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Abstract

NEMO is an essential regulatory component of the IjB kinase (IKK) complex, which controls activation of the NF-jB signaling
pathway. Herein, we show that NEMO exists as a disulfide-bonded dimer when isolated from several cell types and analyzed by
SDS–polyacrylamide gel electrophoresis under non-reducing conditions. Treatment of cells with hydrogen peroxide (H2O2) induces fur-
ther formation of NEMO dimers. Disulfide bond-mediated formation of NEMO dimers requires Cys54 and Cys347. The ability of these
residues to form disulfide bonds is consistent with their location in a NEMO dimer structure that we generated by molecular modeling.
We also show that pretreatment with H2O2 decreases TNFa-induced IKK activity in NEMO-reconstituted cells, and that TNFa has a
diminished ability to activate NF-jB DNA binding in cells reconstituted with NEMO mutant C54/347A. This study implicates NEMO
as a target of redox regulation and presents the first structural model for the NEMO protein.
� 2007 Elsevier Inc. All rights reserved.
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The activity of the NF-jB signaling pathway is regu-
lated at several steps and by a variety of protein modifica-
tions [1]. The IjB kinase (IKK) complex is composed of
two catalytic subunits, IKKa and IKKb, and the regula-
tory subunit NEMO, and IKK is a key regulator of NF-
jB signaling. Activation of the IKK complex in response
to upstream signals enables IKK to phosphorylate the
NF-jB inhibitor IjB, which leads to nuclear translocation
of NF-jB.

NEMO is essential for activation of the NF-jB signaling
cascade. NEMO has multiple protein domains, which are
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responsible for integrating various signals and binding to
adaptor molecules or kinases (IKKa/b) [2]. In addition,
NEMO is post-translationally modified by ubiquitination,
phosphorylation and SUMOylation in various contexts
depending on cell type and stimulus [3]. Using a variety
of biochemical techniques, it has been reported that
NEMO can form dimers, trimers and tetramers [4–9],
and thus, there is controversy about the stoichiometry of
NEMO molecules in the IKK complex. In addition, several
studies have shown that NF-jB signaling can be activated
or inhibited in response to various oxidative stress-inducing
compounds, but the targets for reactive oxygen species in
the NF-jB pathway are not entirely known [10].

In this study, we characterize a novel protein modifica-
tion of NEMO—disulfide bond formation in a NEMO
dimer—which is enhanced when cells are treated with
hydrogen peroxide (H2O2). Furthermore, we have devel-
oped a molecular model for the structure of a NEMO
dimer, which includes these disulfide bonds.
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Materials and methods

Plasmids and site-directed mutagenesis. pcDNA3-based vectors for
expression of FLAG-NEMO and Myc-NEMO were obtained from S.
Ghosh (Yale University) and S. Miyamoto (University of Wisconsin),
respectively. Site-directed mutations in NEMO were generated by over-
lapping polymerase chain reaction-based mutagenesis and were subcloned
into the relevant vectors. Retroviral vectors for wild-type NEMO or
NEMO-C54/347A were created in pBABE-puro. All constructs were
confirmed by DNA sequencing. Details of plasmid constructions can be
found at www.nf-kb.org.

Cell culture and transfection. All cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) (Invitrogen) supplemented with 10%
heat-inactivated fetal bovine serum (FBS) (Biologos) as described [11].

For transfections, cells were seeded such that they were 60% confluent
on the following day when transfections were performed using polyethy-
lenimine (PEI) (Polysciences, Inc.). On the day of transfection, cells were
incubated with DNA:PEI at a ratio of 3:1 in serum-free DMEM (300 ll for
a 60-mm plate) for 15 min at room temperature. The DNA mixture was
then added to 4.5 ml of DMEM containing 10% FBS and the final mixture
was added to the cells. The next day, the media was replaced with 5 ml of
DMEM containing 10% FBS. Cells were harvested or treated 24 h later.

Virus stocks for expression of NEMO proteins were prepared by
cotransfecting 15 lg of a pBABE-puro-NEMO plasmid with 15 lg of the
pKAT helper plasmid using 60 lg of PEI into a 60-mm dish of BOSC23
packaging cells as described [12]. Virus stocks were then used to infect
NEMO-deficient fibroblasts, and selection was performed using 2.5 lg/ml
puromycin (Sigma) for two days [12].

Epoxyquinone monomer (EqM) was synthesized as described [13].
Western blotting. Western blotting was performed essentially as

described [14]. Whole cell extracts were prepared in non-ionic detergent
AT lysis buffer (lacking DTT) with or without 20 mM N-ethylmaleimide
(NEM) (Sigma). Samples were heated in SDS sample buffer (0.625 M Tris,
pH 6.8, 2.3% w/v SDS, 10% w/v glycerol) with or without the reducing
agent b-mercaptoethanol (5% v/v). Samples containing equal amounts of
protein were separated on SDS–polyacrylamide gels, proteins were
transferred to nitrocellulose membranes, and filters were incubated
overnight at 4 �C with anti-NEMO antiserum (#2685, Cell Signaling
Technology) at a 1:1000 dilution. Goat anti-rabbit horseradish peroxi-
dase-labeled secondary antiserum was added and immunoreactive proteins
were detected by Supersignal Dura West chemiluminescence (Pierce).

Electromobility shift assay (EMSA). EMSAs were performed using
whole-cell extracts from serum-starved cells treated with TNF as described
previously [15]. Briefly, equal amounts of cell protein (60 lg) were incu-
bated with a [32P]-labeled jB site probe (jB site: 5 0-GGGAAATTCC-3 0)
at room temperature for 30 min. Reaction mixtures were resolved on 5%
non-denaturing polyacrylamide gels and protein–DNA complexes were
detected by phosphorimaging.

IKK kinase assay. IKK kinase assays were performed as described pre-
viously [11]. Briefly, serum-starved NEMO-reconstituted fibroblasts were
treated for 7.5 min with 20 ng/ml of TNFa before harvesting in AT buffer.
The IKK complex was immunoprecipitated with a polyclonal antiserum
against NEMO (BD Pharmingen) and protein G sepharose beads (Zymed).
Immunoprecipitates were then incubated with 2 lg of GST-IjBa (aa 1–55)
and 5 lCi [c-32P]-ATP in kinase reaction buffer for 30 min at 30 �C. Dena-
tured samples were electrophoresed on an SDS–polyacrylamide gel, and
phosphorylated GST-IjBa was detected by phosphorimaging.
Results

NEMO dimerization is mediated through a disulfide bond

A recent study [8] reported that NEMO could be
detected as a dimer on SDS–polyacrylamide gels, but that
these NEMO dimers disappeared upon extended heating
of protein samples in SDS sample buffer containing b-mer-
captoethanaol (b-Me). These results suggested to us that
NEMO was forming dimers though a disulfide bond(s)
under normal protein isolation conditions. To further
investigate NEMO dimer formation, we prepared cell
extracts from NEMO-deficient fibroblasts overexpressing
FLAG-NEMO using conventional SDS-sample buffer con-
taining b-Me and heated the samples at 95 �C for various
times from 0 to 10 min. NEMO was then detected by Wes-
tern blotting. We found that the NEMO dimer that is
detected in the absence of heating is progressively reduced
to entirely the monomer form with heating for 5 min
(Fig. 1A). In the absence of b-Me, NEMO migrates exclu-
sively as a dimer even when samples are heated for 10 min
(Fig. 1A, right lane). These results indicate that under stan-
dard detergent lysis conditions, NEMO forms disulfide-
bonded dimers which can only be fully reduced by heating
protein samples in the presence of b-Me for at least 5 min.

To confirm that the higher molecular weight form of
NEMO that we detected under non-reducing conditions
was indeed a NEMO homodimer, we transfected NEMO-
deficient mouse fibroblasts with plasmids encoding
FLAG-tagged NEMO, Myc-tagged NEMO or both. Indi-
vidually, the FLAG-NEMO and Myc-NEMO proteins
migrate as distinct and separable bands under either reduc-
ing or non-reducing conditions (Fig. 1B). When both tagged
forms of NEMO are co-expressed, intermediate-sized bands
are detected under non-reducing conditions (Fig. 1B, far
right lane). The simplest interpretation of this result is that
these intermediate-sized bands represent NEMO ‘‘heterodi-
mers’’, composed of Myc-NEMO and FLAG-NEMO, indi-
cating that NEMO forms homodimers in vivo.

Many studies that analyze disulfide bond formation in
proteins use N-ethylmaleimide (NEM) to prevent thiol/
disulfide exchange [16]. Therefore, we included 20 mM
NEM in the lysis buffer to prevent post-lysis disulfide bond
formation. In all subsequent immunoblots there is less
NEMO dimer than in samples prepared in the absence of
NEM (e.g., Fig. 1A and B), which indicates that NEM is
efficiently binding to free thiols and preventing them from
forming disulfides post-lysis.

We next characterized dimer formation in endogenous
NEMO. In extracts from HeLa cells, prepared under
non-reducing conditions with NEM in the lysis buffer, a
portion of endogenous NEMO migrates as a dimer
(Fig. 1C). Even with 1 mM DTT in the lysis buffer (which
is used in most standard lysis conditions), some endoge-
nous NEMO protein from HeLa cells is present as a dimer;
however, at 10 mM DTT, all NEMO protein is reduced to
a monomeric form (Fig. 1C). Moreover, the dimer of
endogenous NEMO is detected in a variety of human cell
types (MCF-7, HeLa, A293, RC-K8) (Fig. 1D).

Cys54 and Cys347 are required for the formation of NEMO

dimers

To identify the Cys residues mediating NEMO dimer
formation, we created mutants of NEMO that were
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Fig. 1. NEMO forms disulfide-bonded dimers. (A) NEMO-deficient fibroblasts were transfected with pcDNA-FLAG-NEMO. Total cell extracts were
prepared in AT lysis buffer and samples were resuspended in SDS sample buffer with or without b-mercaptoethanol (b-Me), as indicated. Samples were
heated for the indicated amount of time at 95 �C. An anti-NEMO Western blot was then performed. FLAG-NEMO is the monomeric form of NEMO
(�47 kDa) and FLAG-NEMO2 migrates at approximately twice the molecular weight of FLAG-NEMO. (B) NEMO-deficient fibroblasts were transfected
with expression plasmids for vector alone (pcDNA), FLAG-NEMO or Myc-NEMO as indicated. Cell extracts were heated at 95 �C in SDS sample buffer
with (left four lanes) or without (right four lanes) b-Me. Samples were analyzed by anti-NEMO Western blotting. (C) HeLa cell extracts were prepared in
AT lysis buffer containing 20 mM N-ethylmaleimide (NEM) and with the indicated concentration of DTT (top). Samples were then boiled in SDS sample
buffer (SB) with the indicated final concentrations of DTT. Samples were analyzed by anti-NEMO Western blotting. (D) Total cell extracts from the
indicated cell lines were prepared in AT lysis buffer with 20 mM NEM. Samples were separated by reducing (left panel) or non-reducing (right panel) SDS
polyacrylamide gel electrophoresis, and anti-NEMO Western blotting was then performed.
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mutated at various Cys residues and tested them for dimer
formation when expressed in NEMO-deficient mouse fibro-
blasts. There are 11 Cys residues in human NEMO
(Fig. 2A). After analysis of several individual and multiple
Cys-to-Ala mutants and deletion mutants, we found that
only single mutations of Cys54 or Cys347 showed reduced
NEMO dimer formation as compared to wild-type NEMO
(Fig. 2B). Mutation of both Cys54 and Cys347 was
required for complete loss of dimer formation (Fig. 2B).
These results indicate that Cys54 and Cys347 are the pri-
mary residues that participate in intermolecular disulfide-
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To characterize the functional properties of the relevant
Cys mutants of NEMO, we compared the abilities of wild-
type and C54/347A mutant NEMO to activate an NF-jB
reporter gene after treatment of cells with either TNFa or
LPS and to protect NEMO-deficient cells from TNF-
induced cell death [17]. In both cases, mutant C54/347A
behaved similarly to wild-type NEMO (Fig. S1A and B).
NEMO mutant C54/347A shows delayed kinetics and

reduced activation of NF-jB in response to TNFa

To compare further the activities of wild-type NEMO and
the dimerization-deficient mutant C54/347A, we created
stable cell lines expressing each NEMO protein by infecting
NEMO-deficient cell lines with retroviral vectors for wild-
type NEMO or mutant C54/347A and then selecting pools
of puromycin-resistant cells. Both NEMO proteins were
expressed at approximately equal levels in the transduced
cells (Fig. 3A), but no NEMO protein was expressed in unin-
fected or empty vector-infected NEMO knockout cells. We
then treated these stable cell lines with TNFa and measured
induced NF-jB activity by an EMSA. TNFa induced
NF-jB DNA-binding activity more slowly and to a lesser
extent in cells reconstituted with NEMO-C54/347A as com-
pared to cells reconstituted with wild-type NEMO (Fig. 3B).
That is, induced NF-jB DNA binding is seen within 7.5 min
in cells reconstituted with wild-type NEMO, but only at
20 min in cells reconstituted with NEMO-C54/347A, and
the overall level of induced NF-jB DNA-binding activity
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Fig. 4. Molecular modeling of the NEMO dimer predicts that Cys54 and
Cys347 can form intermolecular disulfide bonds. Light blue and light
purple ribbons represent each NEMO monomer. Red, disulfide-bonded
cysteines; gold, residues involved in the leucine zipper motif (Leu 322, 329,
336, 343); N, N terminus; C, C terminus.
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are pretreated with H2O2. These results indicate that
200 lM H2O2 can prevent activation of IKK by TNF.

Molecular modeling of the NEMO dimer

We next modeled the NEMO dimer, based on proteins
with similar protein motifs and our biochemical data on
disulfide bond formation. Consistent with sequence predic-
tions, our various computational analyses (see Supplemen-
tary material) indicate that NEMO monomer adopts a
coiled-coil structure, has a C-terminal zinc finger domain,
and has an overall high helical content. The NEMO mono-
mer structure was minimized, and docking showed that
dimers prefer the head-to-head orientation, which juxta-
poses the leucine zipper motifs to hold the two monomers
together (Fig. 4A). Furthermore, the leucine zipper brings
the two nearby Cys347 residues into proximity for disulfide
bonding. Both Cys54-Cys54 and Cys347-Cys347 disulfide
bonds are within 4 Å, the distance in which disulfide bond-
ing can occur.

Discussion

Exposure to oxidizing conditions can induce protein
disulfides in many cytosolic proteins, which can sometimes
affect protein function [18]. In this report, we present evi-
dence that NEMO forms disulfide-bonded homodimers
in vivo. In addition, we show that Cys54 and Cys347 of
NEMO are required for disulfide bond formation by
NEMO, and our predicted structural model of the NEMO
dimer indicates that Cys54-Cys54 and Cys347-Cys347
disulfide bonds can form. We cannot distinguish whether
there are separate populations of NEMO dimers contain-
ing either Cys54-Cys54 or Cys347-Cys347 disulfides or
whether both disulfide bonds usually occur in a single
dimer. Nevertheless, our analysis of C54A and C347A sin-
gle mutants shows that NEMO dimers containing either
single disulfide bond can exist in cells. Marienfeld et al.
[8] also showed that NEMO migrates as a dimer on
SDS–polyacrylamide gels; however, they did not character-
ize the NEMO dimer as a disulfide-bonded species. Simi-
larly, Drew et al. [19] showed that some fragments of
NEMO, most of which include either Cys54 or Cys347,
form stable high molecular weight species.

Our molecular model of NEMO predicts that each
monomer has an elongated a-helical structure and that
these monomers are positioned in a head-to-head orienta-
tion in the dimer. These structural properties are consistent
with gel filtration [6], chemical crosslinking [7] and circular
dichroism [19] experiments. Our model positions the leu-
cine zipper to mediate dimerization of NEMO, consistent
with mutagenesis studies showing that these leucine resi-
dues are required for NEMO oligomerization [5,7]. Our
model also places NEMO residues involved in interaction
with IKKb [19] towards the outside of the NEMO dimer.

Fontan et al. [6] reported that NEMO is mainly a mono-
mer in unstimulated mouse fibroblasts. Indeed, in NEMO-
deficient mouse cells reconstituted for NEMO expression,
we find that most NEMO protein appears as a monomer
(Fig. 3C). In contrast, the monomer-to-dimer ratio of
endogenous NEMO differs in various human cell types
(Fig. 1D). Therefore, we believe that there exists an equilib-
rium of NEMO monomer-to-dimer, which may vary in dif-
ferent cell types depending on the redox state of the cytosol
in a given cell. Furthermore, our results enable us to spec-
ulate that formation of the disulfide-bonded NEMO dimer
can be modulated by phosphorylation of Ser68 [20].

The NEMO mutant C54/347A, which cannot efficiently
form disulfide-bonded dimers, has a delayed and blunted
ability to activate NF-jB DNA binding in response to
acute one-time treatment with TNF. Nevertheless, there
is no difference between NEMO-deficient fibroblasts recon-
stituted with wild-type vs C54/347A mutant NEMO in sus-
tained reporter gene activation in response to TNF or the
long-term survival of cells after treatment with TNF
(Fig. S1). Thus, although the C54/347A NEMO mutant
is slightly defective in short-term activation, it is not clear
if such a mutant would have severe biological conse-
quences. Of note, Marienfeld et al. [8] reported that a
NEMO mutant missing amino acids 47–56 (which includes
Cys54) also has a minor defect in short-term NF-jB activa-
tion in response to TNFa and a reduced ability to form
dimers on SDS–polyacrylamide gels. Whether the defects
in NEMOD47-56 and Cys54/347A mutants for activation
of NF-jB are due to their reduced abilities to form disul-
fide-bonded dimers is not clear.

Activation of NF-jB by oxidative stress appears to be
cell type-specific and dose-dependent [10]. Moreover, in sev-
eral instances, oxidative stress has been reported to impair
NF-jB signaling [10,21]. Here we show that H2O2 at a phys-
iological concentration (200 lM) inhibits TNFa-induced
IKK activation, and that H2O2 exerts the same effects in
cells expressing either wild-type NEMO or NEMO-C54/
347A. This result is consistent with H2O2 directly inhibiting
IKKb’s kinase activity, as reported previously [21].
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Therefore, although we show that H2O2 can modulate the
NEMO monomer vs dimer ratio, H2O2 most likely inhibits
IKK activation by directly affecting IKKb in our system.

Previously, it has been demonstrated that p50, p65,
c-Rel, and IKKb are targets of Cys-mediated protein mod-
ification [10]. This report is the first demonstration that
NEMO also contains redox-sensitive Cys residues. Further
characterization of NEMO’s Cys residues may identify
novel forms of redox regulation of NF-jB signaling.
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