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TRAF6, a crucial adaptor molecule in innate and adaptive
immunity, contains three distinct functional domains. The
C-terminal TRAF domain facilitates oligomerization and
sequence-specific interaction with receptors or other adaptor
proteins. In conjunction with the dimeric E2 enzyme Ubc13-
Uev1A, the N-terminal RING domain of TRAF6 functions as an
E3 ubiquitin (Ub) ligase that facilitates its own site-specific
ubiquitination through the generation of a Lys-63-linked
poly-Ub chain.Thismodificationdoesnot cause its proteasomal
degradation but rather serves as a scaffold to activate both the
IKKand stress kinase pathways. Connecting theN-andC-termi-
nal regions, the four internal zinc finger (ZF) motifs have yet to
be functionally defined. In this study, we examined the role of
the ZF domains in interleukin-1, lipopolysaccharide, and
RANKL signaling by reconstitution of TRAF6-deficient cells
with point mutations or deletions of these ZF motifs. Although
ZF domains 2–4 are dispensable for activating IKK, p38, and
JNK by interleukin-1 and lipopolysaccharide, the first ZF
domain together with an intact RING domain of TRAF6 is
essential for activating these pathways. Furthermore, TRAF6
autoubiquitination and its interaction with Ubc13 are depend-
entonZF1andanintactRINGdomain.Additionally, expressionof
TRAF6 lacking ZF2–4 in TRAF6-deficient monocytes rescues
RANKL-mediated osteoclast differentiation and LPS-stimulated
interleukin-6production.Thesedata provide evidence for the crit-
ical roleof theUb ligaseactivityofTRAF6,which is coordinatedvia
the RING domain and ZF1 to supply the necessary elements in
signaling by cytokines dependent upon TRAF6.

TRAF6, a member of the tumor necrosis factor receptor-
associated factor (TRAF)2 family, is a crucial docking molecule

that mediates signaling events initiated by cytokines of the
tumor necrosis factor superfamily, interleukin-1 (IL-1) family,
and pathogen-associated microbial patterns that are recog-
nized by the Toll-like receptor family (1, 2). Following binding
to their respective receptors, these ligands induce a cascade of
signaling events leading to the activation of transcription fac-
tors, such as the nuclear factor-�B (NF-�B) and AP1 (activator
protein-1) family, through activation of upstream kinases,
including inhibitor of �-B kinase (IKK) and the mitogen-acti-
vated protein kinase (MAPK) family (i.e. p38, JNK, and extra-
cellular signal-regulated kinase) (1, 2). As a result, these ligands
induce numerous genes involved in the innate immune and
inflammatory responses. Generation of TRAF6-deficient
mice revealed that in addition to playing a critical role in the
innate and adaptive immunity, TRAF6 has a crucial role in a
wide range of biological functions, such as lymph node orga-
nogenesis, formation of skin appendices, nervous system
development, and bone metabolism (3–9).
TRAF6 contains three major domains: 1) the C-terminal

domain, which facilitates oligomerization and interaction with
receptors and other adaptor proteins in a sequence-specific
manner; 2) the N-terminal domain, which possesses a RING
(really interesting new gene) motif that is found in a number of
E3 Ub ligases; and 3) a series of four internal ZF motifs without
an ascribed function that connect the N- and C-terminal
regions. Biochemical reconstitution experiments have first
indicated that the RING domain of TRAF6 is a Ub ligase that in
conjunction with a dimeric Ub-conjugating enzyme complex
(Ubc13-UeV1A) catalyzes the formation of a unique poly-Ub
chain linked through Lys-63 of Ub. That specific modification
on TRAF6 triggers, by an unknown mechanism, the activation
of both IKK and MKK6 (MAP kinase kinase 6) by the TAK1
(transforming growth factor �-activated kinase 1) complex (10,
11). Subsequently, we have recently demonstrated that a single
point mutation in the RING domain (TRAF6-C70A) rendered
TRAF6 incapable of rescuing IL-1 or RANKL (receptor activa-
tor of NF-�B ligand) signaling events in TRAF6-deficient cells
(12, 13). Additionally, stable knockdown of Ubc13 in an oste-
oclast progenitor cell line impaired the ability of RANKL to
cause TRAF6 ubiquitination, IKK and JNK activation, and oste-
oclast differentiation (13). Furthermore, we have also identified
Lys-124 as a major Ub Lys acceptor for TRAF6 autoubiquitina-
tion, and mutation of this site abolished TRAF6-mediated
NEMO ubiquitination, TAK1 and IKK activation, NF-�B acti-
vation, and spontaneous osteoclast differentiation (12). These
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data support the essential requirement of the RING-dependent
Ub ligase activity for TRAF6 to function in cells.
Although our studies have clearly demonstrated the critical

requirement of the RING domain of TRAF6 and its Ub ligase
activity for RANKL and to some extent for IL-1 signaling (12,
13), a previous report concluded that the RING domain is not
required for its function (14). However, in this report, large
deletion mutants of the RING domain (and its ZF motifs) were
employed to ascertain their function, whereas our reports used
a single point mutation in the RING domain. Since these stud-
ies show conflicting results for the function of theTRAF6RING
andZFdomains in IL-1, LPS, andRANKL signaling, we decided
to reevaluate the role of these domains.
To circumvent the anomalies associatedwith large deletions,

we generated point mutations in each of the four ZF motifs
separately. Transient expression of these mutants in HEK293
cells indicated that an intact ZF2, -3, or -4, was not required for
activating IKK and JNK. Moreover, in TRAF6-deficient MEFs
stably expressing each of the ZF mutants, only a defective ZF1,
like a defective RING mutant, could not rescue IKK activation
and phosphorylation of I�B� after IL-1 stimulation. Likewise,
an intact RING and ZF1 were also required for JNK and p38
activation in response to IL-1 and LPS or for IL-6 production in
response to IL-1. Consistent with these data, only intact RING
andZF1domains of TRAF6were necessary and sufficient for its
autoubiquitination and interaction with Ubc13. Furthermore,
TRAF6 carrying an internal deletion of ZF2 to -4 was able to
form a complex with NEMO and to rescue IKK, JNK, and p38
activation in response to IL-1 in TRAF6-deficient MEFs. Nota-
bly, expression of this deletion mutant of TRAF6 in TRAF6-
deficient monocytes could also rescue either RANKL-induced
osteoclast differentiation or LPS-induced IL-6 secretion. In
summary, we demonstrated that not only is the RING domain
of TRAF6 required for its Ub ligase activity and biological func-
tion in the IL-1, LPS, and RANKL pathways, but also these
studies highlight the significant utility of the first ZF domain of
TRAF6 in its function.

EXPERIMENTAL PROCEDURES

Cell Lines, Reagents, and Antibodies—The HEK293 cells
were obtained from the ATCC (Manassas, VA) and cultured as
previously described (15–17). Retroviral packaging cell line
GP2–293 was purchased from Clontech (Palo Alto, CA) and
cultured as previously described (12). Mouse embryonic fibro-
blasts (MEFs) from wild type and TRAF6�/� mice were kindly
provided by Dr. Tak Mak (University of Toronto). MEFs from
wild type and NEMO�/� mice were kindly provided by Dr.
Marc-Schmidt-Supprian (CBR Institute for Biomedical
Research). Monoclonal antibodies to phospho-I�B�, phospho-
p38, and p38 were purchased from Cell Signaling Technology
(Beverly, MA); rabbit polyclonal antibodies against JNK1 and
I�B� and monoclonal antibodies for Ub and NFATc1 (nuclear
factor of activated T cells) were from Santa Cruz Biotechnol-
ogy, Inc. (Santa Cruz, CA); goat anti-rabbit IgG-conjugated
horseradish peroxidase was from Bio-Rad; goat anti-mouse
IgG-conjugated horseradish peroxidase was from BD Bio-
sciences. Rabbit polyclonal antibodies against TRAF6 and�-ac-
tin were purchased respectively, from Calbiochem and

Cytoskeleton (Denver, CO). Monoclonal antibody to HA was a
generous gift from Dr. G. B. Mills (University of Texas M. D.
Anderson Cancer Center). Monoclonal antibodies for IKK�
and NEMO were a generous gift from Dr. S. Singh (Imgenex,
CA). Monoclonal anti-FLAG, N-ethylmaleimide (NEM), LPS,
and tartrate-resistant acid phosphatase (TRAP) kit were pur-
chased from Sigma. Yeast E1 andUbwere purchased fromBos-
tonBiochem Inc. (Cambridge, MA). Recombinant GST-c-Jun-
(1–79), GST-I�B�-(1–54), GST-TRAF6, and His-tagged
proteins Ubc13 and Uev1A were purified essentially as
described (12, 15, 17, 18). Recombinant IL-1 was purchased
from PeproTech (Rocky Hill, NJ).
Plasmids—Expression vectors for FLAG-TRAF6, GST-

TRAF6, HA-Ub, HA-JNK, HA-IKK�, GST-TAB2 (TAK1-
binding protein 2)-(574–693), His-Ubc13, and His-UeV1A
were described previously (12, 13, 17–19). All TRAF6 ZFmuta-
tions were generated by site-directed mutagenesis using the
QuikChange kit (Stratagene, La Jolla, CA) and verified by DNA
sequencing. To generate the internal ZF mutants, first a region
of mouse TRAF6 (residues 239–530) was amplified by PCR,
digested with EcoRI and XbaI, and inserted into pCR3FLAG.
Second, a region of mouse TRAF6 (residues 1–158 for TRAF6-
�ZF2–4; residues 1–185 for TRAF6-�ZF3–4) was amplified
by PCR and cloned into the EcoRI site of pCR3FLAG-TRAF6-
(239–530). All TRAF6 constructs were subcloned into pGEX-
4T1, pGADT7, and pMX-IRES-GFP-Puro (12, 20) by standard
techniques and verified by DNA sequencing. Full-length
NEMO cloned in-frame with an N-terminal FLAG tag in
pcDNA3 was a gift from Dr. Tetsu Kamitani (University of
Texas M. D. Anderson Cancer Center) and subsequently
cloned into pMX-IRES-GFP-Puro. NEMO-UBD mutant
(UBDm; L329P/D311N) was generated by site-directed
mutagenesis using the QuikChange kit (Stratagene, La Jolla,
CA) and verified by DNA sequencing. Residues 242–419 of
NEMO and NEMO-UBDm were cloned into pGEX-4T1 by
standard techniques and verified by DNA sequencing.
Measurement of IL-6 Production—TRAF6-deficient MEFs

stably expressing various TRAF6 proteins were seeded at a den-
sity of 3.0 � 104 in a 24-well plates. Primary mouse bone mar-
row-derived monocytes (BMM) were isolated from 5–7-day-
old femurs of TRAF6-deficient mice, expended, lifted with
versene buffer, counted, and seeded at a density of 4.0 � 104 in
a 48-well plate. The next day, the cells were infected with vari-
ous TRAF6 proteins for 2 days and then changed with fresh
medium for 2 days. In each case, cells were starved (in serum-
free medium or 0.5% FBS) overnight and then stimulated with
IL-1 (5 ng/ml) or LPS (30 ng/ml) for 12 h. Culture supernatants
were collected, and IL-6 was measured with a mouse IL-6
enzyme-linked immunosorbent assay kit (BD Biosciences, San
Diego, CA).
Transfection and Retroviral Infection—Transfection of

HEK293 cells was performed essentially as described (12, 17,
20). Production of retroviral supernatants from GP2-293 cells
and retroviral infectionwere performed as previously described
(12, 20).
In Vitro Ubiquitination Assay and Poly-Ub Chain Syn-

thesis—In vitro ubiquitination assays were performed as pre-
viously described (12).
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Western Blotting, Immunoprecipitation, and in Vitro Kinase
Assays—Cells were left unstimulated or stimulated as indicated
in the figure legends and washed two times with cold phos-
phate-buffered saline. Cells were lysed in Buffer A (20 mMTris,
pH 7.4, 250 mM NaCl, 1 mM 1,4-dithiothreitol, 1 mM sodium
orthovanadate, 2mM EDTA, 1%Triton X-100, 2�g/ml leupep-
tin, and 2 �g/ml aprotinin) or Buffer B (50 mM HEPES, pH 7.4,
150 mM NaCl, 1 mM 1,4-dithiothreitol, 1 mM sodium
orthovanadate, 2 mM EDTA, 0.5–0.1% Nonidet P-40, 2 �g/ml
leupeptin, and 2 �g/ml aprotinin) for 30 min on ice and centri-
fuged at 13,000 rpm for 15 min. Protein was measured on the
clarified lysates, and equal protein was then processed for
Western blotting, immunoprecipitation, pull-down, or kinases
assays as previously described (12, 15–17, 20). The incorpora-
tion of 32P into the substrate was quantitated with a Phosphor-
Imager and represented as -fold activation compared with vec-
tor or time 0. Immunoprecipitation was carried out at 4 °C for
2 h or overnight with end-over-end rotation and washed three
times in Buffer A or B followed by two washes in low salt buffer
(20mMTris, pH 7.4, 25mMNaCl, and 1mM 1,4-dithiothreitol).
In some experiments, possible protein-protein interactions
were prevented by immunoprecipitating in Buffer C (Buffer A

with the addition of 0.1% SDS and 0.5% deoxycholate) or, where
indicated, boiled in 1% SDS (50 �l) for 5 min followed by the
addition of 1 ml of Buffer A and then centrifuged and reimmu-
noprecipitated with the appropriate antibody. To prevent the
deubiquitination of some proteins, cells were lysed in Buffer A
or B containing 10 mM NEM.
Primary Mouse Monocyte Culture and Osteoclast Differenti-

ation Assays—Primary BMM were isolated from 5–7-day-old
femurs of TRAF6-deficient mice and cultured in �-minimal
essential medium (10% serum) with 5% L929-M-CSF condi-
tioned medium as previously described (12). When the density
of the monocytes was sufficient for the experiment, the cells
were washed in phosphate-buffered saline, lifted with versene
buffer, counted, and seeded at a density of 2–6.103 in 96-well
plates or in 12-well plates containing a dentine slice for bone
resorption assays. The next day, the cells were infected with the
indicated retrovirus for 2 days and then stimulated in fresh
medium containing RANKL (100 ng/ml) and 5% L929-M-CSF
until osteoclasts appeared (4–5 days) and then stained for
TRAP. The mice were housed in a temperature-controlled
environment with free access to food and water. All of the pro-
tocols and procedures were approved by the Institutional Ani-

FIGURE 1. Activation of IKK� and JNK by TRAF6 and its RING and ZF mutants in HEK293 cells. A, schematic diagram of TRAF6 with the indicated RING, ZF,
coiled-coil (CC), and TRAF-C domains. B, the primary amino acid sequence of the RING domain consisting of the conserved Cys and His residues (numbered on
top) of mouse TRAF6. The TRAF6-C70A mutation is shown below with the Ala substitution underlined. C, the primary amino acid sequence of the four ZF motifs
consisting of the conserved Cys and His residues (numbered on top) of mouse TRAF6. The TRAF6 ZF mutants are shown below with the Ala substitution
underlined. D–E, TRAF6-ZF1 is important for IKK� and JNK activation. HEK293 cells were co-transfected with empty vector (vector) or increasing amounts of the
indicated FLAG-tagged TRAF6 constructs together with an HA-tagged IKK� (D) or JNK (E). Thirty-six hours after transfection, cells were harvested, lysed in Buffer
A, and subjected to immunoprecipitation (IP) with an anti-HA antibody followed by an in vitro kinase assay using GST-I�B� (D) or GST-c-Jun (E), respectively, as
a substrate. The experiment was performed at least three times with similar results each time. The relative incorporation of 32P into the substrates was
quantified by a PhosphorImager and represented as -fold activation as compared with vector. The immunoprecipitates were then immunoblotted (IB) with an
IKK (D) or JNK (E) antibody, respectively. Expression of the various TRAF6 proteins in the lysates was detected by immunoblotting with anti-FLAG, and then the
membrane was stripped and reprobed with anti-actin.
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mal Care and Use Committee at
The University of Texas M.D.
Anderson Cancer Center.
Yeast Two-hybrid Analysis—Sac-

charomyces cerevisiae strain AH109
was a generous gift from Dr. Shri-
kanth Reddy (University of Texas
M.D. Anderson Cancer Center) and
used for protein-protein interaction
studies. Yeast cells were trans-
formed using the lithium acetate
method as described by the manu-
facturer (Clontech). The yeast cells
were co-transformed with the indi-
cated genes in pGAD-T7- and
pGBK-T7-based plasmids. Follow-
ing double selection on synthetic
dextrose (SD) lacking Trp and Leu
(SD�Trp�Leu), at least three sepa-
rate colonies were then picked and
spotted onto both SD�Trp�Leu
and SD�Trp�Leu�His (with 5mM
1,2,4-amino triazole) plates. The
plates were incubated at 30 °C until
growth appeared on the master
plate (SD�Trp�Leu), typically
within 2–3 days, and positive inter-
action was then determined by
equivalent growth of colonies on
SD�Trp�Leu�His plates.

RESULTS AND DISCUSSION

An Intact RING Domain and ZF1
of TRAF6 Are Required for IKK�
and JNK Activation in HEK293
Cells—TRAF6 is composed of an
N-terminal RING domain followed
by a series of ZF motifs and a
C-terminal TRAF homology do-
main (Fig. 1A). Although consid-
erable characterization of the
C-terminal TRAF domain has
been elucidated, recent biochemi-
cal and biological data have
revealed that the N-terminal
RING domain of TRAF6 belongs to
a family of Ub ligases, also known as
E3s. RING-type E3s contain an
octet of Cys and His residues dis-
tinctly separated to constitute a
novel zinc-binding domain, which
coordinates two zinc ions in a
unique “cross-brace” arrangement
(Fig. 1B). Following the RING
domain of TRAF6, there are five
predicted classical ZF domains, of
which four conform to the Cys2-
His-Cys (C2HC) motif (Fig. 1C).

FIGURE 2. IL-1 signaling in TRAF6-deficient MEFs expressing TRAF6 or various TRAF6 mutants. A, an
intact RING and ZF1 are required for IKK activation by IL-1. TRAF6-deficient MEFs stably expressing empty
vector (pMX) or the indicated FLAG-tagged TRAF6 construct were left unstimulated (time 0) or stimulated
with IL-1 (1 ng/ml) for the indicated times. Lysates from the indicated cell lines were prepared in Buffer A,
and equivalent protein was immunoprecipitated (IP) with anti-NEMO followed by in vitro kinase assay with
GST-I�B�. The experiment was performed at least three times with similar results each time. Cell lysates
were immunoblotted (IB) with the indicated antibodies. B, an intact RING and ZF1 are required for JNK and
p38 activation by IL-1. Lysates from the indicated cell lines were prepared as in A and immunoprecipitated
with anti-JNK1, followed by in vitro kinase assay with GST-c-Jun. The experiment was performed at least
three times with similar results each time. Cell lysates were also immunoblotted with the indicated anti-
bodies. C, an intact RING and ZF1 domain are required for IL-6 production induced by IL-1. TRAF6-deficient
MEFs stably expressing empty vector (pMX) or the indicated FLAG-tagged TRAF6 constructs were treated
with IL-1 (5 ng/ml) for 12 h. The cultured supernatant was collected and assayed for IL-6 using a standard
enzyme-linked immunosorbent assay kit. The experiment was performed at least three times with similar
results each time.

FIGURE 3. An intact RING and ZF1 domain of TRAF6 is required for LPS signaling. A and B, TRAF6-
deficient MEFs stably expressing empty vector (pMX) or the indicated FLAG-tagged TRAF6 construct were
left unstimulated (time 0) or stimulated with LPS (5 �g/ml) for the indicated times. Cell were lysed in Buffer
A and immunoprecipitated (IP) with anti-JNK1 or anti-NEMO followed by an in vitro kinase assay using
GST-c-Jun (A, top) or GST-I�B� (A, bottom), respectively, as a substrate. The experiment was performed at
least three times with similar results each time. Cell lysates were immunoblotted (IB) with the indicated
antibodies (A and B).
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We have previously shown that the Ub ligase activity of
TRAF6 requires an intact RINGdomain by generating amutant
of TRAF6 inwhich the first Cys residue in its RINGdomainwas
mutated to Ala (TRAF6-C70A) (Fig. 1B) (12, 13). To investigate
the functional role of the ZF domains of TRAF6 to activate
signaling in cells, we respectively mutated the first two Cys res-
idues to Ala in ZF1 (C135A/C140A; TRAF6-ZF1m), ZF2
(C164A/C167A; TRAF6-ZF2m), ZF3 (C189A/C192A; TRAF6-
ZF3m), and ZF4 (C215A/C218A; TRAF6-ZF4m) (Fig. 1C). As
an initial characterization of these mutations, we examined
whether they could activate IKK� and JNK by transient expres-
sion in HEK293 cells. Co-transfection of the FLAG-tagged
TRAF6mutants withHA-tagged IKK� orHA-tagged JNK indi-
cated that TRAF6-WT, TRAF6-ZF2m, TRAF6-ZF3m, and
TRAF6-ZF4m, but not TRAF6-C70A or TRAF6-ZF1m, acti-
vated IKK� (Fig. 1D) and JNK (Fig. 1E). These results suggest

that an intact RING domain and
ZF1 domain are critical for TRAF6
to activate IKK and JNK.
An Intact ZF1 and RING Domain

Are Critical for IL-1 and LPS Signal-
ing in TRAF6-deficient MEFs—
TRAF6 plays a critical role in IL-1
and LPS signaling, as indicated by
loss of function in TRAF6-deficient
MEFs (7, 12, 21). By establishing
stable cell lines using a retroviral
expression system (12, 20), we
next examined whether the
TRAF6 ZF mutants could rescue
IL-1-mediated IKK activation in
TRAF6-deficient MEFs. Following
IL-1 stimulation, only expression
of TRAF6-WT, TRAF6-ZF2m,
TRAF6-ZF3m, and TRAF6-ZF4m,
but not TRAF6-C70A and TRAF6-
ZF1m, were able to activate IKK,
resulting in the phosphorylation of
I�B� (Fig. 2A). Immunoblotting
with an anti-FLAG antibody
revealed that protein expression of
TRAF6-ZF2m and TRAF6-ZF3m
and to a lesser extent TRAF6-ZF4m
was less than TRAF6-WT or the
other mutants (Fig. 2A) but suffi-
cient to induce significant IKK acti-
vation or phosphorylation of I�B�
as compared with TRAF6-C70A or
TRAF6-ZF1m. This difference in
protein expression suggests that
mutations in ZF domains 2–4
might affect the stability of the pro-
tein in the cells, since the level of
GFP, which is expressed from the
same transcript, was similar in each
cell line (Fig. 2A). Furthermore,
IL-1-induced JNK activation and
phosphorylation of p38 was not res-

cued in cells expressing TRAF6-C70A or TRAF6-ZF1m as
compared with TRAF6-WT (Fig. 2B). To examine whether the
failure of TRAF6-C70A and TRAF6-ZF1m to rescue IKK and
stress kinase activation would be translated to their inability to
activate target genes, we measured IL-6 secretion by TRAF6-
deficientMEFs expressing thesemutants after IL-1 stimulation.
Although expression of TRAF6-WT rescued IL-6 production
by IL-1, TRAF6-C70A- and TRAF6-ZF1m-expressing cells
showed impaired induction of IL-6 (Fig. 2C).
Having established that an intact RING domain and ZF1 are

required for IL-1 responsiveness, we next addressed whether
these domains are also important for LPS signaling. Under LPS
stimulation, stable cell lines expressing TRAF6-WT, but not
TRAF6-C70A or TRAF6-ZF1m, were able to activate IKK,
resulting in the phosphorylation of I�B� (Fig. 3A). Similar to
our data with IL-1, TRAF6-C70A and TRAF6-ZF1m were

FIGURE 4. Requirement of the RING and ZF1 domains of TRAF6 for Ub ligase activity. A, overexpressed
TRAF6-C70A and TRAF6-ZF1m are not ubiquitinated in HEK293 cells. HEK293 cells were co-transfected with
empty vector (vector) or the indicated FLAG-tagged TRAF6 constructs in the absence (�) or presence (�) of
HA-tagged Ub. Thirty-six hours after transfection, cells were harvested, and cell lysates were subjected to
immunoprecipitation (IP) with an anti-FLAG antibody followed by boiling in 1% SDS and reimmunoprecipi-
tated with anti-FLAG. Finally, the eluted protein was subjected to SDS-PAGE and immunoblotted (IB) with
anti-Ub. The membrane was then stripped and reprobed with anti-FLAG. The experiment was performed at
least two times with similar results each time. Cell lysates were immunoblotted with the indicated antibodies
(bottom). B, bacterially expressed TRAF6-C70A and TRAF6-ZF1m lack ubiquitin ligase activity. The indicated
GST fusion proteins bound to glutathione-agarose beads were subjected to an in vitro ubiquitination assay in
the absence (�) or presence (�) of Ubc13-Uev1A (E2). After the ubiquitination assay, a portion of the super-
natant (middle) was subjected to SDS-PAGE and immunoblotted with anti-Ub. The GST fusion proteins bound
to glutathione-agarose beads were washed and then subjected to SDS-PAGE and immunoblotted with anti-Ub
(top). The membrane was stained with Ponceau S (bottom). C, TRAF6-C70A and TRAF6-ZF1m do not interact
with Ubc13 in yeast. S. cerevisiae strain AH109 was co-transformed with Ubc13 expressed in pGBK-T7 (DB) and
the indicated TRAF6 constructs expressed in pGAD-T7 (AD). Following double selection on SD�Trp�Leu, three
separate colonies were then picked and spotted onto both SD�Trp�Leu and SD�Trp�Leu�His plates. The
plates were incubated at 30 °C until growth appeared on the master plate (SD�Trp�Leu), typically within 2–3
days, and positive interaction was then determined by equivalent growth of colonies on SD�Trp�Leu�His
plates.
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unable to rescue JNK activation and phosphorylation of p38
following LPS stimulation (Fig. 3, A and B). Collectively, these
data establish that a functional RINGdomain and first ZFmotif
of TRAF6 are required for IKK, JNK, and p38 activation by IL-1
and LPS.
An Intact RING Domain and ZF1 Are Required for TRAF6

Autoubiquitination and Ligase Activity—The RING domain of
TRAF6 is essential for its autoubiquitination, which is critical
for activation of downstream signaling (12, 13). Since expres-
sion of TRAF6, TRAF6-ZF2m, TRAF6-ZF3m, and TRAF6-
ZF4m, but not TRAF6-C70A or TRAF6-ZF1m, activated both
IKK� and JNK, we next examined whether they are ubiquiti-
nated in HEK293 cells. The FLAG-tagged TRAF6 constructs
were transfected into HEK293 together with HA-Ub, immuno-
purified by anti-FLAG antibody, boiled in the presence of SDS,
and again immunoprecipitated with anti-FLAG followed by
SDS-PAGE and immunoblotted with anti-HA. Similar to our
previous results (12), when expressed in HEK293 cells along
with HA-Ub, FLAG-tagged TRAF6 immunoprecipitates were
highly ubiquitinated, as indicated by immunoblotting with
anti-HA, whereas TRAF6-C70A was not ubiquitinated (Fig.
4A). Of the ZF mutants tested, only TRAF6-ZF1m was not
ubiquitinated (Fig. 4A). To further examine the Ub ligase activ-
ity of each of these TRAF6 mutants and to eliminate the possi-
bility of contaminating Ub ligases when expressed in mamma-
lian cells, we expressed and purified TRAF6 and its mutants as
GST fusion proteins from bacteria. We tested their ability to

become autoubiquitinated and to
catalyze free Ub chain synthesis in
the presence of Ubc13-UeV1A by
performing an in vitro ubiquitina-
tion assay. TRAF6, but not TRAF6-
C70A, was highly ubiquitinated and
promoted free Ub chain synthesis in
presence of Ubc13-UeV1A (Fig.
4B). Of the ZF mutants tested, only
TRAF6-ZF1m was incapable of
serving as an E3 Ub ligase with
Ubc13-UeV1A (Fig. 4B). Taken
together, these results indicate that
not only is an intact RING domain
of TRAF6 necessary for its Ub ligase
activity, as we have previously
reported (12), but also the first ZF
domain appears to provide struc-
tural integrity to the RING domain.
Since the destruction of the first

ZF domain of TRAF6 presents sim-
ilar characteristics as a mutation in
the RING domain, we next investi-
gated whether both mutations per-
turb the capacity of TRAF6 to inter-
act with Ubc13. To address this
hypothesis, we evaluated the inter-
action of TRAF6 and its different
mutants with Ubc13 in a yeast two-
hybrid analysis. TRAF6-WT, but
not TRAF6-C70A, was able to inter-

act with Ubc13 or a catalytic mutant of Ubc13 (Ubc13-C87A)
(Fig. 4C). Of the four ZF mutants, only TRAF6-ZF2m, TRAF6-
ZF3m, and TRAF6-ZF4m were able to interact with Ubc13 or
Ubc13C87A (Fig. 4C). Comparable with TRAF6-C70A,
TRAF6-ZF1m was incapable of interacting with Ubc13 (Fig.
4C). These results clearly demonstrate that not only is an intact
RING domain of TRAF6 required for its interaction with
Ubc13, but also the ZF1 participates in maintaining an integral
conformation of the E2-binding site. These results also provide
insight into our previous findings that ZF1 is required for both
IL-1 and LPS signaling.
The RING and ZF1 Domains Are Necessary and Sufficient for

TRAF6 Ub Ligase Activity—We next asked whether the RING
and ZF1 are necessary and sufficient for TRAF6Ub ligase activ-
ity in vitro. To test this hypothesis, we generated a series of GST
fusion proteins containing various perturbations of the RING
andZFdomains (Fig. 5A). An in vitroubiquitination assay using
bacterial purified protein confirmed that TRAF6mutants with-
out an intact RING domain or mutants lacking ZF1 (TRAF6-
�ZF1, TRAF6-�ZF1–2, andTRAF6-�ZF1–3) were deficient in
TRAF6 autoubiquitination (Fig. 5B). Alternatively, TRAF6
mutants lacking ZF domains 2–4 (TRAF6-�ZF2–4) or 3 and 4
(TRAF6-�ZF3–4) possessed significant Ub ligase activity in
vitro (Fig. 5B). Furthermore, the absence of TRAF6 autoubiq-
uitinationwas not due to the loss of itsUb acceptor Lys, since all
of the constructs contained the critical Lys that has been
mapped to Lys124 (12). Taken together, these results clearly

FIGURE 5. ZF Domains 2– 4 are dispensable for TRAF6 autoubiquitination. A, schematic diagram of
TRAF6-WT and the internal deletion mutants. B, bacterially expressed TRAF6 mutants lacking ZF1 are not
ubiquitinated in vitro. The indicated GST fusion proteins bound to glutathione-agarose beads were subjected
to an in vitro ubiquitination assay in the absence (�) or presence (�) of Ubc13-Uev1A (E2). After the ubiquiti-
nation assay, the GST fusion proteins bound to glutathione-agarose beads were washed and then subjected to
SDS-PAGE and immunoblotted (IB) with anti-Ub (top). The membrane was stained with Ponceau S (bottom).
C, TRAF6-C70A and TRAF6-ZF1m are not ubiquitinated following IL-1 stimulation. TRAF6-deficient MEFs stably
expressing empty vector (pMX) or the indicated FLAG-tagged TRAF6 constructs were left unstimulated (time 0)
or stimulated with IL-1 (10 ng/ml) for the indicated times. Cell lysates were prepared in Buffer A and immuno-
precipitated (IP) with anti-FLAG, followed by boiling in 1% SDS, and again immunoprecipitated with anti-FLAG.
The samples were then subjected to SDS-PAGE and immunoblotted with anti-Ub (top). The membrane was
stripped and reprobed with anti-FLAG (middle). Expression of the TRAF6 proteins in the cell lysates was
detected by immunoblotting with anti-FLAG (bottom). The experiment was performed at least two times with
similar results each time.
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demonstrate that ZF domains 2–4 of TRAF6 are not essential
for its Ub ligase activity.
ZF Domains 2–4 Are Dispensable for IL-1-induced TRAF6

Ubiquitination—The experiments described so far demon-
strate that the RING and first ZF domains of TRAF6 are critical
for IL-1 and LPS signaling and for the ability of TRAF6 to acti-
vate these signaling pathways through its Ub ligase activity.
Furthermore, in an in vitroubiquitination assay, TRAF6 lacking
ZF2–4was still capable of autoubiquitination in the presence of
Ubc13-Uev1A. Since TRAF6 ubiquitination plays a critical role
in its ability to activate downstream pathways (12, 13), we next
examined whether TRAF6 mutants lacking ZF2–4 or ZF3–4
expressed in TRAF6-deficient MEFs are ubiquitinated in the
presence of IL-1. Stimulation with IL-1 for various times and
immunoprecipitation with anti-FLAG revealed that TRAF6-
WT, TRAF6-�ZF2–4, and TRAF6-�ZF3–4, but not TRAF6-
C70A or TRAF6-ZF1m, were highly ubiquitinated in response

to IL-1 (Fig. 5C). These results
reveal that ZF2 to -4 domains of
TRAF6 are not essential for its
ability to become ubiquitinated in
an IL-1-dependent manner.
ZFDomains 2–4 Are Dispensable

for Interacting with NEMO—In
view of the fact that TRAF6-
�ZF2–4 has E3 ligase activity and
becomes ubiquitinated after IL-1
stimulation, we next examined
whether this internal deletion of
TRAF6 would interfere with its
capacity to form a complex with
downstream signaling molecules, in
particular with NF-�B essential
modifier (NEMO), a critical regula-
tory subunit of the IKK complex.
Recent reports have demonstrated
that NEMO preferentially binds
Lys-63-linked poly-Ub chains
through a novel Ub-binding domain
(UBD) that resides within residues
246–346 (22, 23), and mutation
within this region, namely Asp-311
(D311N) or Leu-329 (L329P), pre-
vented its binding to Lys-63-linked
poly-Ub chains (23). Moreover,
mutation of the NEMO UBD pre-
vented its recruitment to the ubiq-
uitinated RIP-1 (receptor-interact-
ing protein-1) complex followed by
IKK activation after tumor necrosis
factor stimulation (22).
Since RIP1 is not involved in the

IL-1 signaling pathway, we decided
to first examine the importance of
theUBDofNEMO in IL-1 signaling.
We generated stable cell lines
expressing empty vector (pMX) or
FLAG-tagged NEMO-WT or

NEMO-UBDm (D311N/L329P) in NEMO-deficient MEFs.
Following stimulation with IL-1, expression of NEMO-UBDm
did not result in IKK� activation and phosphorylation leading
to phosphorylation and degradation of I�B�, as compared
with NEMO-deficient MEFs expressing NEMO-WT (Fig. 6,
A and B). Notably, mutation of the UBD of NEMO did not
disrupt its interaction with IKK�, suggesting that the UBD of
NEMO is required for recruitment to a proximal activated
complex that can phosphorylate IKK� (Fig. 6B). In agree-
ment with two recent reports (24, 25), our results confirm
the critical role of the UBD of NEMO for activation of the
IKK complex leading to the phosphorylation of I�B� in IL-1
signaling.
Given that these two reports (24, 25) disagree on a potential

interaction between NEMO and TRAF6, we decided to exam-
ine if IL-1 stimulation could induce the formation of a complex
containing TRAF6 and NEMO by using a GST fusion protein

FIGURE 6. The UBD of NEMO is required for IL-1-mediated IKK activation and its interaction with TRAF6.
A, the UBD of NEMO is required for IL-1-induced IKK activation. NEMO-deficient MEFs stably expressing empty
vector (pMX), NEMO-WT (WT), or NEMO-UBDm (UBDm) were left unstimulated (time 0) or stimulated with IL-1
(10 ng/ml) for the indicated times. Lysates from the specified cell lines were prepared in Buffer A, and equiva-
lent protein was immunoprecipitated (IP) with anti-NEMO followed by an in vitro kinase assay with GST-I�B�.
The membrane was probed with anti-NEMO and then stripped and probed with IKK�. Cell lysates were immu-
noblotted (IB) with the indicated antibodies. The experiment was performed at least three times with similar
results each time. B, the NEMO-UBD is required for the phosphorylation of IKK�. The indicated cell lines were
treated as in A, and the cell lysates were immunoprecipitated with anti-FLAG. The membrane was probed with
phospho-IKK� antibody and subsequently stripped and immunoblotted with anti-IKK� and anti-FLAG, respec-
tively. Cell lysates were immunoblotted with the indicated antibodies. The experiment was performed at least
two times with similar results each time. C, GST-NEMO through its UBD forms a complex with TRAF6-WT or
TRAF6-�ZF2– 4 following IL-1 stimulation. TRAF6-deficient MEFs stably expressing TRAF6-WT or TRAF6-
�ZF2– 4 were left unstimulated (time 0) or stimulated with IL-1 (50 ng/ml) for the indicated times. Cell lysates
were prepared in Buffer B and precleared with GST bound to glutathione-agarose beads for 1 h at 4 °C with
rotation. The samples were then centrifuged, and the supernatant was mixed with GST-NEMO or GST-NEMO-UBDm
bound to glutathione-agarose beads and incubated overnight at 4 °C with rotation. The samples were washed and
subjected to SDS-PAGE and immunoblotted with anti-FLAG (left). The GST fusion proteins were detected by staining
the membrane with Ponceau S (bottom). The cell lysates were immunoblotted with the indicated antibodies (right).
The experiment was performed at least three times with similar results each time.

Functional Characterization of the Zinc Finger Domains of TRAF6

SEPTEMBER 5, 2008 • VOLUME 283 • NUMBER 36 JOURNAL OF BIOLOGICAL CHEMISTRY 24877



consisting of the C-terminal domain of NEMO-WT or UBD
mutant (residues 242–419). TRAF6-deficient MEFs stably
expressing TRAF6-WT or TRAF6-�ZF2–4 were treated for
various times with IL-1, and the lysates were used in a GST
pull-down assay with either GST-NEMO-WTorGST-NEMO-
UBDm. GST-NEMO-WT formed a complex with both
TRAF6-WT and TRAF6-�ZF2–4 in an IL-1-dependent man-

ner, which occurred after 5 min and
persisted for 30 min; however, the
type of TRAF6 associating with
NEMO appeared to be mostly
unmodified (Fig. 6C). These results
indicate that IL-1 induced a com-
plex formation between TRAF6 and
NEMO, which was not affected by
deletion of ZF2 to -4 in TRAF6.
In contrast, GST-NEMO-UBDm
failed to interact with either
TRAF6-WT or TRAF6-�ZF2–4
(Fig. 6C). These data appear to agree
with the model proposed earlier
demonstrating that NEMO prefer-
entially binds to Lys63-linked polyu-
biquitinated IRAK1, which itself
interacts with TRAF6 (24, 25).
ZFDomains 2–4 Are Dispensable

for IL-1, LPS, and RANKL Sig-
naling—We have demonstrated
above that TRAF6 lacking the inter-
nal ZF domains 2–4 is ubiquiti-
nated in response to IL-1 and that
these domains are nonessential for
forming a complexwithNEMO.We
next examined signaling properties
of TRAF6 mutants lacking either
ZF2–4 or ZF3–4 in TRAF6-defi-
cient cells. Expression of either
deletion mutant of TRAF6 was able
to rescue IKK, JNK, and p38 activa-
tion as compared with pMX in
response to IL-1 (Fig. 7A). Similar to
IL-1, these mutants also rescued the
ability of LPS to activate these sig-
naling pathways (data not shown).
We next evaluated whether these

domains are involved in the regula-
tion of other biological endpoints by
TRAF6 signaling. First, TRAF6 is an
essential mediator of the differenti-
ation of monocytes to mature bone-
resorbing osteoclasts following
RANKL stimulation (26). We have
previously demonstrated that an
intact RING domain of TRAF6, and
thus its Ub ligase activity, are essen-
tial for RANKL-mediated osteoclast
differentiation (12, 13). To examine
whether the first ZF domain of

TRAF6 is necessary and sufficient for osteoclast differentiation,
we isolated primary BMM from TRAF6-deficient mice and
infected them with a retrovirus programmed to express
TRAF6-WT, TRAF6-C70A, TRAF6-ZF1m, or TRAF6-
�ZF2–4 and tested their ability to differentiate into functional
TRAP-positive multinucleated osteoclasts after RANKL treat-
ment. TRAF6-deficientmonocytes expressingTRAF6-WTand

FIGURE 7. ZF Domains 2– 4 are dispensable for IL-1 signaling, RANKL-mediated osteoclast differentia-
tion, and LPS-induced IL-6 production. A, ZF domains 2– 4 are dispensable for IL-1-induced IKK, JNK, and p38
activation. TRAF6-deficient MEFs stably expressing empty vector (pMX) or the indicated FLAG-tagged TRAF6
constructs were left unstimulated (time 0) or stimulated with IL-1 (1 ng/ml) for the times indicated. Equivalent
protein from the indicated cell lines was immunoprecipitated (IP) with anti-NEMO or anti-JNK1, followed by an
in vitro kinase assay using GST-I�B� or GST-c-Jun, respectively, as a substrate. Cell lysates were immunoblotted
(IB) with the indicated antibodies. The experiment was performed at least three times with similar results each
time. B, TRAF6-�ZF2– 4 is able to rescue osteoclast differentiation and function in TRAF6-deficient monocytes.
TRAF6-deficient monocytes isolated from bone marrow of TRAF6-deficient mice were plated in 96-well plates
for the osteoclast assay (left) or in 12-well plates containing dentine slide for bone resorption assay (right). The
cells were infected with empty virus (pMX) or the indicated TRAF6 retrovirus in septuplet for the osteoclast
assay and then stimulated with RANKL (100 ng/ml). The cells were fixed and stained for TRAP (left), and the
dentine slices were examined for pit formation (right). Similar results were obtained in at least three independ-
ent experiments. C, TRAF6 lacking ZF domains 2– 4 is able to induce nuclear accumulation of NFATc1 following
RANKL stimulation. The monocytes infected as described above were seeded in 12-well plates and stimulated
with RANKL (100 ng/ml). After 48 h, the cells were harvested, and cytoplasmic and nuclear fractions were
prepared. Protein from the cytoplasmic extracts (CE) and nuclear extracts (NE) were immunoblotted with
anti-FLAG and anti-NFATc1, respectively. The membranes were then stripped and reprobed with anti-actin and
anti-tubulin, respectively. D, TRAF6-�ZF2– 4 is able to rescue LPS-induced IL-6 production in TRAF6-deficient
monocytes. TRAF6-deficient monocytes isolated from bone marrow of TRAF6-deficient mice were plated in
48-well plates and then infected in triplicate with the indicated retrovirus followed by LPS treatment (30 ng/ml)
for 12 h. The cultured supernatant was collected and assayed for IL-6 using a standard enzyme-linked immu-
nosorbent assay kit. The experiment was performed at least three times with similar results each time.
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TRAF6-�ZF2–4, but not TRAF6-C70A or TRAF6-ZF1m,
formed multinucleated osteoclasts (Fig. 7B, left) and caused
bone resorption pits when differentiated on dentine slices after
RANKL stimulation (Fig. 7B, right). Furthermore, RANKL
treatment of TRAF6-deficient BMM infected with TRAF6-WT
and TRAF6-�ZF2–4 stimulated the nuclear accumulation of
NFATc1, a critical transcription factor for osteoclast differen-
tiation (27, 28), whereas cells expressing eitherTRAF6-C70Aor
TRAF6-ZF1m did not (Fig. 7C).
Second, cytokine production by LPS has been shown to be

impaired in TRAF6-deficient macrophages (29). Reconstitu-
tion with TRAF6 or TRAF6-�ZF2–4, but not TRAF6-C70A or
TRAF6-ZF1m in TRAF6-deficient monocytes rescued LPS-in-
duced IL-6 (Fig. 7D). Collectively, these findings support the
necessary requirement of the RING and ZF1 domains of
TRAF6 for the biological activity induced by IL-1, LPS, and
RANKL and provide further support for the nonessential
requirement of ZF domains 2–4 in TRAF6 signaling.
In conclusion, in this report, we have investigated the func-

tional role of the ZF domains of TRAF6 in IL-1, LPS, and
RANKL signaling.We have taken advantage of using cells lack-
ing endogenous TRAF6, either TRAF6-deficient MEFs or pri-
mary BMM from TRAF6-deficient mice, and introducing vari-
ous TRAF6 mutants by retroviral transfer to study their effect
on signaling by these cytokines. Therefore, the results can be
solely attributed to themutation introduced on TRAF6 provid-
ing a better structure-function relationship than overexpres-
sion in a cell line containing endogenous TRAF6.
By investigating the functional role of eachTRAF6ZFmotifs,

we surprisingly uncovered a significant function of the first ZF
motif. Previous structural studies using NMR revealed that the
RING domain (residues 67–124) of TRAF6 presents a topology
similar to those of other RING domains, indicating that the
RING adopts a correctly folded structure in the absence of ZF1
(30). Interestingly, the NMR structure of TRAF6 RING
revealed a very weak affinity for Ubc13 in the low millimolar
range (30), which is too weak to be biologically relevant. This
result suggests that other regions contiguous to the RING and
possibly the first ZF domainmay serve to increase the affinity of
TRAF6 forUbc13. Fromourmutagenesis studies, the exact role
of the ZF1 in TRAF6 function is unclear. It is possible that ZF1
interacts directly with Ubc13 or indirectly by stabilizing some
structural elements other than the RING itself. In fact, the crys-
tal structure of the TRAF6 RING plus ZF1 alone or in complex
with Ubc13 was solved.3 These data reveal a close interaction
between the sequence preceding the RING and the sequences
located just before and inside the ZF1. The structural analysis
provides support that additional contacts from residues pre-
ceding the RING are important for TRAF6/Ubc13 interaction
and that ZF1 probably plays a structural role by stabilizing
RING/Ubc13 interaction for increased affinity. Nonetheless,
our data reveal a close connection between the RING and the
ZF1 and that the integrity of both domains is required to have a
functional Ub ligase of TRAF6 able to activate downstream sig-
naling events.
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