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The lymphotoxin-� receptor (LT�R) activates the NF-�B2
transcription factors, p100 and RelB, by regulating the NF-�B-
inducing kinase (NIK). Constitutive proteosomal degradationof
NIK limits NF-�B activation in unstimulated cells by the ubiq-
uitin:NIKE3 ligase comprised of subunits TNFR-associated fac-
tors (TRAF)3,TRAF2, and cellular inhibitor of apoptosis (cIAP).
However, the mechanism releasing NIK from constitutive deg-
radation remains unclear. We found that insertion of a charge-
repulsion mutation in the receptor-binding crevice of TRAF3
ablated binding of both LT�R and NIK suggesting a common
recognition site. A homologous mutation in TRAF2 inhibited
cIAP interaction and blocked NIK degradation. Furthermore,
the recruitment of TRAF3 andTRAF2 to the ligated LT�R com-
petitively displacedNIK fromTRAF3. Ligated LT�R complexed
with TRAF3 and TRAF2 redirected the specificity of the ubiq-
uitin ligase reaction to polyubiquitinate TRAF3 and TRAF2,
leading to their proteosomal degradation. Stimulus-dependent
degradation of TRAF3 required the RING domain of TRAF2,
but not of TRAF3, implicatingTRAF2 as a key E3 ligase inTRAF
turnover. The combined action of competitive displacement of
NIK andTRAFdegradation haltedNIK turnover, and promoted
its associationwith IKK� and signal transmission. These results
indicate the LT�R modifies the ubiquitin:NIK E3 ligase, and
also acts as an allosteric regulator of the ubiquitin:TRAF E3
ligase.

The lymphotoxin-� receptor (LT�R),2 a member of the TNF
receptor superfamily (1), is a key regulator of lymphoid organo-
genesis and homeostasis of the immune system(2, 3). Ligation
of the LT�R activates a serine kinase cascade involving the
NF-�B inducing kinase (NIK;MAPKKK14) and the inhibitor of
�B kinase-� (IKK�; IKK1). Activation of kinase cascade culmi-
nates in the proteosome-dependent processing of p100 (NF-

�B2), degrading the ankyrin inhibitory domain and releasing a
52-kDa fragment (p52) (4–6). The p52 fragment forms a het-
erodimer with RelB that controls transcription of numerous
effector genes, such as tissue-organizing chemokines (CCL21,
CXCL13) and integrins (intercellular adhesion molecule,
ICAM1) that recruit lymphoid cells into the developing lymph-
oid organ.
NIK is the key molecule that controls the non-canonical

pathway of NF-�B activation by several members of the TNF
receptor superfamily through direct binding of the TRAF adap-
tors (7). In unstimulated cells, NIK is prevented from accumu-
lating by constitutive proteosome degradation mediated by a
cytosolic ubiquitin E3 ligase comprised of TRAF, a family of
zinc RING finger proteins (8). The ubiquitin:NIK E3 ligase is a
multisubunit complex comprised of TRAF3 and TRAF2 in
association with the cellular inhibitors of apoptosis (cIAP)-1
and -2 (9, 10). In the complex, TRAF3 binds NIK, and TRAF2
engages cIAP. All three subunits contain RING and zinc finger
motifs that are required for E3 ligase activity andNIK turnover.
Although transcription of mRNA is constitutive in unstimu-
lated cells, this highly efficient ubiquitin:NIK E3 ligase main-
tains NIK at vanishing low levels, below detection by the most
sensitive assays. Thus, TRAF3 and TRAF2 function as inhibi-
tors of NIK suppressing NF-�B activation.
Although it is well established that the trimeric ligands of the

TNF superfamily initiate signaling by clustering of their cog-
nate receptors, the translation of receptor ligation to the acti-
vation of intracellular signals is unknown. TRAF3 and TRAF2
directly associate with LT�R and other receptors rapidly after
ligand binding, implicating their role in signaling (11). Struc-
tural studies revealed significant complexity of LT�R-TRAF
interface. The surface crevices in TRAF3 and TRAF2 are
homologous and located in the C-terminal TRAF domain. The
TRAF crevice accommodates short peptides of limited
sequence homology found in several TNF receptors and other
unrelated regulatory molecules (8), demonstrating significant
promiscuity in protein recognition. The location and function
of the TRAF3-binding site for NIK is not defined, limiting our
understanding of the relationship between receptor-TRAF
recruitment and the activation of NIK.
Here, we demonstrate the TRAF3 binding site for NIK is

located in the common receptor-binding crevice, thus the
recruitment of TRAF3 to the ligated LT�R competes with NIK
for TRAF3. Similarly, recruitment of TRAF2 to the LT�R dis-
placed cIAP from TRAF2. Furthermore, TRAF2 and TRAF3
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recruited to the LT�R cytosolic domainwere polyubiquitinated
and degraded. Polyubiquitination and degradation of TRAF3
and TRAF2 was dependent on the TRAF2 RING domain. NIK
liberated from its association with TRAF3 engaged IKK� prop-
agating the serine kinase cascade leading to the formation of the
active NF-�B p52/RelB transcriptional complex. Together,
these results indicate the LT�R serves as an allosteric regulator
by competitively displacing the substrate NIK and redirecting
the specificity of the ubiquitin:NIK E3 ligase to ubiquitinate the
TRAF molecules.

EXPERIMENTAL PROCEDURES

Cell Culture, Plasmids, and Gene Transfer—Human embry-
onic kidney (HEK) 293T cells, mouse NIH3T3 cells, Lt�r�/�

MEF, and Traf2�/�Traf5�/� MEFwere maintained in Dulbec-
co’s modified Eagle’s medium supplemented with 10% fetal
bovine serum. Human TRAF3, TRAF2, NIK, cIAP1, and LT�R
cDNAwere cloned into pcDNA3.1 or pEF (Invitrogen) expres-
sion vectors and transfected into HEK293T cells using the cal-
cium phosphate method. For stable expression, various cDNA
were cloned into pMSCV-IRES-GFP or pMSCV-IRES-CD2
retroviral vectors thatwere used to infectMEForNIH3T3 cells.
HA-tagged ubiquitin expression vector (pEF-HA-Ubiquitin)
was kindly provided by Dr. Yun Cai Liu (LIAI). Short hairpin
RNA (shRNA) for TRAF2 and TRAF3 were cloned into
pMSCV-LMP retroviral vector (OPENBIOSYSTEMS).
Antibodies and Reagents—Rat anti-mouse LT�R mono-

clonal antibody (clone 4H8) (12) and soluble recombinant
human LIGHT were used as LT�R agonists (13). Commercial
sourcesofmonoclonal antibodies includedanti-HA.11 (Covance);
TRAF2 (MBL); Pan cIAP (R&D); human TRAF2, mouse ICAM1
and human LT�R (BD Biosciences); rat CD2 (Biolegend); and
ubiquitin (Santa Cruz Biotechnology); FLAG M2 and Actin
(Sigma); anti-Myc4A6andhumanp100 (Millipore).The sourceof
polyclonal antibodies included TRAF3, TRAF2, and NIK (Santa
Cruz Biotechnology); NIK, p100 and IKK� (Cell Signaling
Technology).
Cell Sorting and Flow Cytometry—Retrovirus-transduced

cells were monitored and selected by cell sorting (FACS Aria,
BDBiosciences) for expression ofGFP orCD2. Flow cytometric
analysis was performed by incubating cells with fluorochrome-
conjugated ICAM1 antibody in buffer (1� phosphate-buffered
saline, 3% bovine serum albumin, 5 mM EDTA, and 0.02%
NaN3). The antibody-bound cells were analyzed with a FACS
Calibur cytometer using Cell Quest (BD Biosciences) and
FlowJo software (TreeStar).
Immunoprecipitation and Immunoblots—Cell lysates from

MEF or NIH3T3 were prepared with TNE-N buffer (20 mM

Tris-Cl, pH7.5, 150 mM NaCl, 5 mM EDTA, and 1% Nonidet
P-40, supplemented with protease inhibitor mixture, 10 mM

NaF, and 10 mM Na3VO4). For transfected 293T, cells were
lysed with TNE-N lysis buffer plus 0.1% SDS. The lysates were
precleared and immunoprecipitated with the indicated anti-
body, followed by incubation of protein G-Sepharose (GE
Healthcare). The immunoprecipitates or cell lysates were sub-
jected to immunoblotting and specific proteins were visualized
with substrate from SuperSignal West Pico or Dura systems
(Thermo Scientific). For detection of ubiquitinated NIK in

transfected 293T, the cells were pretreated with 20 �M of
MG132 (Calbiochem) for 4 h to block ubiquitin-proteosomal
pathway before lysis. The cell lysates were prepared with
TNE-N plus 0.1% SDS supplemented with protease inhibitor,
10 mM NaF, 10 mM Na3VO4, and 20 �M MG132. After the first
immunoprecipitation with NIK antibody, the immunoprecipi-
tates were mixed with TNE-N buffer containing 1% SDS and
0.5% b-ME and then boiled for 5 min to completely release
NIK-bound protein(s). The supernatant was 10-fold diluted
with TNE-N buffer, followed by the second immunoprecipita-
tion with NIK antibody. Immunoblotting with anti-HA was
performed to detect HA-tagged ubiquitin bound to NIK. For
detection of ubiquitinated TRAF proteins in MEF, the cells
were pretreated with 10 �MMG132 for 30min, followed by the
stimulation with soluble LIGHT (20 ng/ml). The cell lysates
were prepared with TNE-N buffer supplemented with protease
inhibitor, 10 mM NaF, 10 mM Na3VO4, and 20 �M MG132 and
10mMNEM(Sigma). FLAG-tagged LT�Rwas immunoprecipi-
tated with anti-FLAG M2-agarose, and the LT�R-depleted
lysates were immunoprecipitated with specific antibody to
either TRAF2 or TRAF3. After denaturation of the immuno-
precipitates and a second immunoprecipitation, immunoblot-
ting with anti-ubiquitin was performed to detect endogenous
ubiquitin bound to TRAF3 or TRAF2.
Structure—Structural figures were prepared from the atomic

coordinates and structural factors of the TRAF3-LT�R crystal
structure (1RF3.pdb) as described previously (14). The program
PyMOL was used to visualize TRAF3 and electrostatic surface
potentials were calculated with the program APBS, together
with the PDB2PQR server.

RESULTS

A Common Binding Site for LT�R and NIK in the TRAF3
Crevice—Binding of the ligands, LT�� and LIGHT, or artificial
activation with agonist antibody, rapidly recruits TRAF3 (11)
and TRAF2 (15) to the LT�R. Crystallographic analysis previ-
ously demonstrated the TRAF3 binding region of the LT�R
(385PYPIPEEGDPGPPGLSTPHQEDGK408) forms a reverse
turn, with the change in direction occurring through residues
394PGPPG398 (Fig. 1A) (14). The residues 388IPEEGD393 in the
LT�R provide several primary contacts with TRAF3, however,
alanine substitution mutagenesis revealed an additional region
located in the C-terminal LT�R strand required for signaling
(Fig. S1A).We expressed these LT�Rmutants inmouse embry-
onic fibroblasts (MEF) derived from Lt�r-deficient mice to
assess signaling activity. Stable lines were selected by flow
cytometry for receptor levels comparable to normal fibroblasts.
Mutational inactivation of the TRAF binding region in the
LT�R requiredmultiple alanine substitutionmutations in both
the N-proximal region (Glu390, Glu391, and Asp393) and C-ter-
minal region (404QED406; exemplified by the 5A mutant) to
abolish recruitment of TRAF3, and also TRAF2 (Fig. 1B). Inter-
estingly, ligation of wild-type LT�R, but not the 5A mutant,
induced the specific depletion of endogenous TRAF3 (Fig. 1B).
The position of the Ala substitutions in 404QED406 had less
impact than the number of substitutions, which suggested a
relatively high affinity interaction betweenLT�RandTRAF3or
TRAF2. In response to ligation with LIGHT, the LT�R-5A
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mutant was dramatically attenuated
in its ability to activate IKK�-
dependent processing of p1003p52
(Fig. 1C), which is required to form
the transcriptionally active NF-�B
RelB/p52 complex. Correspond-
ingly, the 5Amutant failed to induce
expression of the NF-�B regulated
gene ICAM1 in fibroblasts (Fig. 1D).
These observations suggested that
TRAF3 can tolerate a high degree of
structural variance in the LT�R-
binding site, a concept supported by
the ability of TRAF3 to accommo-
date multiple TNF receptors and
regulatory molecules (8).
Mutagenesis studies indicated

the TRAF domain of TRAF3 is
required for interaction with the
N-terminal region of NIK at posi-
tion 78ISIIAQA84 (16). The shallow
surface crevice in the TRAF domain
of TRAF3 that binds LT�R contains
three subregions of predominately
polar, or hydrophobic, or mixed
polar/charged residues (14). Muta-
tions inmixed charge/polar (Tyr459)
and hydrophobic (Phe512 and
Phe521) subregions of TRAF3, but
not the polar region, inhibited
LT�R binding (14), yet none of
these mutations impacted binding
to NIK (supplemental Fig. S1B).
However, substitution of F474E,
centrally positioned on the floor of
the TRAF3 crevice (Fig. 2A) ablated
binding of both LT�R (Fig. 2B) and
NIK (Fig. 2C). Substitution with Tyr
retained binding of LT�R revealing
the side chain phenyl group of
Phe474 was important for activity.
Other substitutions at Phe474,
including Asp, did not alter NIK
binding suggesting the extended
acidic moiety of Glu474 may func-
tion as bulkier charge repulsion
mutation compared with Asp474.
The mutation at F474E did not
appear to compromise the global
integrity of TRAF3 as wild-type
TRAF3 coimmunoprecipitatedwith
the mutant, indicating the mutant
assembled into its native trimeric con-
formation (supplemental Fig. S1C).
To assess the functional impact of

the F474E mutation, mouse 3T3
fibroblasts were depleted of endog-
enous TRAF3 using transcriptional

FIGURE 1. The TRAF3-LT�R complex. A, TRAF3-LT�R structural diagram was generated from the cocrystal
structure (PDB 1RF3). The image depicts the molecular surface of the TRAF domain of TRAF3 (gray) and the
TRAF-binding domain of the LT�R peptide with colored �-C backbone (red) and charged residues (yellow).
B and C, MEF from Lt�r�/� mice reconstituted with FLAG-tagged human LT�R WT or 5A mutants were treated with
soluble LIGHT. The recruitment of TRAF molecules to LT�R was assessed by the coimmunoprecipitation with anti-
FLAG antibody, and the processing of p100 (NF-�B2) was assessed by immunoblotting. D, flow cytometric analysis
of ICAM-1 expression in the LT�R-reconstituted MEF treated with soluble LIGHT or medium for 3 days.

FIGURE 2. A mutation in the TRAF3 crevice ablates binding of LT�R and NIK. A, surface charge distribution
of the receptor-binding crevice in TRAF3. The LT�R peptide located within the TRAF domain is depicted as the
electrostatic surface potential of TRAF3 (PDB2PQR server) where electronegative (red) and electropositive
(blue) were scaled from �30 to �30 kT/e. The three acidic residues (Glu390, Asp391, and Glu393) in LT�R contact
a stretch of neutral to positively charged surface of TRAF3. B and C, 293T cells were contransfected with LT�R
(B) or NIK (C) along with various TRAF3 constructs. The binding ability of TRAF3 to LT�R or NIK was assessed by
the coimmunoprecipitation with anti-FLAG antibody. D, NIH3T3 cells depleted of TRAF3 by shRNA (TRAF3
sh3T3) were reconstituted with wild-type (WT) or F474E mutant of TRAF3. TRAF3 sh3T3 cells were treated with
LT�R agonistic antibody (aLT�R) for the indicated times and the processing of p100 (NF-�B2) was assessed by
immunoblotting. E and F, F410E mutation in TRAF2 alters the binding to LT�R and cIAP1. Binding of TRAF2 to
NIK or LT�R was determined in 293T cells contransfected with LT�R (E) or NIK (F) along with TRAF2 constructs.
The binding ability of TRAF2 to LT�R or cIAP1 was assessed by coimmunoprecipitation with anti-FLAG anti-
body. G, TRAF2 sh3T3 cells were treated with �LT�R as in D.
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interference with short hairpin RNA (sh3T3) and reconstituted
with wild-type or mutant human TRAF3 (supplemen-
tal Fig. S2). TRAF3 sh3T3 cells expressing wild type human
TRAF3 regained specific responsiveness to LT�R activation,
whereas cells expressing the TRAF3-F474E mutant constitu-
tively processed p1003 p52 (Fig. 2D). The constitutive p100-
processing phenotype for the F474E mutant was similar to
TRAF3�/� MEF (17) and TRAF3 shRNA cells (sup-
plemental Fig. S2). This phenotype was expected because the
binding of NIK to TRAF3 is essential for constitutive degradation
of NIK (16). Importantly, these observations indicate that NIK
engages the same crevice in TRAF3 bound by the LT�R.

cIAP Binds TRAF2 in the LT�R-
binding Crevice—Sequence align-
ment among TRAF familymembers
showed that Phe410 in TRAF2 is
homologous to TRAF3-F474 and
centrally positioned in the receptor-
binding crevice of TRAF2 (18). As
expected, the F410E mutation in
TRAF2 ablated binding to LT�R
(Fig. 2E). The interaction of cIAP
with TRAF2 (19, 20) and the
requirement of TRAF2-cIAP com-
plex in the ubiquitination of NIK (9,
10, 21, 22) (supplemental Fig. S3)
suggested that F410E mutation in
TRAF2 may impact cIAP binding.
Indeed, a coimmunoprecipitation
experiment showed that the TRAF2
F410E mutation substantially re-
duced binding to cIAP1 (Fig. 2F). To
assess the functional impact of F410E
mutation, we generated TRAF2
sh3T3 cells, followed by reconstitu-
tion with wild type or the F410E
mutant of TRAF2 (supplemen-
tal Fig. S2). As expected, the 3T3 cells
reconstituted with TRAF2-F410E
showed constitutive processing of
p100 (Fig. 2G). These data clearly
indicate that theTRAF2-cIAP1 inter-
action regulates signaling from NIK
to p100, and remarkably, the F410E
mutation present within the LT�R
binding region altered cIAP binding
to TRAF2.
LT�R Competitively Displaces

NIK and cIAP from the TRAF
Complex—The loss of both LT�R
and NIK binding to the TRAF3
F474E raised the possibility these
molecules occupy the same sur-
face crevice and compete for
TRAF3.Wereasoned that the activa-
tion of the LT�R should abrogate
binding between TRAF3 and NIK,
and similarly LT�R should compete

withcIAPforbindingTRAF2.Totest thisconcept,293Tcellswere
transfected with wild-type or mutant LT�R-5A, and the interac-
tions between NIK and TRAF3, or TRAF2 and cIAP were
observedby coimmunoprecipitation andWestern blot.Wild-type
LT�R, but not the LT�R-5Amutant, blocked the coimmunopre-
cipitation of NIKwith TRAF3, and conversely, LT�R coimmuno-
precipitated with TRAF3 and at this time, NIKwas not associated
with LT�R (Fig. 3A). This result is consistent with the idea that
LT�RdisplacedNIK fromTRAF3by competitively binding to the
samesurfaceonTRAF3.Thus,TRAF3specifically exchangedNIK
with the LT�R. Similarly, LT�R, but not the 5A mutant, blocked
the association between TRAF2 and cIAP1 (Fig. 3B).

FIGURE 3. Competitive displacement of NIK and cIAP1 from TRAF3 and TRAF2. A, 293T cells were cotrans-
fected with the indicated plasmids, cultured for 2 days and prior to extraction treated with MG132 for 4 h to
block the ubiquitin-proteosomal pathway. The dissociation of NIK from TRAF3-NIK complex in the presence of
wild-type or mutant LT�R was assessed by coimmunoprecipitation with a specific antibody to TRAF3. B, dis-
sociation of cIAP1 from the TRAF2-cIAP1 complex was assessed by coimmunoprecipitation with a specific
antibody to TRAF2 (as in A). C, LT�R-induced competitive displacement does not require Zinc RING Finger
domain of TRAF3. 293T cells were transfected with the indicated combination of expression plasmids including
TRAF3�1–258 lacking the N terminus zinc RING finger domains. Anti-FLAG or anti-NIK were used to immuno-
precipitate their respective antigens, followed by immunoblotting with anti-NIK, -Myc, or -FLAG, respectively
(top three panels). The expression of NIK, LT�R, and TRAF3 was verified by immunoblotting of the whole cell
extract (bottom three panels). D, 293T cells were transfected as in C with HA-tagged ubiquitin (Ub); after 2 days,
the cells were treated with MG132 (20 �M) for 4 h, and anti-NIK was used to sequentially immunoprecipitate NIK
from the cell extract, and ubiquitin detected by immunoblotting with anti-HA.
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The N-terminal, RING, and zinc finger domains of TRAF3 are
important for ubiquitin:NIK E3 ligase activity raising the question
of whether NIK displacement required the N-terminal region of
TRAF3. To address this question, we performed coimmuno-
precipitation experiments to see whether a deletion mutant
lacking RING and zinc finger domains of TRAF3 (TRAF3
�1–258)(23) impacted LT�R-mediated displacement of NIK

(Fig. 3C). Wild-type TRAF3 (lane
1) and the TRAF3�1–258 mutant
(lane 3), but not the F474E mutant
(lane 2), coimmunoprecipitated
with NIK in the absence of LT�R,
confirming the TRAF domain is
required to bind NIK. However,
polyubiquitinated forms of NIK
were clearly present when bound
to wild-type TRAF3, but not either
the TRAF3�1–258 or F474E mu-
tants (Fig. 3D, lanes 1–3), in-
dicating ubiquitination of NIK
required binding the TRAF do-
main and the functionality of the
RING zinc finger domains. Wild-
type and �1–258 TRAF3, but not
F474E, bound LT�R (Fig. 3C, lanes
4–6) and halted NIK ubiquitina-
tion (Fig. 3D, lanes 4–6). The
�1–258 TRAF3 mutant revealed
the essential role of the interaction
of the NIK and TRAF domains,
and separated competitive dis-
placement of NIK from NIK
ubiquitination.
LT�R Redirects Ubiquitination to

TRAF3 and TRAF2—The relative
abundance of TRAF3 compared
with LT�R suggested a direct molar
interaction alonewas unlikely to lib-
erate sufficient NIK to propagate
signaling. We observed that TRAF3
and �1–258 mutant, but not the
F474E mutant, were specifically
depleted in cells cotransfected with
LT�R (Fig. 3C, lower panel, lanes
4–6). The loss of TRAF3 in trans-
fected cells suggested an enzymatic
action may be involved in depleting
TRAF3 from the cell, which in turn
prevents reassociation with NIK.
LIGHT treatment of Lt�r�/�

MEF reconstituted with wild-type
LT�R, but not the 5A mutant, rap-
idly induced the loss of TRAF3 and
TRAF2 in the detergent soluble
fraction (Fig. 4A). The proteosomal
inhibitor, MG132 halted the LT�R-
dependent loss of TRAF3 and
TRAF2 (Fig. 4B). This result raised

the issue of where the ubiquitination of the TRAF molecules
occurred in the cell. To address this question, we analyzed the
ubiquitination status of TRAF3 and TRAF2 that were either
bound to the LT�R or free in the cytosol. Strikingly, poly-
ubiquitinated TRAF3 and TRAF2 were observed only asso-
ciated with the LT�R in LIGHT activated cells, but not in the
receptor-depleted, cytosolic fraction (Fig. 4, C and D).

FIGURE 4. LT�R-TRAF complex redirects the ubiquitination reaction. A, expression of TRAF3, TRAF2, and
cIAP1 in LT�R-reconstituted MEF treated with soluble LIGHT was assessed by immunoblotting. B, LT�R-recon-
stituted MEF were pretreated with or without MG132 for 30 min, followed by stimulation with soluble LIGHT for
the indicated times. C and D, LT�R-deficient MEF reconstituted with FLAG-tagged LT�R were pretreated with
MG132 (10 �M) for 30 min, followed by stimulation with LIGHT (20 ng/ml) for 30 min. The LT�R was immuno-
precipitated with FLAG M2 antibody-conjugated agarose (F). The LT�R-depleted lysate was then immunopre-
cipitated with anti-TRAF3 (T3) or anti-TRAF2 (T2). The immunoprecipitates were then denatured to dissociate
the bound protein(s), and then re-immunoprecipitated with anti-TRAF3 or anti-TRAF2. The immunoprecipi-
tates containing TRAF3 and TRAF2 from the LT�R (�) and LT�R (�) fractions were subjected to immunoblot-
ting with anti-ubiquitin to detect polyubiquitination (poly Ub) of TRAF3 or TRAF2. HC, nonspecific heavy chain
band. E, LT�R WT or 5A reconstituted MEF were treated with soluble LIGHT (20 ng/ml), and endogenous NIK
expression in whole cell lysate was analyzed with anti-NIK. F, LT�R-reconstituted MEF stably expressing NIK
were treated with soluble LIGHT for 6 h. The recruitment of IKK� to NIK was assessed by coimmunoprecipita-
tion with anti-NIK and immunoblotting with anti-IKK�. Total IKK� and NIK expression was determined by
immunoblotting of the whole cell lysate.
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The displacement of NIK from TRAF3 and subsequent
LT�R-dependent degradation of TRAF3 should allowNIKpro-
tein to accumulate and propagate downstream signaling. Liga-
tion of wild-type LT�RwithLIGHTin reconstitutedLt�r�/�MEF
increased endogenous NIK expression in a time-dependent
manner, but not in cells reconstituted with LT�R-5A mutant
(Fig. 4E). To assess the activity of liberated NIK, we measured
NIK-IKK� interaction by coimmunoprecipitation in the recon-
stituted Lt�r�/� MEF-expressing exogenous NIK (supple-
mental Fig. S4). When stimulated with LIGHT, NIK specifi-
cally accumulated and anti-NIK coimmunoprecipitated IKK�
from cells expressing wild-type LT�R, but not the LT�R 5A
mutant (Fig. 4F). These results indicate that the LT�R becomes a
functional subunitof aTRAF3-TRAF2complex thatpromotes the
ubiquitination and degradation of TRAF2 and TRAF3.
TRAF2Controls LT�R-dependent TRAF3Degradation—The

finding that receptor-bound TRAF3 and TRAF2 were sub-
strates for polyubiquitination raised the possibility that TRAF3
or TRAF2 may serve as the E3 ligase when bound to the LT�R.
We observed that the TRAF3�1–258 mutant, which lacks the
RING and zinc finger domains, was polyubiquitinated (sup-
plemental Fig. S5A) and degraded following LT�R activation
(Fig. 3C, lane 6). Furthermore, TRAF2 degradation induced by
LT�R proceeded normally in TRAF3 shRNA 3T3 cells
(supplemental Fig. S5B). These findings strongly suggest that
TRAF3 is unlikely to ubiquitinate and degrade itself or TRAF2
following LT�R activation.

These results implicated TRAF2 as a likely candidate for the
ubiquitin:TRAF3 E3 ligase involved in degrading TRAF3. To
test this possibility, we expressed wild-type TRAF2, F410E, or
RING domain deletion (�RING) mutants in MEF deficient in
both Traf2 and Traf5. As expected, wild type TRAF2 halted
p100 processing relative to the constitutive processing in mock
transfected cells, whereas the F410E and �RING mutants
showed limited ability block processing of p100 (Fig. 5A). As
expected, LT�R stimulation induced the loss of TRAF3 in cells
reconstitutedwithwild-type TRAF2, but not in cells expressing
either the F410E or �RING mutants of TRAF2 (Fig. 5B).
TRAF2-depleted 3T3 cells reconstituted with F410E mutant
were also unable to degrade TRAF3 (supplemental Fig. S6). In
response to LT�R stimulation the polyubiquitination ofTRAF3
was halted in cells harboring either of the TRAF2mutants (Fig.
5C). The F410E mutant indicates that TRAF2 recruitment to
the LT�R is a necessary step for induction of TRAF3 degrada-
tion, and the�RINGmutant indicated the RING finger domain
of TRAF2 is crucial in promoting the ubiquitination and pro-
teasomal degradation of TRAF3.
Wewere unable to demonstrate any association of cIAPwith

the activated LT�R-TRAF2-TRAF3 complex (Fig. 3B and
supplemental Fig. S5C). Furthermore, the demonstration that
the polyubiquitination of TRAF3 required association with the
LT�R suggested the possibility that cIAPmight not be essential
for LT�R-mediated degradation of TRAF3 and TRAF2.

DISCUSSION

Our results indicate LT�R regulates NIK by disrupting and
modifying the ubiquitin:NIK E3 ligase. LT�R in complex with
TRAF2 forms a distinct ubiquitin:TRAF3 E3 ligase that pro-

motes TRAF3 ubiquitination and degradation. These two pro-
cesses mediated by the LT�R are essential to liberate NIK from
constitutive degradation. We suggest that the cytoplasmic
domain of the LT�R serves as an allosteric3 regulator of the E3

3 Allostery is used here in the sense of “other site,” in reference to a modifier
that binds at a site on the enzyme distinct from the catalytic site, as in the
original definition by Monod, Changeux, and Jacob as detailed in A. Leh-
ninger’s Biochemistry text (1974) p. 253.

FIGURE 5. TRAF2 controls LT�R-dependent TRAF3 degradation. A, cells
were reconstituted with the indicated cDNA, and exogenous TRAF2 and
NF-�B2 (p100 and p52) expression was assessed by immunoblotting.
B, TRAF2-reconstituted Traf2�/�Traf5�/� MEF were stimulated with LT�R
agonistic antibody (aLT�R) for the indicated time (hr), and TRAF3 and TRAF2
expression was assessed by immunoblotting. C, TRAF2-reconstituted cells
were pretreated with MG132 for 30 min and incubated with �LT�R for 1.5 h.
TRAF3-containing immunoprecipitates were denatured to dissociate the
bound protein(s) and then re-immunoprecipitated with anti-TRAF3 antibody,
followed by the immunoblotting to detect polyubiquitinylation (poly Ub) of
TRAF3. HC, nonspecific heavy chain band.
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ligases that control polyubiquitination of NIK and TRAF3.
LT�R is an allosteric regulator because its binding site in the
C-terminal TRAF domain is distinct from the zinc RING
domain containing the E3 ligase catalytic site. This conclusion
is based on the results demonstrating that the LT�R competi-
tively displaced NIK from the ubiquitin:NIK E3 ligase, and the
binding of LT�R to TRAF2 redirected the polyubiquitination
reaction to TRAF3 andTRAF2. Hence, the LT�R-TRAF2 com-
plex forms a ubiquitin:TRAF3 E3 ligase. Ubiquitination and
degradation of TRAF3 depleted the entire cellular pool of
TRAF2 and -3, preventing the reassociation of liberated NIK
with TRAF3, and blocking the reassembly of the ubiquitin:NIK
E3 ligase.
We suggest that TRAF recruitment to the cytosolic domain

of the LT�Rand the polyubiquitination ofTRAF3may function
as an enzymatic cycle (Fig. 6) that degrades the relatively more
abundant TRAFmolecules. The rapid degradation of polyubiq-
uitinated TRAFmolecules may free LT�R to recruit additional
molecules of TRAF3 and TRAF2 to the receptor for ubiquitina-
tion. Disruption of the ubiquitin:NIK E3 ligase by the activated
LT�R allows NIK to accumulate and interact with the serine
kinase, IKK�, propagating the extracellular signal to p100 and
eventuating NF-�B activation. TRAF3 and TRAF2 degradation
occurs in cells over 1–2-h post-receptor ligation, just preceding
the accumulation of NIK (2–4 h) and processing of p100 and
nuclear translocation of p52 RelB (4–8 h).
The competition for TRAF3 seems to favor ligated LT�R

over NIK, which may reflect the higher avidity of the ligand-
clustered receptors for the TRAF3 crevice. As evidence, we
identified two separate regions in the TRAF3-interaction loop
of LT�R that required multiple mutations to disrupt binding
and signaling activity.We suggest that the inherent higher avid-
ity of the multivalent cytosolic domains of LT�R displaces NIK
from the TRAF3 surface crevice.
The receptor-binding crevice of TRAF3 can be considered as

the substrate-binding site in the ubiquitin:NIK E3 ligase based

on the mutants that affected bind-
ing of both NIK and LT�R. The
stimulus-specific polyubiquitina-
tion of TRAF3 and TRAF2 can be
viewed as evidence that the binding
of the LT�R altered the substrate
specificity of the E3 ligase fromNIK
to TRAF3. Furthermore, the results
with the TRAF2 F410E mutant
indicated that TRAF2 must bind
the LT�R to promote both ubiquiti-
nation and degradation of TRAF3.
Deletion of the RING finger domain
of TRAF2 allowed LT�R binding,
but inhibited TRAF3 ubiquitina-
tion and degradation, consistent
with the idea that TRAF2 func-
tions as the E3 ligase for TRAF3.
That TRAF2 ubiquitination was
also affected by deletion of the
RING domain suggests TRAF2
may mediate auto-ubiquitination.

Interestingly, the TRAF3 �1–258 mutant, although capable
of binding LT�R and NIK, was unable to participate in the
constitutive ubiquitination and turnover of NIK, suggesting
that the RING domain of TRAF3 is important in the ubiquitin:
NIK E3 ligase complex involved in NIK degradation. However,
TRAF3 ubiquitination and degradation did not require the
TRAF3 RING domain indicating that TRAF3 does not mediate
auto-ubiquitination and degradation. Taken together, our data
support the concept that the activated LT�Rdisrupts andmod-
ifies the substrate specificity of the ubiquitin:NIK E3 ligase to a
ubiquitin:TRAF3 E3 ligase, thus defining LT�R as an allosteric
regulator of ubiquitin E3 ligases.
The role of cIAP in TRAF3 and TRAF2 ubiquitination and

degradation may vary with different receptors. Although the
LT�Rdisplaced cIAP fromTRAF2, and cIAP failed to coimmu-
noprecipitate with the activated LT�R-TRAF complex, we
must consider other evidence before ascribing a direct compet-
itive mechanism between LT�R and cIAP for TRAF2. Recent
evidence indicates that cIAP-TRAF2 interaction requires a
binding motif in the coiled coil (TRAF-N) domain (24), distant
from the receptor-binding crevice in the C terminus of TRAF2.
This result suggests an indirect mechanismmay be operative in
the displacement of cIAP from TRAF2 by the LT�R. cIAP are
labile in the absence of TRAF2, yet their stability does not
require direct interaction with TRAF2 (25). That mutations in
distinct regions of TRAF2 affect cIAP bindingmay reflect inter-
actions between cIAP, TRAF2 and TRAF3, and perhaps other
components, in the ubiquitin:NIK E3 ligase complex. Experi-
ments in progress seek an answer to this question.
In contrast to LT�R, CD40, another member of the TNFR

superfamily, coimmunoprecipitated with cIAP, and induced
TRAF3 degradation in a cIAP-dependentmanner (9, 10). How-
ever, CD40 signaling domain also interacts with TRAF6,
another E3 ligase, and has a second distinct binding site for
TRAF2 (26), substantially different from the LT�R. Other TNF
receptors, such as TNFR2 and FN14 induce TRAF2 degrada-

FIGURE 6. Allosteric regulation of ubiquitin:NIK and ubiquitin:TRAF3 E3 ligase by the LT�R. NIK is main-
tained at low levels in non-stimulated cells by Ub-dependent degradation via Ubiquitin:NIK E3 ligase consist-
ing of the TRAF3-TRAF2-cIAP complex. Ligation of LT�R recruits TRAF3 and TRAF2, with binding in the TRAF
crevice, where NIK and cIAP also bind. LT�R competitively displaces NIK and cIAP, which halts the ubiquitina-
tion of NIK. Phe474 in TRAF3 and Phe410 in TRAF2 define the key binding sites for LT�R, NIK, and cIAP. The
specificity of the ubiquitin ligase is redirected to TRAF3 and TRAF2 when bound to the LT�R, forming a ubiq-
uitin:TRAF E3 ligase that catalyzes polyubiquitination of TRAF2 and TRAF3. Consequentially, TRAF3 and TRAF2
are rapidly degraded depleting the cellular pools of TRAF3 and TRAF2, and allowing ligated LT�R to bind more
TRAF3. Liberated NIK binds IKK� promoting p100 processing, essential for the formation of the RelB/p52
transcription complex.

LT�R Regulates the Ubiquitin:TRAF3 E3 Ligase

17154 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 22 • MAY 28, 2010



tion in a cIAP1-dependent fashion (27, 28). Interestingly, CD30
activation-induced degradation of the cIAP-TRAF2 complex
required the RING domain of TRAF2, but not cIAP, yet cIAP
antagonists induced cIAP degradation without TRAF2 (25, 29).
The differences inmodulating combinations of E3 ligases by the
various TNFR may contribute to the unique aspects of tran-
scription factor activation (e.g. duration and specificity) and
ensuing cellular responses.
The competitive displacement and allosteric regulatory

mechanisms described here may be applicable to other
stimulus-dependent signaling systems that utilize TRAF mole-
cules including most other TNFR and several innate defense
sensors (30–32). For example, Cardiff (also known as IPS-1,
MAVS, and VISA), a critical adaptor for the mitochondrial-
localized cytoplasmic nucleic acid sensor systems required for
the interferon response, engages the receptor-binding crevice
of TRAF3 (33, 34). The activation of the NF-�B pathway is
constrained by numerous extrinsic and autoregulatory loops
(35) that could also influence the allosteric mechanism
described here. Interestingly, viral proteins targeting TRAF
molecules may usurp this allosteric mechanism to modulate
host defense pathways (36–39). These results suggest distinct
and common mechanisms may regulate TRAF-dependent sig-
naling pathways, providing new opportunities to specifically
modulate NF-�B-dependent and related inflammatory path-
ways in disease processes.
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