). Increases in the intracellular level of
H2O2 suppress ubiquitination of phosphorylated I�B� through inhibiting association with �-TrCP and the SCF�-TrCP complex (2) and also inhibits degradation
of ubiquitinated I�B� by diminishing activity of the 26 S proteasome (3). Inhibition of I�B� ubiquitination and proteasomal degradation results in maintenance
of cytoplasmic levels of I�B� and prevention of nuclear translocation of NF-�B.

H2O2 Inhibits SCF�-TrCP Activity

JANUARY 22, 2010 • VOLUME 285 • NUMBER 4 JOURNAL OF BIOLOGICAL CHEMISTRY 2673



REFERENCES
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