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Misregulation of NF-�B signaling leads to infectious, inflammatory, or autoimmune disorders. I�B kinase
� (IKK�) is an essential activator of NF-�B and is known to phosphorylate the NF-�B inhibitor, I�B�,
allowing it to undergo ubiquitin-mediated proteasomal degradation. However, beyond I�B�, few additional
IKK� substrates have been identified. Here we utilize a peptide library and bioinformatic approach to predict
likely substrates of IKK�. This approach predicted Ser381 of the K63 deubiquitinase A20 as a likely site of
IKK� phosphorylation. While A20 is a known negative regulator of innate immune signaling pathways, the
mechanisms regulating the activity of A20 are poorly understood. We show that IKK� phosphorylates A20 in
vitro and in vivo at serine 381, and we further show that this phosphorylation event increases the ability of A20
to inhibit the NF-�B signaling pathway. Phosphorylation of A20 by IKK� thus represents part of a novel
feedback loop that regulates the duration of NF-�B signaling following activation of innate immune signaling
pathways.

NF-�B signaling drives much of the initial acute inflamma-
tory response to innate immune stimulation. Cells of the innate
immune system express membrane-bound Toll-like receptors
(TLRs) and intracellular pattern recognition receptors, such as
the NOD proteins and RIG-I, all of which are responsible for
recognizing specific components of bacterial, viral, or fungal
organisms (21, 30, 31). Upon activation of these receptors, cells
of the innate immune system activate divergent signal trans-
duction pathways that ultimately converge to activate the I�B
kinase (IKK) complex (11, 30). This complex consists, in its
simplest form, of the kinases IKK� and IKK� bound together
by NEMO (IKK�). Upon activation, this kinase complex phos-
phorylates I�B�, the inhibitor of NF-�B. This phosphorylation
event leads to I�B�’s ubiquitination and proteasomal degra-
dation, allowing NF-�B transcription factors to stimulate the
transcription of inflammatory genes (11). While these initial
mechanisms of NF-�B activation have been well studied, the
mechanisms by which NF-�B is downregulated are less well
understood.

The numerous signaling pathways causing NF-�B activation
must be tightly regulated. Failure to mount a sufficient immune
response results in susceptibility to infectious disease, and fail-
ure to properly downregulate NF-�B results in autoimmune or
inflammatory disorders (11). Numerous studies have demon-
strated that diverse inflammatory pathways are regulated in
large part by coordinated phosphorylation and ubiquitination

events (6, 16, 24, 28). The phosphorylation- and ubiquitin-
mediated degradation of I�B� is the most well-known example
of this coordination. In addition, TLR and RIP2/NOD2 acti-
vation results in the K63-linked ubiquitination of TRAF6 and
NEMO (1, 2, 7, 30). Unlike K48-linked polyubiquitin chains,
which target a protein for proteasomal degradation, the non-
degradative K63-linked polyubiquitinated chains are thought
to nucleate a signaling complex that activates the kinases
TAK1 and IKK�/� (6, 16). In a similar way, K63-linked ubiq-
uitination of TRAF2 and RIP1 is responsible for activating the
IKK complex following activation of the tumor necrosis factor
(TNF) receptor by TNF-� (6).

Ubiquitination is a rapidly reversible modification, as deu-
biquitinating enzymes such as A20 (TNFAIP3) decrease the
amplitude of ubiquitin-mediated NF-�B signaling (9, 29, 35).
A20 contains a deubiquitinase domain at its N terminus and a
series of seven zinc fingers at its C terminus (5, 9, 35). These
C-terminal zinc fingers mediate K48-linked polyubiquitination.
A20 deubiquitinates K63-polyubiquitinated proteins and then
helps to conjugate K48-linked polyubiquitin chains such that
the protein is targeted for degradation (5, 35). K63-linked
polyubiquitination of many NF-�B regulators, such as RIP,
TRAF6, TRAF2, and NEMO, positively regulates NF-�B ac-
tivity (6, 16), and A20 has been shown to interact with and/or
deubiquitinate the same proteins to ultimately inhibit the
NF-�B signaling pathway (12, 29, 35, 37). The importance of
A20 in the downregulation of inflammatory signaling pathways
is further illustrated by A20�/� mice, which show uncontrolled
whole-body inflammation and hypersensitivity to TNF-� and
lipopolysaccharide (LPS) (5, 18). A20 is known to be transcrip-
tionally upregulated following activation of NF-�B, but mech-
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anisms regulating the intrinsic enzymatic activity of A20 have
not been reported (17, 23).

IKK� is a serine/threonine kinase that is essential for the
activation of the canonical NF-�B signaling pathway. Its acti-
vation of NF-�B is important for cell survival pathways, and a
role in insulin signaling pathways was suggested following a
report that IKK� can phosphorylate IRS-1 (10, 25). IKK� has
also been shown to have a role in the development of a number
of inflammation-related cancers (reviewed in references 3 and
15). While several IKK� substrates have been recognized, both
the importance of IKK� and the breadth of signaling pathways
it affects suggest that the complete repertoire of intracellular
substrates has yet to be identified.

Given this possibility, we developed and utilized an unbiased
method to identify novel substrates of IKK�. The optimal
phosphorylation motif for IKK� was identified using a posi-
tional scanning peptide library technique. A combination of
several bioinformatic approaches was then used to identify the
most likely candidate IKK� substrates, and the deubiquitinat-
ing enzyme A20 was identified as a putative substrate of IKK�.
Serine 381 (S381) on A20 was identified as a target phosphor-
ylation site for IKK� and was verified as an in vitro and in vivo
IKK� phosphorylation site. We further found that phosphory-
lation of this site increases the ability of A20 to downregulate
NF-�B in response to multiple stimuli. These findings show
that phosphorylation of A20 by IKK� modulates NF-�B sig-
naling and represents a novel mechanism of regulation within
innate immune signaling pathways.

MATERIALS AND METHODS

Cell culture, transfection, immunoprecipitation, and Western blotting. HEK-
293T cells were obtained from ATCC and were grown in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS). THP-1
cells were obtained from ATCC and were grown in RPMI containing 10%
heat-inactivated FBS. mIMCD3 cells were obtained from ATCC and were grown
in DMEM–F-12 medium (50%/50%) containing 10% FBS. A20�/� murine em-
bryonic fibroblasts (MEFs) were grown in DMEM containing 10% FBS. NEMO-
null MEFs were generous gifts from Tak Mak (Toronto, Ontario, Canada) and
Michael Karin (UCSD) and were used as described previously (2). mIMCD3
cells were transduced with retrovirus produced from pBabe-Flag-A20, pBabe-
Flag-A20 S381A, or empty pBABE vector. Stable pools were selected with 2
�g/ml puromycin. A20�/� MEFs were transduced with retrovirus produced from
pBabe-Flag-A20, pBabe-Flag-A20 S381A, or empty pBABE vector control, and
stable pools were selected with 2 �g/ml puromycin. Transfection was performed
by calcium phosphate precipitation. For preparation of recombinant glutathione
S-transferase–IKK� (GST-IKK�) and GST-IKK� K44A and for preparation of
all immunoprecipitates used in kinase assays, cells were lysed in 50 mM Tris (pH
7.5), 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, 1 mM
�-glycerophosphate, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM so-
dium orthovanadate, 1 �g/ml leupeptin, 1 �g/ml pepstatin, and 10 nM calyculin
A. For immunoprecipitation-ubiquitination assays, cells were lysed in high-salt
modified radioimmunoprecipitation assay buffer (50 mM Tris [pH 7.5], 1 M
NaCl, 1% NP-40, 0.25% deoxycholic acid, 1 mM EDTA, 1 mM EGTA, 1 mM
�-glycerophosphate, 5 mM iodoacetamide, 1 mM PMSF, 1 mM sodium or-
thovanadate, 1 �g/ml leupeptin, 1 �g/ml pepstatin, and 10 nM calyculin A).
THP-1 cells, reconstituted A20�/� MEFs, or mIMCD-3 cells were lysed in
radioimmunoprecipitation assay buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 1%
NP-40, 0.25% deoxycholic acid, 0.1% sodium dodecyl sulfate [SDS], 1 mM
EDTA, 1 mM EGTA, 1 mM �-glycerophosphate, 1 mM PMSF, 1 mM sodium
orthovanadate, 1 �g/ml leupeptin, 1 �g/ml pepstatin, and10 nM calyculin A).

Antibodies, plasmids, and reagents. Anti-Myc (9E10), anti-RIP2, and anti-
OMNI antibodies were obtained from Santa Cruz Technology. Anti-A20 (mouse
monoclonal antibody) was obtained from Imgenex. Anti-Myc (rabbit), anti-GST
(mouse), anti-phospho-IKK�/�, anti-phospho-I�B�, anti-IKK�, anti-IKK�, anti-
I�B�, and anti-NEMO antibodies were obtained from Cell Signaling Technol-
ogy. Anti-Flag (M2) and antihemagglutinin (anti-HA; HA-11) were obtained

from Covance. Antiactin was obtained from Abcam. Ultrapure Escherichia coli
LPS was obtained from Invivogen. Recombinant murine TNF-� was obtained
from R&D Systems, Inc. BMS-345541 was obtained from EMD Biosciences.
OMNI-RIP2, HA-ubiquitin, Myc-NEMO, Myc-NEMO K399R, HA-NOD2,
HA-RIP2, and XP-TRAF6 were used as previously described (1). Flag-A20 was
a generous gift from Alex Toker (Harvard). GST-IKK� was generated by PCR
cloning into the BamHI and NotI sites of pEBG. A20 S381A and GST-IKK�
K44A were generated using a modification of the QuikChange protocol (Strat-
agene). pBabe-Flag-A20 was generated by subcloning into the EcoRI site of
pBabe.

Positional scanning peptide library assay. Recombinant GST-IKK� and GST-
IKK� K44A were generated as described above, and a positional scanning
peptide library assay was carried out as described previously (14, 32). The kinase
buffer contained 50 mM Tris (pH 7.5), 12 mM MgCl2, 1 mM �-glycerophosphate,
0.1% Tween, 100 �M ATP, and 5 �Ci [�-32P]ATP/reaction mix. Kinase reaction
mixes were incubated at 30°C for 2 h.

In vitro kinase assays. Recombinant GST-IKK� and immunoprecipitated
Flag-A20 were generated as described above. The kinase buffer contained 50
mM Tris (pH 7.5), 12 mM MgCl2, 1 mM �-glycerophosphate, 100 �M ATP, and
10 �Ci [�-32P]ATP/reaction mix. Reaction mixes were incubated at 30°C for 1 h.

MS. Proteins from gel bands were reduced with 10 mM dithiothreitol (Sigma,
St. Louis, MO) and cysteine residues were alkylated with 55 mM iodoacetamide
(Sigma, St. Louis, MO), and the proteins were digested with sequencing-grade
modified trypsin from Promega (Madison, WI) overnight at 37°C. Extracted
tryptic peptides were analyzed by data-dependent reversed-phase microcapillary
liquid chromatography–tandem mass spectrometry (LC/MS/MS), using an LTQ
2D linear-ion-trap mass spectrometer (ThermoScientific, San Jose, CA) oper-
ated in positive-ion mode at a flow rate of 250 nl/min. A 75-�m (inner diameter)
by 15-�m (inner diameter of the tip) PicoFrit microcapillary column (New
Objective, Woburn, MA) was self-packed with Magic C18 resin (Michrom Biore-
sources, Auburn, CA) to 10 cm (length). The column was equilibrated, and
peptides were loaded using buffer A (0.1% acetic acid–0.9% acetonitrile–99%
water) and then eluted with a gradient from 5% buffer B (acetonitrile) to 38%
buffer B, followed by 95% buffer B for washing. The Sequest algorithm in
Proteomics Browser software (ThermoScientific, San Jose, CA) was used for
database searching of all MS/MS spectra against a reversed NCBInr protein
database with the differential modifications oxidation of Met and phosphoryla-
tion of Ser, Thr, and Tyr. Spectra that matched phosphorylated residues in the
A20 sequence were first identified by the Sequest correlation score and further
validated by manual inspection of the fragment ions. The interpretation of the
exact site of phosphorylation was aided by the GraphMod algorithm in Proteom-
ics Browser software, which individually scores the modification on each residue
in the peptide.

Reporter assays. Six-well dishes of HEK293T cells were transfected using
polyethylenimine with an NF-�B luciferase reporter (Clontech), Renilla lucifer-
ase, and the indicated constructs. Transfection efficiency was standardized using
Renilla luciferase, and assays were performed according to the manufacturer’s
instructions (Promega).

Generation of anti-phospho-A20 S381 antibody. Two rabbits were immunized
with the following peptide: Ac-EPSVPQL(phospho-S)LMDVK-Ahx-C-amide
(Ahx � aminohexanoic acid, a C6 spacer). The terminal bleeds were depleted
over a nonphosphopeptide column and then subjected to three successive puri-
fications over a phosphopeptide column. Enzyme-linked immunosorbent assay
analysis showed a 	1,000-fold preference for phosphorylated peptide over non-
phosphopeptide. This antibody was produced under contract by 21st Century
Biochemicals.

RESULTS

Within innate immune signaling pathways, divergent stimuli
converge onto the IKK signalosome. Upon activation, IKK�
activates NF-�B transcription factors via the phosphorylation
and proteasomal degradation of I�B� (reviewed in reference
11). Little is known about the preferred substrate specificity of
IKK�, and few in vivo substrates have been identified. To
address this limitation, we undertook a combined proteomic
and bioinformatic approach to perform an unbiased search for
novel IKK� substrates. First, a positional scanning peptide
library technique that we recently developed (14, 32) was used
to identify the optimal phosphorylation motif for IKK�. This
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technique utilizes a set of biotinylated peptide libraries, each of
which contains a 50-50 mixture of serine and threonine fixed at
the central position. In each library, one position relative to the
central Ser/Thr is fixed with one of the 20 amino acids or with
phosphothreonine (included to facilitate the identification of
kinases which require priming by prior phosphorylation
events). All other positions in each library contain an equimo-
lar mixture of natural amino acids (excluding serine, threonine,
and cysteine). Recombinant GST-IKK� was purified from
transfected HEK293T cells, and kinase assays were carried out
on all 189 libraries simultaneously in solution, using
[�-32P]ATP. Biotinylated peptides were captured using a
streptavidin-coated membrane. For each position relative to
the phosphorylation site, the relative amino acid preference
was determined by the relative level of 32P radiolabel incorpo-
ration into the corresponding peptide.

Using this method, we found that IKK� exhibited signif-
icant sequence specificity at multiple positions relative to
the phosphorylation site. The kinase strongly prefers pep-
tides that contain phosphothreonine (and, presumably,
phosphoserine) at the �4 and �5 positions relative to the
phosphorylation site (Fig. 1A). Strong selectivity was also
observed for aromatic residues at the �2 position, for hy-
drophobic residues at the �1 position, and for acidic resi-
dues at the �3 position (Fig. 1A and C). A kinase-deficient
mutant preparation of IKK� K44A did not phosphorylate
any of the peptides, indicating that these results were not
due to a contaminating kinase present in the IKK� kinase
preparation (Fig. 1B). This motif correlates well with several

known IKK� phosphorylation sites, including Ser32 and
Ser36 of I�B� (DDRHDS32GLDS and DpSGLDS36MKDE,
respectively) as well as Ser536 of the NF-�B transcription
factor p65 (DEDFSS536IADM) (8, 20, 27).

Bioinformatic approaches were then used to identify candi-
date IKK� substrates. First, spot intensities from the peptide
library screen were quantified and converted into a matrix that
could be used within the signaling search engine Scansite (data
not shown). Scansite (http://scansite.mit.edu) allows proteome-
wide searches as well as searches within individual proteins for
residues which best match the data provided by the matrix (22,
36). Proteome-wide searches frequently yield more candidates
than can reasonably be tested, and results include numerous
false-positive data (J. E. Hutti et al., unpublished observa-
tions). Because of this, we also used the IKK� matrix to indi-
vidually search proteins known to be involved in innate im-
mune signaling for sequences that match the IKK�
phosphorylation motif. Once a list of candidate phosphoryla-
tion sites was identified, NetPhos (http://www.cbs.dtu.dk
/services/NetPhos/) was used to determine whether these sites
are likely to be surface exposed and thus potentially phospho-
rylated in vivo (4). Finally, the evolutionary conservation of
candidate sites, in the context of conserved surrounding resi-
dues consistent with the optimal motif of IKK�, was consid-
ered in determining the most likely candidate substrates. For
instance, potential phosphorylation sites had to be conserved
among all sequenced mammalian genomes and, preferably,
among those of lower organisms.

Among the many candidate phosphorylation sites analyzed,

FIG. 1. Determination of preferred phosphorylation motif of IKK�. (A and B) Recombinant IKK� or, as a control, kinase-dead IKK� K44A
was used to phosphorylate 189 peptide libraries in individual kinase assays. The general sequence for these libraries was Y-A-X-X-X-Z-X-S/T-
X-X-X-X-A-G-K-K-biotin (Z, fixed amino acid; X, equimolar mixture of amino acids). After binding of the libraries to a streptavidin-coated
membrane, phosphorylation was visualized by the incorporation of 32P. While IKK� (A) gave a strong, consistent motif, no motif could be
identified using IKK� K44A (B). (C) Primary and secondary selections determined from IKK� phosphorylation motif. (D) Evolutionary
conservation of A20 S381 and its surrounding sequence.
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Ser381 of A20 (TNFAIP3) emerged as a likely IKK� phosphor-
ylation site. A20 is a known negative regulator of NF-�B ac-
tivity and has both K63 deubiquitinase and K48 E3 ligase
activities (35). Ser381 of this enzyme received a Scansite score
comparable to those of known IKK� phosphorylation sites,
and NetPhos predicts that in vivo phosphorylation of Ser381 is
very likely (Table 1). In addition, Ser381, as well as the �1
leucine and �3 acidic residues, is evolutionarily conserved in
mammals, in Xenopus laevis, and in Danio rerio, the lowest
organism in which A20 is found (Fig. 1D).

In order to verify that A20 could be phosphorylated di-
rectly by IKK�, Flag-tagged A20 immunoprecipitated from
HEK293T cells was incubated with purified GST-IKK� and
[�-32P]ATP. We found that IKK� could phosphorylate A20 in
vitro and that phosphorylation was blocked by pretreatment
with the IKK�-specific inhibitor BMS-345541 (Fig. 2A). To
identify the residue(s) on A20 that is phosphorylated by IKK�,
GST-IKK� was cotransfected with Flag-A20 into HEK293T
cells. Flag-A20 immunoprecipitates were subjected to stringent
washing (1% NP-40, 0.25% deoxycholic acid, 1 M NaCl), fol-
lowed by SDS-polyacrylamide gel electrophoresis and Coo-
massie staining (Fig. 2B). The stained band corresponding to
A20 was subjected to tryptic digestion followed by reversed-
phase microcapillary LC/MS/MS. This analysis identified phos-
phorylation of A20 at Ser381 (Fig. 2C), the same site that was
predicted by our bioinformatic analysis.

To determine whether this phosphorylation event occurs in
vivo, we generated a phospho-specific antibody against this
site. The specificity of the antibody was determined by cotrans-
fecting GST-IKK� with Flag-A20 or the point mutant Flag-
A20 S381A. Flag immunoprecipitates were subjected to immu-
noblotting with the phospho-specific antibody. The antibody
recognized wild-type (WT) A20 coexpressed with IKK� but
did not recognize the A20 S381A mutant (Fig. 3A). In addi-
tion, the phospho-A20 S381 antibody did not recognize A20
that had been treated with calf intestinal phosphatase, con-

firming that the antibody is specific for phosphorylated A20
(Fig. 3B).

Although these data strongly suggested that IKK� phosphor-
ylates A20 at S381, it was still possible that phosphorylation of
A20 S381 is not direct. To address this possibility, a second in
vitro kinase assay was performed. In this experiment, GST-
IKK� and Flag-A20 were cotransfected into HEK293T cells.
Three hours prior to lysis, cells were treated with BMS-345541
to allow dephosphorylation of A20 in the absence of IKK�
activity. Following lysis, Flag-A20 was immunoprecipitated,
and the immunoprecipitates were washed twice with lysis
buffer and twice with kinase buffer. Immunoprecipitates were
then resuspended in kinase buffer and preincubated for 20 min
with BMS-345541 or vehicle control. ATP was then added to
each reaction mix. Because no exogenous IKK� was added
following immunoprecipitation, all A20 phosphorylation oc-
curring during this assay must be due to coprecipitating IKK�.
In accordance with this, coimmunoprecipitation experiments
indicated that kinase-dead IKK� can interact with A20 (data
not shown). Following completion of the kinase reaction, the
reaction mixes were immunoblotted using the phospho-A20
S381 antibody. Under these conditions, A20 was phosphory-
lated at position S381 and this phosphorylation was blocked by
the IKK� inhibitor BMS-345541, indicating that the kinase
that phosphorylates this site coimmunoprecipitates with A20
and is inhibited by BMS-345541 (Fig. 3C). As a last test to
determine the IKK dependence of this phosphorylation,
NEMO�/� and NEMO�/� MEFs were transduced with a ret-
rovirus designed to express WT A20. After puromycin selec-
tion, clones (	1,000) were pooled and exposed to TNF-�.
Lysates were generated, and A20 was immunoprecipitated
through its Flag tag. Western blotting showed that in
NEMO�/� MEFs, S381 of A20 was phosphorylated, while in
NEMO�/� MEFs (with no TNF-induced IKK activity [re-
viewed in references 11 and 28]), the S381A position of A20
was not phosphorylated (Fig. 3D). The results shown in Fig. 3C
and D, coupled with the results from Fig. 2A, argue that IKK�
can directly phosphorylate A20 at S381.

Because A20 is a negative regulator of the NF-�B pathway
(5, 9, 35) and because A20�/� mice are characterized by ex-
treme hypersensitivity to LPS and TNF-� (18), we hypothe-
sized that A20 phosphorylation might be involved in the im-
mune response to these stimuli. To test this possibility,
partially differentiated THP-1 monocytes were pretreated for
3 h with BMS-345541 or vehicle control and then stimulated
with LPS for 0 to 120 min. Endogenous A20 was immunopre-
cipitated, and the immunoprecipitates were immunoblotted
using the phospho-A20 S381 antibody (Fig. 4A). While a
strong signal was observed with the phospho-A20 S381 anti-
body at 90 and 120 min, inhibiting endogenous IKK� activity
with BMS-345541 pretreatment prevented a significant portion
of this phosphorylation. To verify these results in a separate
LPS-responsive cell line, mIMCD3 cells were transduced with
a retrovirus expressing Flag-A20 or Flag-A20 S381A or with a
vector control, and stable pools of A20-expressing cells were
selected. Cells were stimulated with LPS for 0 to 60 min.
Following LPS stimulation, Flag-A20 was immunoprecipitated,
and immunoprecipitates were again immunoblotted using the
phospho-A20 S381 antibody. In cells transduced with WT A20,
a strong signal was observed with the phospho-specific anti-

TABLE 1. Scansite and NetPhos scores for IKK� substratesa

IKK� substrate Site Scansite score NetPhos score

I�B� S32 0.552 0.995
S36 0.575 0.998

RelA (p65) S536 0.513 0.962
NEMO S376 1.047 0.008
FOXO3a S644 0.670 0.017
IRS-1 S312 1.113 0.919
BCL-10 S134 0.950 0.926

S136 0.719 0.987
S138 0.662 0.995
S141 0.757 0.922
S144 0.711 0.915

Dok1 S439 1.217 0.179
S443 0.938 0.304
S446 1.127 0.030
S450 0.889 0.013

A20 S381 1.043 0.973

a Scansite scores for each protein were determined using a matrix created from
IKK� specificity values (data not shown). A lower score represents a better
match to the optimal motif. NetPhos provides scores ranging from 0 to 1. Residues
receiving NetPhos scores above 0.5 are considered potential phosphorylation sites,
with higher scores representing the most likely sites of phosphorylation. A20 S381
received Scansite and NetPhos scores comparable to those of known IKK� phos-
phorylation sites (10, 13, 15, 19, 20, 26, 27, 33).
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body. However, this signal was not observed in cells expressing
A20 S381A or the vector control (Fig. 4B). A similar result was
obtained following stimulation of the same A20-expressing
mIMCD3 cells with TNF-� (Fig. 4C). Together, these data
show that A20 is phosphorylated at S381 in multiple cell types
(IMCD cells are epithelial, THP-1 cells are hematopoietic, and
MEFs are mesenchymal) following stimulation with IKK�
agonists.

The phosphorylation of A20 by IKK� could either enhance
or inhibit the ability of A20 to downregulate NF-�B. To ad-

dress this question, we first performed a luciferase reporter
assay using an NF-�B-driven promoter transfected with pro-
teins known to strongly induce K63-linked polyubiquitination
of components of the NF-�B pathway (RIP2, NOD2, and
TRAF6) (1, 2, 7, 30). While overexpression of these proteins
gave various degrees of NF-�B activation, the NF-�B activity
driven by either RIP2, NOD2, or TRAF6 was almost com-
pletely abrogated by coexpression of A20 (Fig. 5A). However,
cotransfection of A20 S381A led to dramatically increased
NF-�B reporter activation compared to that by WT A20 (Fig.

FIG. 2. IKK� phosphorylates A20 on serine 381 in vitro. (A) Flag-A20 was transfected into HEK293T cells and immunoprecipitated using an
anti-Flag antibody. Immunoprecipitates were incubated with purified GST-IKK� in the presence of BMS-345541 (3 �M) or vehicle control for 20
min at room temperature. [�-32P]ATP was then added to the kinase reaction mix, and an in vitro kinase assay was performed. (B) IKK� was
cotransfected into HEK293T cells with Flag-A20. Flag-A20 was stringently immunopurified and subjected to SDS-polyacrylamide gel electro-
phoresis. Coomassie staining identified the purified Flag-A20, which was then excised from the gel and submitted for analysis by LC/MS/MS.
(C) LC/MS/MS identified phosphorylation of A20 at serine 381.
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5A). This observation suggested that IKK� phosphorylation of
A20 at S381 results in increased A20 activity, which might
provide a feedback mechanism to prevent uncontrolled inflam-
mation.

Activation of the Crohn’s disease susceptibility complex,
NOD2/RIP2, or the Toll-like receptor-activated E3 ubiquitin
ligase TRAF6 leads to the K63-linked ubiquitination of
NEMO at K285 (1, 2, 30), and these K63-linked ubiquitin
chains play an important role in coordinating innate immune
signaling pathways (6, 16). Consistent with this, K63-linked
ubiquitination of NEMO K285 is known to be essential for full
IKK� activity (1, 2). Since A20 is a K63 deubiquitinase, we
decided to test whether A20 could suppress ubiquitination of
NEMO. HA-ubiquitin, Myc-NEMO K399R, and OMNI-RIP2
were cotransfected into HEK293T cells, and the resulting
NEMO ubiquitination produced was consistent with previously
published data (1). However, the addition of increasing
amounts of A20 resulted in decreased RIP2-induced NEMO
ubiquitination (Fig. 5B). NEMO K399R was used because
elimination of the background ubiquitination at K399 facili-
tates the observation of NEMO K285 ubiquitination (1), and
these immunoprecipitations were all performed in high-strin-
gency wash buffer (1 M NaCl). In addition, denaturing the
lysate prior to immunoprecipitation to eliminate NEMO-bind-

ing proteins from the immunoprecipitates gave similar results
(data not shown), indicating that the ubiquitination witnessed
was due to NEMO ubiquitination and not to a coprecipitating
protein. If phosphorylation of A20 by IKK� increases A20
activity, then inhibition of IKK� would lead to decreased A20
activity. This hypothesis was tested by observing decreases in
the level of RIP2-induced NEMO ubiquitination as a readout
for A20 activity. HA-ubiquitin, OMNI-RIP2, and Flag-A20
were cotransfected into 293T cells with Myc-NEMO K399R.
Cotransfection of Myc-NEMO K399R with OMNI-RIP2 in-
duced the expected increase in ubiquitination of NEMO at
K285, and the addition of Flag-A20 eliminated a large portion
of this ubiquitination (Fig. 5C). However, pretreating cells with
BMS-345541 prior to lysis caused a large increase in the
amount of NEMO ubiquitination, even in the presence of A20.
Under these conditions, IKK� activity was strongly inhibited
by BMS-345541, as measured by I�B� degradation (data not
shown). Consistent with the findings shown in Fig. 5C, when
Flag-A20 S381A replaced WT Flag-A20, the amount of
NEMO ubiquitination also increased dramatically (Fig. 5D).
Collectively, these findings support the hypothesis that IKK�
activity and phosphorylation of A20 at Ser 381 are required for
full A20 activity.

In order to determine whether phosphorylation of A20 at

FIG. 3. Anti-phospho-A20 S381 antibody recognizes A20 which is phosphorylated by IKK�. (A) A phospho-specific antibody directed against
A20 phospho-S381 was generated. To show specificity, Flag-A20 was cotransfected into HEK293T cells with GST-IKK� and immunoprecipitated
using an anti-Flag antibody. Immunoprecipitates were immunoblotted using the phospho-specific antibody for A20 S381. (B) Flag-A20 was
cotransfected with GST-IKK� into HEK293T cells. Lysates were subjected to immunoprecipitation using an anti-Flag antibody. Immunoprecipi-
tates were treated with calf intestinal phosphatase (CIP) for 45 min at 37°C and then immunoblotted using the anti-phospho-A20 S381 antibody.
The phospho-A20 S381 antibody no longer recognized calf intestinal phosphatase-treated A20. (C) Flag-A20 was cotransfected into HEK293T
cells with GST-IKK�. Cells were pretreated with 10 �M BMS-345541 or vehicle control for 3 h prior to lysis in order to facilitate dephosphorylation
of A20 in the absence of IKK� activity. Anti-Flag immunoprecipitates were washed four times with lysis buffer to remove BMS-345541 and three
times with kinase buffer. Immunoprecipitates were then incubated a second time with 3 �M BMS-345541 or vehicle control for 20 min at room
temperature in order to inhibit coprecipitating IKK� activity, and an in vitro kinase assay was performed. Immunoblot analysis using the
phospho-A20 S381 antibody showed in vitro phosphorylation of A20 S381 by coprecipitating IKK�. (D) NEMO�/� or isogenic NEMO�/� cells
were transduced with pBABE-A20 retrovirus. Cells were selected in puromycin, and clones (	1,000) were pooled. Cells were treated with TNF-�
(5 ng/ml) for the indicated times. Cells were then lysed, and A20 was immunoprecipitated by virtue of its Flag tag. Western blotting showed that
in NEMO�/� cells, A20 was phosphorylated in a TNF-�-dependent manner, while in NEMO�/� cells, A20 showed very little TNF-�-dependent
phosphorylation.
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S381 results in altered signaling following inflammatory stimuli
in a more endogenous setting, A20�/� MEFs were reconsti-
tuted with Flag-A20 WT, Flag-A20 S381A, or empty vector
control. As described by Werner et al. (34), reconstituted
MEFs were pulsed with a nonsaturating level (2 ng/ml) of
TNF-� for 30 min, and then the TNF-�-containing growth
medium was replaced with serum-free medium after extensive
phosphate-buffered saline (PBS) washing of the cells (Fig. 6A).
By then assaying for recovery of I�B� via NF-�B-induced
transcriptional activation, these conditions have been shown to
assay the NF-�B-dependent negative regulation of TNF-in-
duced signaling (34). Cells were lysed every 15 min following
removal of the TNF-�, and the recovery of I�B� levels was
followed by immunoblotting. Between 30 and 75 min, we ob-
served consistently higher levels of I�B� in cells reconstituted
with WT A20 than in those with vector control (Fig. 6A).
Previous studies comparing WT and A20�/� MEFs have
shown that this increase is due to the inhibition of NF-�B-

activating pathways by A20 and therefore to a more rapid
recovery of I�B� levels following TNF-� removal (18, 34). In
our studies, the differences in I�B� levels observed between
A20�/� MEFs and A20-reconstituted MEFs are comparable
to those observed previously using a similar time course (34).
Importantly, cells reconstituted with A20 S381A showed a time
course of I�B� degradation and resynthesis matching that of
vector-transduced cells, supporting the model that phosphory-
lation of A20 S381 is required for full A20 activity. To quantify
this activity, the TNF-� stimulation was repeated for the 45-
min time point in four separate experiments (Fig. 6B). At 45
min, the amount of I�B� present in the A20 S381A-transduced
A20�/� MEFs matched the amount in the vector-transduced
cells and was significantly decreased relative to that in the WT
A20-transduced MEFs. At a higher dose of TNF-� (6 ng/ml),
this effect was even more pronounced, with very little I�B�
produced in the A20-null MEFs reconstituted with A20 S381A
(Fig. 6C). The findings presented in Fig. 5 and 6 strongly
suggest that IKK� phosphorylates A20 to increase its activity,
thereby helping to limit the duration of NF-�B activity.

DISCUSSION

The innate immune system is responsible for both the initi-
ation and termination of cytokine release associated with the
recognition of pathogens, and proper coordination of these
opposing functions is required to prevent autoimmune or in-
flammatory disease states. IKK� is essential for the initiation
of proper innate immune signaling through its activation of
NF-�B, and this activation results in the transcriptional up-
regulation of cytokines and other proinflammatory molecules.
However, in some signaling pathways, IKK� is also responsible
for NF-�B downregulation. For example, phosphorylation of
BCL10 by IKK� negatively regulates T-cell receptor signaling
(33), and many anti-inflammatory molecules, such as I�B� and
A20, are transcriptionally upregulated by NF-�B, emphasizing
the multiple roles of IKK� in the maintenance of proper in-
flammatory responses (17, 23). The strict requirement of IKK�
for proper regulation of innate immune signaling, coupled with
its importance in a large number of other signaling pathways,
led to the hypothesis that many IKK� substrates remain un-
identified.

To this end, we developed and utilized an unbiased method
to identify novel substrates of IKK�. The optimal phosphory-
lation motif for IKK� was identified using a positional scan-
ning peptide library technique. A combination of several bioin-
formatic approaches was then used to identify the most likely
candidate IKK� substrates. This method led us to the identi-
fication of A20 as a putative novel IKK� substrate (5, 12, 18,
35, 37). A20 is known to be essential for the downregulation of
NF-�B signaling, which immediately suggested that its phos-
phorylation by IKK� might have an important role in regulat-
ing inflammatory responses.

Direct phosphorylation of A20 by IKK� was confirmed using
in vitro kinase assays, and the phosphorylation site (S381) was
mapped using MS. A phospho-specific antibody was then used
to verify that A20 S381 is in fact phosphorylated following LPS
or TNF-� stimulation in three divergent cell lines, namely, the
THP-1 monocytic cell line, the mIMCD3 kidney epithelial cell
line, and MEFs. Phosphorylation by IKK� increases A20 ac-

FIG. 4. IKK� phosphorylates A20 S381 in a stimulus- and time-
dependent manner. (A) To induce expression of endogenous A20,
THP-1 cells were differentiated for 16 h with 20 nM phorbol myristate
acetate. These partially differentiated THP-1 cells were pretreated for
3 h with 10 �M BMS-345541 or vehicle control. Ultrapure E. coli LPS
(100 ng/ml) was added for the indicated times. Endogenous A20 was
immunoprecipitated, and immunoprecipitates were subjected to im-
munoblot analysis using a phospho-A20 S381 antibody. Lysates were
immunoblotted for phospho-I�B� (S32/S36) to verify IKK� inhibition
by BMS-345541. (B and C) An LPS-responsive kidney epithelial cell
line, mIMCD3, was stably transduced with Flag-A20, Flag-A20 S381A,
or empty vector control. Cells were stimulated with 200 ng/ml LPS
(B) or 10 ng/ml TNF-� (C) for the indicated times. Flag-A20 was
immunoprecipitated using an anti-Flag antibody and immunoblotted
using a phospho-A20 S381 antibody.
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tivity, which in turn activates a negative feedback pathway to
downregulate NF-�B. Since A20 is known to have both K63
deubiquitinase and K48 E3 ligase activities, we investigated the
role of A20 phosphorylation in the ubiquitination of NEMO

K285, which is known to be important for attaining full IKK�
activity following TLR2, TLR4, and NOD2/RIP2 activation (1,
2). Indeed, experiments showed that a site-directed mutant,
A20 S381A, resulted in higher levels of RIP2-induced NEMO

FIG. 5. Phosphorylation of A20 S381 increases the ability of A20 to inhibit the NF-�B response. (A) HEK293T cells were transfected with an
NF-�B–luciferase reporter gene, cytomegalovirus-driven Renilla luciferase (to standardize transfection efficiency), and either HA-RIP2, HA-
NOD2, or XP-TRAF6 alone or in combination with WT A20 or A20 S381A. An NF-�B–luciferase reporter assay was performed at 24 h
posttransfection. Each experiment was performed four times with similar results. Levels of activation are shown over the bars. Error bars represent
standard deviations. WT A20 strongly inhibited the NF-�B response induced by RIP2, NOD2, or TRAF6, while A20 S381A showed a significant
reduction in the ability to inhibit the NF-�B response. Equivalent protein expression of each of the transfected genes is also shown (bottom panels).
(B) HEK293T cells were transfected with Myc-NEMO K399R, HA-ubiquitin, OMNI-RIP2, and increasing amounts of A20. Lysates were subjected
to immunoprecipitation using an anti-Myc antibody and were immunoblotted with an anti-HA antibody to identify RIP2-induced NEMO
ubiquitination at K285. RIP2-induced NEMO ubiquitination decreased with increasing amounts of A20. (C) HEK293T cells were transfected with
Myc-NEMO K399R and HA-ubiquitin in combination with OMNI-RIP2 and Flag-A20. Cells were pretreated with 10 �M BMS-345541 or vehicle
control for 6 h prior to lysis. Lysates were subjected to immunoprecipitation using an anti-Myc antibody, washed stringently (1% NP-40 plus 0.25%
deoxycholate plus 1 M NaCl), and immunoblotted with an anti-HA antibody to identify RIP2-induced NEMO ubiquitination of K285. A20-
expressing cells pretreated with the IKK� inhibitor showed significantly larger amounts of NEMO ubiquitination. (D) HEK293T cells were
transfected with Myc-NEMO K399R, HA-ubiquitin, OMNI-RIP2, and either Flag-A20 WT or Flag-A20 S381A. Lysates were subjected to
immunoprecipitation with an anti-Myc antibody, washed stringently (1% NP-40 plus 0.25% deoxycholate plus 1 M NaCl), and immunoblotted with
an anti-HA antibody to identify RIP2-induced NEMO ubiquitination of K285. A20 S381A showed increased NEMO ubiquitination compared to
WT A20.
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ubiquitination than did WT A20. While we have not conclu-
sively determined whether this increase in NEMO ubiquitin-
ation is caused by decreased deubiquitinase activity of A20 or
decreased A20 E3 ligase activity, either of these mechanisms
would be expected to result in the increased NF-�B activity
that was observed.

These studies provide evidence that the techniques used
here, including determination of a kinase phosphorylation mo-
tif followed by bioinformatic identification of candidate sub-

strates, can provide an efficient and unbiased method for iden-
tifying novel kinase substrates. In addition, this study has
identified a novel mechanism of NF-�B negative feedback. In
inactive cells, A20 is very weakly expressed. Upon stimulation
with NF-�B agonists, IKK� is activated, ultimately leading to
the NF-�B-dependent transcription of target genes, including
A20 (17, 23). If IKK� activity continues, the newly translated
A20 is phosphorylated by IKK�, causing it to be fully activated.
This fully active A20 then helps to more completely inhibit

FIG. 6. Phosphorylation of A20 S381 leads to rapid inhibition of NF-�B following LPS stimulation. (A) A20�/� MEFs were stably reconstituted
with Flag-A20 WT, Flag-A20 S381A, or vector control and pulsed with 2 ng/ml TNF-� for 30 min. After extensive PBS washes, the TNF-�-
containing medium was replaced with serum-free medium and the recovery of I�B� levels was observed over time via immunoblotting of lysates.
(B) Reconstituted A20�/� MEFs were pulsed with 2 ng/ml TNF-� for 30 min, the medium was replaced as described above, and cells were allowed
to recover for 15 min. Lysates were immunoblotted using an anti-I�B� antibody, and differences were calculated between I�B� levels in WT
A20-reconstituted versus A20 S381A- or vector-reconstituted MEFs. The experiment was repeated four times with similar results. Error bars show
standard deviations. (C) Stably reconstituted A20�/� MEFs were pulsed with a higher dose (6 ng/ml) of TNF for 30 minutes. After extensive PBS
washes, the TNF-containing medium was replaced with serum-free medium and the recovery of I�B� levels was assayed via Western blotting.
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NF-�B signaling (Fig. 7). This sort of dual regulation of A20
activity (via gene transcription and subsequent protein phos-
phorylation) allows the downregulation of NF-�B activity to be
tailored more precisely to the needs of the cell, depending on
the strength and duration of the inflammatory signal. Given
the importance of K63-linked ubiquitination in innate immune
signaling and the dramatic phenotype of the A20�/� mouse (5,
18), it would not be surprising if misregulation of A20 phos-
phorylation has a role in the development of inflammatory
disease states.
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