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The linear ubiquitin chain assembly complex (LUBAC) ligase, consisting of HOIL-1L, HOIP, and SHARPIN, specifically gener-
ates linear polyubiquitin chains. LUBAC-mediated linear polyubiquitination has been implicated in NF-kB activation. NEMO, a
component of the IkB kinase (IKK) complex, is a substrate of LUBAC, but the precise molecular mechanism underlying linear
chain-mediated NF-kB activation has not been fully elucidated. Here, we demonstrate that linearly polyubiquitinated NEMO
activates IKK more potently than unanchored linear chains. In mutational analyses based on the crystal structure of the complex
between the HOIP NZF1 and NEMO CC2-LZ domains, which are involved in the HOIP-NEMO interaction, NEMO mutations
that impaired linear ubiquitin recognition activity and prevented recognition by LUBAC synergistically suppressed signal-in-
duced NF-kB activation. HOIP NZF1 bound to NEMO and ubiquitin simultaneously, and HOIP NZF1 mutants defective in in-
teraction with either NEMO or ubiquitin could not restore signal-induced NF-kB activation. Furthermore, linear chain-medi-
ated activation of IKK2 involved homotypic interaction of the IKK2 kinase domain. Collectively, these results demonstrate that
linear polyubiquitination of NEMO plays crucial roles in IKK activation and that this modification involves the HOIP NZF1 do-

main and recognition of NEMO-conjugated linear ubiquitin chains by NEMO on another IKK complex.

N uclear factor kB (NF-kB) is a family of transcription factors
that play essential roles in many biological phenomena, in-
cluding inflammatory responses, cell survival, and innate and ac-
quired immune responses (1). Because aberrant activation of
NEF-kB signaling is associated with many pathological conditions,
such as autoinflammatory diseases and malignancies (2, 3), signal-
induced activation of NF-kB has been studied extensively (4). In
resting cells, inactive NF-kB resides in the cytoplasm bound to its
inhibitor proteins, the inhibitors of kB (IkBs). Stimulation by
inflammatory cytokines activates the IkB kinase (IKK) complex,
composed of IKK1, IKK2, and NF-kB essential modulator
(NEMO). Following phosphorylation by activated IKK, IkBs are
degraded by the proteasome, leading to the release of NF-kB,
which then translocates to the nucleus to induce transcription of
its target genes (5).

The ubiquitin (Ub) conjugation system is deeply involved in
the regulation of NF-kB pathway (6). Recent studies showed that
the linear ubiquitin chain assembly complex (LUBAC) ligase,
which specifically generates linear polyubiquitin chains, is in-
volved in NF-kB activation (7, 8). LUBAC is composed of three
subunits: HOIP, HOIL-1L, and SHARPIN. Patients lacking
HOIL-1L and mice lacking SHARPIN exhibit immunodeficiency
and chronic inflammation, demonstrating the physiological sig-
nificance of LUBAC-mediated linear polyubiquitination (9-12).
In cells from mice lacking HOIL-1L or SHARPIN, the level of the
residual LUBAC complex (consisting of the remaining two com-
ponents) is reduced, and tumor necrosis factor alpha (TNF-a)-
induced NF-kB activation is sharply attenuated (9-12). Although
NEMO is a target of linear polyubiquitination by LUBAG, it is not
yet clear how linear polyubiquitination of NEMO triggers IKK
activation.

In this study, using an in vitro LUBAC-mediated IKK activa-
tion assay, we found that linear diubiquitin conjugation to NEMO
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potently induces IKK activation. We then dissected the molecular
mechanism underlying linear polyubiquitination of NEMO by
LUBAC and found that the NPL4 zinc finger 1 (NZF1) domain of
HOIP is responsible for recognition of a region in the coiled-coil 2
and leucine zipper (CoZi) domains of NEMO. Mutational analy-
ses based on a cocrystal structure of HOIP NZF1 and NEMO CoZi
revealed that HOIP NZF1 binds to NEMO and ubiquitin simul-
taneously and that both interactions are involved in linear poly-
ubiquitination of NEMO, IKK activation, and subsequent activa-
tion of NF-kB. Finally, we showed that homodimerization of
IKK?2 is involved in linear ubiquitin chain-mediated IKK activa-
tion. Taken together, our results suggest that recognition of linear
polyubiquitins conjugated to NEMO, possibly by NEMO in an-
other IKK complex, triggers activation of IKK2 by trans autophos-
phorylation.

MATERIALS AND METHODS

RT-PCR and plasmids. The open reading frames (ORFs) of mouse HOIP
and NEMO were amplified by reverse transcription-PCR (RT-PCR) of
total RNA from C57BL/6 mouse liver. Other cDNAs used in this study
were described previously (8, 12). The following full-length proteins, de-
letion mutants, and fragments were generated from the amplified ORF of
HOIP: the wild type (WT) (amino acids 1 to 1066), Aall-ZFs (deletion of
amino acids 296 to 432), AZF (deletion of amino acids 296 to 325),
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ANZF1 (deletion of amino acids 344 to 373), ANZF2 (deletion of amino
acids 402 to 432), and NZF1 (amino acids 344 to 382). The following
proteins were generated from the amplified ORF of NEMO: the WT
(amino acids 1 to 412) and ACoZi (deletion of amino acids 250 to 339).
Mutations of HOIP (R369A, T354A, F355A, and T354A/F355A), NEMO
(Q271A, D275A, Q271A/D275A, K278R, K302R, K278R/K302R, Q271A/
D275A/K278R/K302R, F305A, E313A, Q271A/D275A/F305A, and
Q271A/D275A/E313A), and IKK2 (V229A/H232A and Y294L/G295K/
P296Q) were generated by two-step PCR. cDNAs were ligated to the ap-
propriate epitope tag sequences and then cloned into pcDNA3.1,
pcDNA3.1-MMTYV (8), pMAL-c2x (New England BioLabs), pGEX-6pl
(GE Healthcare), or MXs-IP (kindly provided by T. Kitamura). pGEX-
IkBa (1 to 54) was described previously (8).

Antibodies and reagents. The following antibodies were used: FLAG
(M2) (Stratagene); TNFR1 (ab19139) (Abcam); ubiquitin (sc-8017),
hemagglutinin (HA; sc-805), glutathione S-transferase (GST) (sc-459),
maltose binding protein (MBP) (sc-13564), TRADD (sc-7868), and
NEMO (sc-8330) (Santa Cruz Biotechnology); FLAG (F7425) (Sigma);
T7 (catalog no. 69522) (Novagen); NEMO (K0159-3) (MBL); and
pIKK1/2 (catalog no. 2078), RIP1 (catalog no. 3493), pIkBa (catalog no.
9246), and IkBa (catalog no. 4812) (Cell Signaling). His,-HA-Ub,, linear
di- and tetraubiquitins, and FLAG-His,.—TNF-a (FH-TNF-a) were ex-
pressed in Escherichia coli. K63 diubiquitin and polyubiquitin chains
(Ub,_,, Lys63 linked) were purchased from Boston Biochem. Other anti-
bodies and reagents were generated in our laboratory, as described previ-
ously (7, 8, 12).

Cell lines, cell cultures, and transfection. NEMO-deficient mouse
embryonic fibroblasts (MEFs), N-1 cells (13), HEK293T cells, and HOIP
Alinear MEFs, which were established from mice that express a truncated
HOIP (HOIP Alinear) that lacks the C-terminal catalytic region, were
grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 100 IU/ml of penicillin, and 100
pg/ml of streptomycin. NEMO-deficient MEFs were kindly provided by
H. Kamata (Hiroshima University). NEMO-deficient MEFs stably ex-
pressing the NEMO WT or mutants were selected with 150 pg/ml of
hygromycin B (Wako) after transfection with WT or mutant pcDNA3.1-
MMTV-FLAG-NEMO constructs. N-1 cells stably expressing WT or mu-
tant NEMO, and HOIP Alinear MEFs stably expressing HOIP WT,
ANZF1, R369A, or T354A/F355A, were generated using a retroviral ex-
pression system, as described previously (12); stable clones were selected
with 0.2 pg/ml of puromycin (Sigma-Aldrich) or 500 wg/ml of G418
(Nacalai Tesque). Transfections were performed using Lipofectamine
2000 (Invitrogen).

Immunoprecipitation and immunoblotting. Cells were lysed with
lysis buffer containing 50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1%
Triton X-100, 2 mM phenylmethylsulfonyl fluoride (PMSF), and protease
inhibitor cocktail (Sigma-Aldrich); lysates were clarified by centrifugation
at 15,000 rpm for 20 min at 4°C. For hot lysis, cells were lysed with lysis
buffer containing 1% SDS in phosphate-buffered solution (PBS) and then
heated at 95°C for 10 min to disrupt noncovalent interactions. After heat-
ing, lysates were sheared with a 25-gauge needle and centrifuged at 15,000
rpm for 5 min at room temperature; the resultant supernatant was diluted
to 0.1% SDS with lysis buffer containing 50 mM Tris-HCI (pH 7.5), 150
mM NaCl, and 1% Triton X-100. For immunoprecipitations, lysates were
incubated with the appropriate antibodies for 2 h on ice and then immo-
bilized on protein A-Sepharose beads (GE Healthcare). The beads were
washed five times with buffer containing 50 mM Tris-HCI (pH 7.5), 150
mM NaCl, and 1% Triton X-100. In immunoprecipitations of HA-HOIP,
to digest the polyubiquitin chains conjugated to NEMO, the beads were
washed two more times with buffer containing 50 mM HEPES-HCI (pH
7.5) and 150 mM NaCl and then incubated with 50 wg/ml of UPS2cc
(kindly provided by Rohan Baker [14]) for 1 hat 37°C in buffer containing
50 mM HEPES-HCI (pH 7.5), 150 mM NaCl, and 5 mM dithiothreitol
(DTT). Samples were separated by SDS-PAGE and then transferred to
polyvinylidene difluoride (PVDF) membranes. After blocking in Tris-
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buffered saline (TBS) containing 0.1% Tween 20 and 5% (wt/vol) nonfat
dry milk, the membranes were incubated with the appropriate primary
antibodies, followed by incubation with secondary antibodies. Mem-
branes were visualized using enhanced chemiluminescence and analyzed
on an LAS4000mini (Fuji Film).

Protein expression and purification. GST-fused mouse HOIP
(amino acids 344 to 382), MBP-fused mouse NEMO (full-length), and
mutants derived from either of these fusion proteins were expressed in E.
coli. Fusion proteins were purified using glutathione-Sepharose (GST-
HOIP and derivatives) or amylose resin (MBP-NEMO and derivatives).
Recombinant E1, UbcH5c¢, Hisg-HOIP-HOIL-1L-Myc-SHARPIN com-
plex, GST-IkBa (amino acids 1 to 54), linear diubiquitin, and tetraubiq-
uitin were prepared as described previously (7, 8, 15). IKK complex con-
taining HA-IKK1, IKK2, and FLAG-His,-tagged NEMO (WT or R316A/
R319A/E320A mutant) were purified using the baculovirus expression
system. IKK complexes were prepared from High Five cells infected with
appropriate combinations of baculoviruses, and the complexes were then
purified on Ni-nitrilotriacetic acid (Ni-NTA)- agarose. After incubation
with Ni-NTA- agarose, bead-bound proteins were treated with 100 U of
calf intestinal alkaline phosphatase (New England BioLabs) for 30 min at
37°C, beads were washed with 10 column volumes of 5 mM imidazole,
and bound proteins were eluted with 300 mM imidazole.

For crystallization, mouse NEMO CoZi (amino acids 250 to 339) and
human HOIP NZF1 (amino acids 350 to 379) proteins were expressed and
purified separately and mixed at the proper ratio immediately before crys-
tallization (see next section). To generate expression constructs, NEMO
CoZi was cloned into pGEX-4T-1 (GE Healthcare) and HOIPNZF1 was
cloned into pGEX-6p-1. The resultant vectors were transformed into E.
coli BL21, and overexpression of the GST-tagged proteins was induced by
addition of 0.5 mM isopropyl-B-p-thiogalactopyranoside (IPTG). After
overnight incubation at 25°C, cells were collected and lysed by sonication.
The supernatants were applied to glutathione-Sepharose 4B columns (GE
Healthcare). The GST tags were cleaved using thrombin/PreScission pro-
tease, and proteins were eluted from the columns with PBS buffer. Further
purification of the proteins was performed by gel filtration chromatogra-
phy in a buffer containing 150 mM NaCl and 50 mM Tris-HCI (pH 8.0).

Crystallization, data collection, and structure determination of the
NEMO CoZi/HOIP NZF1 complex. Immediately before crystallization,
mouse NEMO CoZi and human HOIP NZF1 were mixed in a 2:1 molar
ratio (see Fig. 3] for sequence similarity between human and mouse
HOIP). Cocrystals were obtained after 6 days of incubation at 20°C in 20%
(wt/vol) polyethylene glycol 3350 (PEG 3350) and 0.2 M pr-malic acid
(pH 7.0). Single anomalous diffraction (SAD) data were collected to a
resolution of 2.0 A at the Zn atom absorption edge at a wavelength of 1.28
A. The data were collected at 100 K at the beamline NW-12A of the KEK
Photon Factory (Tsukuba, Japan) using HKL2000 (16) and processed by
iMosflm (17). Because SAD using the anomalous signal from the single
zinc atom did allow successful phasing, the structure was solved by the
molecular replacement (MR) method using MOLREP (18) from the
CCP4 package (Collaborative Computational Project, number 4, 1994).
The structures of NEMO CoZi (PDB entry 3FX0) (19) and TAB2 NZF
(PDB entry 2WXO0) (20) were used as search models for MR. One complex
containing two NEMO molecules (as a dimer) and one HOIP NZF1 mol-
ecule was found in each asymmetric unit of the crystal, which belonged to
the P65 space group. The anomalous signal from Zn atoms was used to
confirm the position of the Zn atom in the complex structure solved by
MR. The model was further built and refined using COOT (21) and
REFMACS (22, 23). After the final refinement, NEMO CoZi amino acids
252 to 336 and 251 to 337 (from the two protomers) and HOIP NZF1
amino acids 351 to 379 were clearly visible in the electron density map.
Data collection and refinement statistics are summarized in Table 1. All
structure figures were prepared using PyMOL (DeLano Scientific; http:
/[www.pymol.org).

In vitro IKK activation assay. Twenty-microliter samples containing
the following were incubated for 1 h at 30°C: 50 mM Tris-HCI (pH 7.5), 5
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TABLE 1 Data collection and refinement statistics
Value(s) for NEMO

CoZi/HOIP NZF1
Parameter complex
Data collection statistics
Space group Pé6,
Cell dimensions
a, b, c(A) 81.46, 81.46, 74.57
o, B,y (°) 90.00, 90.00, 120.00

1.282
33.0-2.00 (2.05-2.00)"

Wavelength (A)
Resolution (A)

Ronerge 0.14 (1.11)
I/ol 7.7 (1.1)
Completeness (%) 83.1 (66.6)
Redundancy 7.6 (6.8)
CCl1/2¢ 0.99 (0.63)
Refinement statistics
Resolution (A) 50.00-2.00
No. of reflections 17,945
Ryond Reed 25.9/31.3
No. of:
Atoms 1,743
Proteins 1,642
Water 100
Ion 1
B factors (A?)
Protein 34.4
Water 36.6
Tons 20.6
RMS deviation
Bond lengths (A) 0.011
Bond angles (°) 1.369
Ramachandran statistics
Residues in most favored regions (%) 97.3

Residues in additionally allowed regions (%) 2.7
Residues in generously allowed regions (%) 0.0
Residues in disallowed regions (%) 0.0

“ The values in parenthesis relate to the highest-resolution shells.

b Rpyee Was calculated for a randomly chosen 5% of reflections; the R factor was
calculated for the remaining 95% of reflections.

¢ CCl/2, a correlation coefficient calculated between one half of the intensity
observations (chosen at random) and the other half.

mM MgCl,, 1 mM DTT, 2mM ATP, 10 mM creatine phosphate, 50 pg/ml
of creatine phosphokinase, phosphatase inhibitor cocktail (Nacalai
Tesque), 5 wg/ml of E1, 20 g/ml of UbcH5¢, 10 pg/ml of LUBAC, and 5
pg/ml of GST-IkBa (1 to 54); 250 pg/ml of ubiquitin or 10, 50, or
250 pg/ml of Hiss-HA-Ub, (Fig. 1C); and 0.5, 2.5, or 5 pg/ml (Fig. 1A) or
1 pg/ml (Fig. 1B and C) of IKK complex.

For Fig. 1B, the first ubiquitination reaction was performed in a reac-
tion mixture containing 50 mM Tris-HCI (pH 7.5), 5 mM MgCl,, 1 mM
DTT, 10 mM creatine phosphate, 50 wg/ml of creatine phosphokinase, 5
pg/ml of E1, 20 pg/ml of UbcH5¢, 10 pg/ml of LUBAC, and 375 pg/ml of
ubiquitin in the presence or absence of 2 mM ATP. The reaction ran for 90
min at 30°C; the first reaction was stopped by addition of EDTA (10 mM)
and DTT (5 mM), and the reaction mixture was incubated for 15 min at
room temperature to release ubiquitin from E1, E2, and LUBAC. N-Eth-
ylmaleimide (NEM; 20 mM final concentration) was then added, and the
reaction mixture was incubated for 15 min at room temperature to inac-
tivate E1, E2, and LUBAC, after which DTT (10 mM final concentration)
was added to inactivate excess NEM. Samples were then dialyzed against
buffer containing 50 mM Tris-HCI (pH 7.5) and 5 mM MgCl, to remove
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NEM, DTT, and EDTA. In the second-step reaction, the dialyzed mixture
containing 0.2, 1, or 5 pg of ubiquitin or linear ubiquitin chains was
incubated with 1 pg/ml of IKK complex and 5 wg/ml of GST-IkBa
(amino acids 1 to 54) in a reaction mixture containing 50 mM Tris-HCl
(pH 7.5), 5 mM MgCl,, 1 mM DTT, 2 mM ATP, 10 mM creatine phos-
phate, and 50 pg/ml of creatine phosphokinase in the presence or absence
of 5 pg/ml of E1, 20 pg/ml of UbcH5¢, and 10 pg/ml of LUBAC.

GST and MBP pulldown assays. Five-microgram quantities of
GST-fused WT and mutant HOIP NZF1 proteins were immobilized on
glutathione-Sepharose FF beads and then incubated for 1 h at 4°C with
1 pg of K63 diubiquitin or linear tetraubiquitin in buffer containing 20
mM Tris-HCI (pH 7.5), 40 pM zinc chloride, I mM DTT, 150 mM
NaCl, and 0.1% Triton X-100. The beads were washed three times with
the same buffer.

Ten-microgram quantities of MBP-fused WT and mutant NEMO
proteins were immobilized on amylose resin and then incubated with 1 pg
of K63-diubiquitin in the presence or absence of 1 pg of GST-NZF1, 5 pg
of linear tetraubiquitin, or 1 ug of K63-Ub,_, for 1 h at 4°C in buffer
containing 20 mM Tris-HCI (pH 7.5), 1 mM DTT, 150 mM NaCl, and
0.1% Triton X-100. The beads were washed three times with the same
buffer, boiled in SDS sample buffer, and analyzed by immunoblotting.

In vitro ubiquitination assay. Twenty-microliter samples containing
50 mM Tris-HCl (pH 7.5), 5 mM MgCl,, 1 mM DTT, 2 mM ATP, 10 mM
creatine phosphate, 50 pg/ml of creatine phosphokinase, 5 ug/ml of E1,
20 pg/ml of UbcH5c¢, 0.5 pug/ml of LUBAC, 1 pg/ml of WT MBP-NEMO
or Q271A/D275A mutant, and 50 pg/ml of ubiquitin were incubated at
37°C for 1 h. The reaction mixtures were subjected to immunoblotting
with anti-MBP antibody.

Luciferase assays. HEK293T cells were transfected with pGL4.32
(Luc2p/NF-kB-RE/Hygro) and pGL4.74 (hRLuc/TK) (Promega), along
with expression plasmids for WT or mutant HA-HOIP, Myc-HOIL-1L,
and T7-SHARPIN. Twenty-four hours after transfection, cells were lysed,
and luciferase activities were measured on a Lumat luminometer
(Berthold) using the dual-luciferase reporter assay system (Promega).
N-1 cells were transfected with reporter plasmids, as described above,
along with pcDNA3.1-MMTV expression plasmid for WT or mutant
NEMO. Sixteen hours after transfection, cells were stimulated with inter-
leukin 1B (IL-1B; 1 ng/ml) for 8 h, and luciferase activities were measured
as described above.

In vitro IKK kinase assay. NEMO-deficient MEFs stably expressing
WT or Q271A/D275A NEMO were treated with TNF-a (10 ng/ml) and
lysed. IKK complexes were immunoprecipitated with anti-NEMO anti-
body. The anti-NEMO immunoprecipitates were incubated with GST-
IkBa (amino acids 1 to 54) for 2 h at 30°C in kinase buffer (50 mM
Tris-HCI [pH 7.5], 5 mM MgCl,, 2 mM ATP, 10 mM creatine phosphate,
50 wg/ml of creatine kinase, and phosphatase inhibitor cocktail). The
reaction mixtures were subjected to immunoblotting with anti-pIkBa,
anti-NEMO, and anti-GST.

TNFR1 immunoprecipitation. HOIP Alinear MEFs retrovirally ex-
pressing WT HOIP or the ANZF1, R369A, or T354A/F355A mutant were
treated with FH-TNF-a (3 g/ml); cells were lysed with lysis buffer con-
taining 10 mM Tris-HCI (pH 7.5), 150 mM NaCl, 0.2% NP-40, 10%
glycerol, 2 mM PMSEF, and protease inhibitor cocktail (Sigma-Aldrich),
followed by centrifugation at 10,000 X g for 20 min at 4°C. The TNFR1
complex was immunoprecipitated by incubation with 30 pl of M2 anti-
body-coupled Dynabeads protein G (Novex by Life Technologies) at 4°C
for 90 min. The precipitates were washed five times with the same lysis
buffer. The immunoprecipitated TNFR1 complex was eluted by incuba-
tion at 37°C for 40 min in 30 pl of TBS buffer containing 400 ng/ul of 3X
FLAG peptide (Sigma) and then analyzed by Western blotting.

Protein structure accession number. Atomic coordinates and struc-
ture factors of the NEMO CoZi/HOIP NZF1 complex structure have been
deposited in the Protein Data Bank under accession number 404M.
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FIG1 Linearly ubiquitinated NEMO activates the IKK complex more efficiently than unanchored linear ubiquitin chains. (A) IKK complex (0.5, 2.5, or 5 u.g/ml)
containing either WT or R316A/R319A/E320A NEMO was incubated for 1 h at 30°C with GST-IkBa (amino acids 1 to 54), E1, and UbcH5c in the presence or
absence of LUBAC, and the reaction mixtures were probed with the indicated antibodies. (B) Reaction mixtures containing E1, E2, LUBAC, and ubiquitin were
incubated with or without ATP. After incubation, E1, E2, and LUBAC were inactivated with EDTA and NEM, and the reaction mixtures were dialyzed. The
dialyzed samples were incubated with GST-IkBa (amino acids 1 to 54) and the IKK complex in the presence or absence of E1, E2, and LUBAC, followed by
probing with the indicated antibodies. (C) His-HA-Ub, (10, 50, or 250 p.g/ml) or 250 pg/ml of ubiquitin was incubated with E1, UbcH5¢, LUBAC, IKK complex,
and GST-IkBa (amino acids 1 to 54), followed by probing with the indicated antibodies.

RESULTS

IKK is effectively activated by linear polyubiquitin conjugated
to NEMO but not by unanchored linear polyubiquitin. To inves-
tigate in detail the roles of linear polyubiquitination of NEMO in
IKK activation, we established an in vitro IKK activation assay
using purified proteins. In this assay, baculovirus-purified IKK
complex containing NEMO WT, or a NEMO mutant in which the
critical residues for ubiquitin-binding activity were mutated to
Ala (R316A/R319A/E320A in human NEMO, equivalent to
R309A/R312A/E313A in mouse NEMO) (24), was incubated with
GST-IkBa (amino acids 1 to 54), E1, E2, and ubiquitin in the
presence or absence of LUBAC (Fig. 1A). When incubated with
the IKK complex containing NEMO WT, LUBAC generated un-
anchored linear chains, conjugated these linear chains to NEMO,
and promoted the phosphorylation of IkBa.. Phosphorylation of
IkBo was also induced when a high concentration of IKK contain-
ing NEMO WT was incubated without LUBAC, possibly due to
partial activation of the IKK complex during purification. How-
ever, in the presence of IKK complex containing R316A/R319A/
E320A NEMO, no detectable IKK activity was induced, although
generation of unconjugated linear chains was not affected by the
mutation. Although the NEMO mutant was linearly ubiquitinated
much more weakly than WT NEMO, we could detect linear ubiq-
uitination when a high concentration of the NEMO mutant was
incubated. These results indicated that the ubiquitin-binding ac-
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tivity of NEMO is involved in IKK activation, but it remains un-
clear why the linear ubiquitination of NEMO was suppressed by
the R316A/R319A/E320A mutation.

Both unanchored linear ubiquitin chains and linearly ubiquiti-
nated NEMO were generated when IKK complex containing WT
NEMO was activated (Fig. 1A). Therefore, to determine whether
unanchored linear ubiquitin chains and/or linearly ubiquitinated
NEMO is involved in IKK activation, we incubated E1, E2,
LUBAC, and ubiquitin in the presence or absence of ATP, fol-
lowed by treatment with DTT, EDTA, and NEM to inactivate E1,
E2, and LUBAC and disassemble E1- and UbcH5c-ubiquitin (Fig.
1B). After incubation with DTT to inactivate excess NEM and
dialysis to remove NEM, DTT, and EDTA, the mixture was incu-
bated with the IKK complex and GST-IkBa (amino acids 1 to 54)
in the presence or absence of E1, E2, and LUBAC. IkBa phosphory-
lation was not induced when neither unanchored nor NEMO-con-
jugated linear chains were generated (Fig. 1B, lanes 5 to 7), but effi-
cient IkBa phosphorylation was observed in samples in which both
unconjugated and NEMO-conjugated linear chains were generated
in the second-step reaction (Fig. 1B, lanes 8 to 10). However, IkBa
was not efficiently phosphorylated in samples in which unanchored
linear chains, but not NEMO-conjugated linear chains, were gener-
ated in the first-step reaction (Fig. 1B, lanes 2 to 4). The unanchored
linear chains generated in the first-step reaction appeared to be intact
because they could bind the ubiquitin-binding domain of NEMO
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with or without FLAG-NEMO, and cell lysates and anti-FLAG immunoprecipitates (IP) were immunoblotted with the indicated antibodies. (B) Schematics of
HOIP and its mutants. (C) HA-HOIP and its mutants, along with Myc-HOIL-1L, T7-SHARPIN, and FLAG-NEMO, were transfected into HEK293T cells. Cell
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(data not shown); moreover, ubiquitin contains no Cys residues and
therefore cannot be modified by NEM. In our previous analyses, un-
anchored linear diubiquitin weakly activated IKK in vitro (15). To
confirm that linear chains conjugated to NEMO activate the IKK
complex much more efficiently than unanchored linear polyubiqui-
tin, and to determine the length of linear chains that is sufficient to
activate IKK, we incubated N-terminally His,-HA-tagged diubiqui-
tin (His-HA-Ub,), instead of ubiquitin monomers, in the presence or
absence of E1, E2, and LUBAC (Fig. 1C). His-HA-Ub, can be recog-
nized by the ubiquitin-binding domain of NEMO and then conju-
gated to substrates, but it cannot generate linear chains longer than
diubiquitin because of its N-terminal His,-HA tag (25). Free His-
HA-Ub, did not overtly activate IKK (Fig. 1C, lanes 3 to 5),
indicating that unanchored diubiquitin cannot activate IKK
effectively. However, IKK was effectively activated when His-
HA-Ub, was conjugated to NEMO by LUBAC (Fig. 1C, lanes 6
to 8). This result confirmed that linear chains conjugated to
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NEMO activate the IKK complex much more effectively than
unanchored linear chains and that conjugation of linear diu-
biquitin to NEMO is sufficient to activate IKK.

The HOIP NZF1 domain is involved in the recognition of
NEMO by LUBAC. Because ubiquitination often requires sub-
strate binding by E3 enzymes (26), we hypothesized that LUBAC
may also recognize NEMO prior to linear polyubiquitination of
the protein. To dissect the molecular mechanism underlying lin-
ear polyubiquitination of NEMO, we probed the region of the
LUBAC ligase complex that is critical for recognition of NEMO.
To this end, we first expressed each subunit of LUBAC (HOIL-1L,
HOIP, and SHARPIN) in HEK293T cells, with or without NEMO.
Consistent with our observations in a previous study (8), HOIP
coimmunoprecipitated with NEMO (Fig. 2A, lane 5). In the ear-
lier study, deletion of the zinc finger region, containing the zinc
finger (ZF), NZF1, and NZF2 domains, attenuated the interaction
between HOIP and NEMO, although HOIP Aall-ZFs could still
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bind to NEMO when the two proteins were coexpressed with
HOIL-1L. In contrast, in this study, HOIP Aall-ZFs did not effi-
ciently interact with NEMO even in the presence of HOIL-1L and
SHARPIN (Fig. 2B and C, lane 4). The discrepancy between these
observations might be attributed to the amounts of plasmids used
in the transfections: in the previous study, we introduced larger
amounts of the plasmids into cells than in this study.

To precisely determine the roles played by the three domains of
the HOIP ZF region in the interaction with NEMO, we cotrans-
fected WT or mutant HOIP (Fig. 2B) into HEK293T cells along
with HOIL-1L, SHARPIN, and NEMO and assessed the binding
between NEMO and HOIP (Fig. 2C). Among the three domains in
the zinc finger region, deletion of HOIP NZF1, but not deletion of
ZF or NZF2, attenuated NEMO binding (Fig. 2C, lanes 5 to 7).
Conversely, among HOIP mutants possessing only one of the
three zinc finger domains, mutants containing NZF1 but not ZF
or NZF2 could bind NEMO (Fig. 2C, lanes 8 to 10). These results
strongly indicated that HOIP NZF1 is sufficient for the recogni-
tion of NEMO. To characterize the region of NEMO that is rec-
ognized by HOIP, we introduced NEMO mutants into HEK293T
cells together with HOIL-1L, HOIP, and SHARPIN (data not
shown); these experiments confirmed our previous observation
(8) that NEMO lacking the CoZi region failed to bind LUBAC.

Crystal structure of NEMO CoZi in complex with HOIP
NZF1. To obtain further insight into the recognition of NEMO by
HOIP, we determined the crystal structure of the complex be-
tween the NEMO CoZi and HOIP NZF1 domains (Table 1). The
crystal structure contains one complex per asymmetric unit, in
which NEMO and HOIP are present in 2:1 stoichiometry, i.e.,
each NEMO dimer binds one NZF1 molecule (Fig. 3A). Despite
the symmetrical surface on either side of NEMO, each NEMO
dimer binds only one HOIP NZF1. This appears to be due to
crystal packing effects, because another HOIP NZF1 of a symme-
try-related molecule occupies the second possible binding site on
NEMO. This binding mode includes weak interactions between
NEMO and another surface of HOIP centered on residues Thr360
and Phe361, which, according to our mutational analyses, are not
biologically relevant (see below and Fig. 7C). However, this obser-
vation does not exclude the possibility of symmetrical binding of
two HOIP NZF1 molecules to NEMO in solution or in vivo, which
might be influenced by factors such as the local concentration of
proteins (27). In the context of the full-length proteins, however,
it seems more likely that binding of a large LUBAC would hinder
binding of a second HOIP NZF1 domain to a NEMO molecule. In
fact, due to the transient nature of these interactions, to date we
have been unable to measure the stoichiometry of NEMO CoZi/
HOIP NZF-1 binding using the isolated domains in solution.

In the crystal structure, HOIP NZF1 forms a compact structure
typical of NZF domains (Fig. 3A) (28), with a single zinc ion co-
ordinated by four conserved cysteine residues: Cys356, Cys359,
Cys370, and Cys373. As shown previously, NEMO CoZi forms a
coiled-coil homodimeric structure (19, 24). Although NEMO
CoZibound to HOIP NZF1 retains a conformation similar to that
of the free domain, the overall structures do not superimpose well,
as indicated by the root mean square (RMS) deviation of 2.6 A for
superimposition of the Ca atoms of residues 255 to 335 (Fig. 3B).
This structural difference appears to be due to the presence of a
proline residue (Pro292) in the CoZi domain, which introduces a
kink into the coiled-coil structure (24). Consistent with this ex-
planation, the two regions N terminal and C terminal to Pro292
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(amino acids 255 to 291 and 293 to 335, respectively) superimpose
more precisely (RMS deviations of 1.1 A and 1.3 A, respectively)
(Fig. 3C and D).

The HOIP NZF1 binding site on NEMO is located on the
coiled-coil 2 (CC2) domain and covers a surface area of 447.3 A%
The binding region includes amino acid residues from GIn259 to
Lys270 and Glu264 to Asp275 on different protomers within the
NEMO dimer (Fig. 3E and F). This surface is located at the N
terminus of NEMO CoZi and does not overlap the ubiquitin-
binding domain (UBAN) (24). Thus, interaction with HOIP does
not sterically hinder binding of NEMO to linear ubiquitin chains
(Fig. 3A).

A hydrophobic surface on the NZF1 domain, formed by the
side chains of Ala366, Val368, Leu369, Pro376, Leu378, and
Ala379, serves as the major interacting partner for NEMO by con-
tacting Ala263, Ala266, Leu267, Val268, and aliphatic portions of
GIn259, Lys270, and GIn271 (Fig. 3G and H). Furthermore,
Glu374, Arg375, and Arg377 from HOIP are engaged in electro-
static interactions with Lys270, Asp275, and Glu264, respectively.
The Ne atom of NEMO GIn259 forms a hydrogen bond with the
main-chain carbonyl oxygen of Ala365 (Fig. 3G). Although it is
not conserved among other NZF domains, the NEMO-binding
surface on HOIP NZF1 is highly conserved among HOIP proteins
from different species (Fig. 31 and J).

GIn271 and Asp275 of NEMO are involved in LUBAC-medi-
ated linear polyubiquitination. Our structural analysis indicated
that GIn271 and Asp275 of mouse NEMO are involved in the
interaction with the HOIP NZF1 domain (Fig. 3). To confirm the
importance of NEMO recognition by HOIP in linear polyubiq-
uitination of NEMO, we generated the NEMO mutations Q271A,
D275A, and Q271A/D275A and introduced them into HEK293T
cells together with HOIP, HOIL-1L, and SHARPIN. Whereas WT
NEMO efficiently coimmunoprecipitated with HOIP, the interac-
tions between HOIP and the Q271A, D275A, and Q271A/D275A
NEMO mutants were significantly attenuated (Fig. 4A), suggest-
ing that GIn271 and Asp275 of NEMO are involved in recognition
by HOIP in vivo. We also confirmed that Q271A/D275A NEMO
could efficiently form the canonical IKK complex with IKK1 and
IKK2 (Fig. 4B). The ubiquitin-binding activity of NEMO plays
essential roles in NF-kB activation (24). Therefore, we compared
the abilities of WT, Q271A, D275A, and Q271A/D275A NEMO to
bind linear and Lys63-linked polyubiquitins. All three of the
NEMO mutants interacted with both linear tetraubiquitin and
Lys63-linked ubiquitin chains as efficiently as WT NEMO, which
can bind both linear and Lys63 chains (longer than four ubiquitin
moieties) (Fig. 4C and D) (29). These results confirmed the find-
ing that GIn271 and Asp275 are not located in the ubiquitin-bind-
ing domain of NEMO (Fig. 3A).

We next assessed the effect of GIn271 and/or Asp275 mutation
of NEMO on its linear polyubiquitination in an in vitro ubiquiti-
nation assay and found that Q271A/D275A NEMO was not effi-
ciently ubiquitinated by LUBAC (Fig. 4E). To confirm the atten-
uation of linear polyubiquitination of NEMO mutants that failed
to interact efficiently with HOIP in cells, we introduced WT or
mutant NEMO along with the components of LUBAC into
HEK293T cells and then performed hot lysis to remove proteins
noncovalently associated with NEMO (Fig. 4F). Although WT
NEMO was efficiently linearly polyubiquitinated by LUBAC, lin-
ear polyubiquitination of Q271A, D275A, and Q271A/D275A
NEMO was significantly attenuated.
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FIG 4 Involvement of GIn271 and Asp275 of NEMO in LUBAC-mediated
linear polyubiquitination. (A) HEK293T cells were transfected as indicated,
and cell lysates (top), anti-FLAG immunoprecipitates (middle), and anti-HA
immunoprecipitates (bottom) were immunoblotted. (B) HEK293T cells were
transfected as indicated, and cell lysates (bottom) and anti-FLAG immunopre-
cipitates (top) were immunoblotted. (C and D) NEMO WT or mutants fused
with MBP were incubated with linear tetraubiquitin (C) or K63 chains (D),
followed by pulldown with maltose resins. (E) WT or Q271A/D275A MBP-
NEMO was incubated as indicated at 37°C for 1 h, followed by immunoblot-
ting with anti-MBP antibody. (F) FLAG-NEMO or its mutants were intro-
duced into HEK293T cells together with LUBAC. Cells were subjected to hot
lysis, and anti-FLAG immunoprecipitates were probed with anti-linear ubiq-
uitin or anti-FLAG antibody.

Involvement of both linear chain conjugation to NEMO and
linear chain recognition by NEMO in IKK activation. Because
the NEMO mutants (Q271A, D275A, and Q271A/D275A mutants)
could not be recognized or linearly polyubiquitinated by LUBAC but
could form IKK complexes with IKK1 and IKK2 and bind to ubiqui-
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tin chains as well as WT NEMO, they appeared to be suitable tools for
probing the roles of linear polyubiquitination of NEMO in signal-
induced NF-kB activation. We therefore transiently introduced WT
or mutant NEMO, together with the 5X NF-kB luciferase reporter,
into a NEMO-deficient subclone (N-1) of the Rat-1 fibroblast line.
Luciferase assays revealed that the Q271A, D275A, and Q271A/
D275A mutations of NEMO attenuated IL-B-induced NF-kB activa-
tion (Fig. 5A, upper portion). The introduced WT and mutant
NEMO proteins were expressed at almost identical levels (Fig. 5A,
lower portion) that were slightly lower than the level of endogenous
NEMO expression in the parental Rat-1 cells (data not shown). When
WT or Q271A/D275A NEMO was retrovirally introduced into the
NEMO-defective N-1 cells, IL-13-induced linear polyubiquitination
and IkBa phosphorylation were significantly attenuated by the
Q271A/D275A mutation (Fig. 5B). We also stably introduced WT or
Q271A/D275A NEMO into the NEMO-deficient MEFs; these pro-
teins were expressed at levels comparable to, or slightly lower than,
that of endogenous NEMO in WT MEFs (data not shown). In the
NEMO-deficient MEFs complemented with WT NEMO, treatment
with TNF-a induced phosphorylation and degradation of Ik Ba (Fig.
5C). In contrast, in cells expressing Q271A/D275A NEMO, TNF-o.-
mediated phosphorylation and degradation of IkBa were signifi-
cantly attenuated (Fig. 5C). Furthermore, TNF-a induced the IKK
activity in anti-NEMO immunoprecipitates from cells expressing
WT NEMO, whereas TNF-a did not overtly induce IKK activity in
Q271A/D275A NEMO-expressing cells (Fig. 5D).

Lys278 and Lys302 of mouse NEMO, which are equivalent to
Lys285 and Lys309 of human NEMO, are major sites of linear
polyubiquitination by LUBAC (8). The UBAN motif, the major
ubiquitin-binding site of NEMO, preferentially binds to linear
diubiquitin relative to Lys63-linked diubiquitin. Within this mo-
tif, Phe305 is involved in the binding of both linear and Lys63-
linked diubiquitin, whereas Glu313 is specifically involved in lin-
ear diubiquitin recognition (24). To investigate the functional
interaction between HOIP binding and linear polyubiquitination
of, or recognition of linear ubiquitin chains by, NEMO, we tran-
siently expressed the NEMO mutants indicated in Fig. 6A in N-1
cells and assessed IL-1B-induced NF-kB activation by luciferase
assays. The introduced WT and mutant forms of NEMO were
expressed at almost identical levels (Fig. 6A) that were slightly
lower than the endogenous NEMO expression level in the parental
Rat-1 cells (data not shown). Introduction of mutations at the
major polyubiquitination sites, K278R/K302R (QDKK/AARR),
into Q271A/D275A NEMO failed to further suppress IL-1B-in-
duced NF-kB activation attenuated by Q271A/D275A mutation,
thus confirming that the NEMO recognition by NZF1 of HOIP
attenuates LUBAC-induced linear polyubiquitination of the pro-
tein. Mutation of Glu313 to Ala (NEMO E313A) marginally sup-
presses NF-kB activation by partially impairing linear chain bind-
ing (24), an observation confirmed in this study (Fig. 6A). To
investigate whether impaired recognition of linear ubiquitin
chains and NEMO would additively suppress IL-1B-induced
NF-kB activation, we generated Q271A/D275A/E313A (QD/AA/
E313A) NEMO. This triple mutant attenuated IL-1B-induced
NE-kB activation to a greater extent than Q271A/D275A or
E313A NEMO. However, the F305A NEMO mutation, which
abolishes NEMO binding to both linear and Lys63-linked chains
almost completely (24), strongly suppressed IL-1B-induced
NEF-kB activation, confirming the importance of ubiquitin bind-
ing by NEMO for NF-kB activation. These results suggested that
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FIG 5 Conjugation of linear chains to NEMO plays crucial roles in IKK activation. (A) NEMO-defective N-1 cells were transiently transfected with 5X NF-kB
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were treated with IL-1B (1 ng/ml) for 8 h, and luciferase activity was measured

(means * standard errors of the means; n = 3). The amounts of NEMO and tubulin were also assessed. (B) N-1 cells expressing WT or Q271A/D275A NEMO
were treated with IL-1f (20 ng/ml) for the indicated periods, and anti-NEMO immunoprecipitates were immunoblotted. (C) NEMO-deficient MEFs stably
expressing WT or Q271A/D275A NEMO were treated with TNF-a (10 ng/ml) for the indicated periods, and cell lysates were immunoblotted with the indicated
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conjugation of linear chains to NEMO and recognition of linear
ubiquitin chains by NEMO are synergistically involved in signal-
induced NF-kB activation.

IKK2, a crucial kinase within the IKK complex that phosphor-
ylates IkBa, homodimerizes via its kinase domain (KD), leading
to activation of IKK via frans autophosphorylation (30). We ex-
amined the involvement of KD homodimerization of IKK2 in the
activation of IKK provoked by linearly ubiquitinated NEMO.
Val229, His232, Tyr294, Gly295, and Pro296 of human IKK2 are
involved in the KD-KD interaction of IKK2 (30). Therefore, we
mutated Val229 and His232 to Ala (V229A/H232A); in another
construct, Tyr294, Gly295, and Pro296 were mutated to Leu, Lys,
and Gln, respectively, the corresponding amino acids in IKK1
(Y294L/G295K/P296QQ) (30). IKK becomes constitutively active
when Ser177 and Ser181 in the activation loop of IKK2 are mu-
tated to phosphomimetic Glu (S177E/S181E) (30). V229A/Y232A
and Y294L/G295K/P296Q IKK2 with the S177E/S181E mutations
can effectively phosphorylate IkBa (30), suggesting that both of
these IKK2 mutants can function as a kinase when specific Ser
residues are phosphorylated. NEMO-Ub,, a NEMO mutant with
uncleavable linear diubiquitin at the C terminus, mimics linearly
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ubiquitinated NEMO, and the introduction of NEMO-Ub, alone
to HEK293T cells induces IKK activation (15). With these obser-
vations in mind, we evaluated mutations of IKK2 that abolish the
KD-KD interaction upon NEMO-Ub,-mediated activation of
IKK. Because IKK2 can be activated even when transiently intro-
duced alone (30), we introduced smaller amounts of IKK2 plas-
mids into HEK293T cells than in previous studies. As expected,
under these assay conditions, the IKK2 WT or mutants were not
activated when IKK2 was introduced alone (Fig. 6B). When intro-
duced together with NEMO, WT IKK2 was weakly phosphory-
lated in its activation loop; because IKK2 in NEMO-deficient cells
is not effectively activated (31), this phosphorylation may have
been due to an IKK2-NEMO interaction. We have observed that
NEMO-UD, induces phosphorylation of WT IKK2 much more
efficiently than NEMO. However, NEMO-Ub, failed to induce
phosphorylation of V229A/Y232A or Y294L/G295K/P296Q
IKK2, indicating that the KD-KD interaction is necessary for the
activation of IKK2 by NEMO-Ub,. Because V229A/Y232A and
Y294L/G295K/P296Q IKK2 could form complexes with NEMO
and NEMO-Ub,, as well as WT IKK2 (Fig. 6C), these observations
indicate that recognition of the linear chain conjugated to NEMO,
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standard errors of the means; n = 3). The amounts of NEMO and tubulin were also assessed. (B) FLAG-IKK2 or its mutants, along with FLAG-NEMO or
FLAG-NEMO-UD,, were transfected into HEK293T cells; cell lysates were immunoblotted with the indicated antibodies. (C) FLAG-IKK2 and its mutants, along
with FLAG-NEMO or FLAG-NEMO-Ub,, were transfected into HEK293T cells and cell lysates (left); anti-NEMO immunoprecipitates (right) were immuno-

blotted as indicated.

possibly by another NEMO molecule, plays crucial roles in IKK
activation and subsequent NF-kB activation by inducing trans
autophosphorylation of IKK2.

The NEMO- and ubiquitin-binding activities of HOIP NZF1
are both involved in NF-kB activation by LUBAC. Our crystal-
lographic analyses revealed that HOIP NZF1 is involved in NEMO
recognition and that Arg369 in the NZF1 domain of mouse HOIP
(equivalent to Arg375 in human HOIP, used for the crystallo-
graphic analyses described above) contributes significantly to in-
teraction with NEMO (Fig. 3G). However, NZF domains are clas-
sified as potential ubiquitin-binding modules (28, 32), and HOIP
NZF1 has also been reported to bind ubiquitin (11). The highly
conserved TF/® motif of NZF domains (“®” indicates a hydro-
phobic residue that is separated from TF [Thr-Phe] by 10 residues
[33]) is crucial for the ubiquitin-binding activity (33). Because
Thr354 and Phe355 of the TF/® motif in mouse HOIP NZF1
(equivalent to Thr360 and Phe361 in human HOIP) are highly
conserved (Fig. 3]), it is reasonable to speculate that HOIP NZF1
might exhibit the ubiquitin-binding activity as well as NEMO-
binding activity. To confirm the ability of NZF1 to bind ubiquitin,
we generated R369A, T354A, F355A, and T354A/F355A muta-
tions of mouse HOIP NZF1. GST pulldown assays revealed that
the T354A, F355A, and T354A/F355A mutations, but not R369A,
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attenuated binding of HOIP NZF1 to not only Lys63-linked diu-
biquitin but also linear tetraubiquitin (Fig. 7A and B). To investi-
gate the effect of the T354A, F355A, and T354A/F355A mutations
on NEMO binding, we cotransfected WT or mutant HOIP into
HEK293T cells along with HOIL-1L, SHARPIN, and NEMO. WT,
T354A, F355A, and T354A/F355A HOIP efficiently coimmuno-
precipitated with NEMO, whereas the ANZF1 and R369A HOIP
mutants failed to interact with NEMO (Fig. 7C). From these re-
sults, we draw the following conclusions: NZF1 can bind to both
ubiquitin and NEMO, Arg369 of HOIP NZF1 is involved in
NEMO recognition but not ubiquitin binding, and T354 and F355
are involved in ubiquitin recognition but not NEMO binding.
Furthermore, the in vitro binding assay using purified proteins
revealed that NZF1 and Lys63-linked diubiquitin were both
pulled down with MBP-NEMO, indicating that NZF1 bound si-
multaneously to Lys63-linked diubiquitin and NEMO (Fig. 7D).

To probe the roles of the ubiquitin- and NEMO-binding activ-
ities of NZF1 of HOIP in LUBAC-mediated NF-kB activation, we
used luciferase assays to evaluate NF-kB activation mediated by
exogenously introduced LUBAC. LUBAC-mediated NF-«B acti-
vation was suppressed in HEK293T cells transfected with R369A
or ANZF1 HOIP. Introduction of T354A/F355A HOIP also sup-
pressed LUBAC-mediated NF-kB activation, but the suppression
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FIG 7 Simultaneous recognition of NEMO and ubiquitin by HOIP NZF1 is required for NF-kB activation. (A and B) WT or mutant HOIP NZF1 fused
to GST was incubated with K63 diubiquitin (A) or linear tetraubiquitin (B) as indicated, followed by pulldown with glutathione beads. Bound proteins
were probed as indicated. (C) HA-HOIP or its mutants were transfected into HEK293T cells along with Myc-HOIL-1L, T7-SHARPIN, and FLAG-NEMO,
and cell lysates (left) and anti-FLAG immunoprecipitates (right) were immunoblotted as indicated. (D) Full-length NEMO fused with MBP was incubated
with K63-diubiquitin and GST-NZF1, followed by pulldown with maltose resins. Bound proteins were probed as indicated. (E) Luciferase activities in
HEK293T cells expressing WT or mutant HA-HOIP, along with Myc-HOIL-1L, T7-SHARPIN, and 5X NF-kB luciferase reporter, are shown relative to
the activity in cells expressing WT LUBAC, defined as 100% (means * standard errors of the means; n = 3). **, P < 0.01; ***, P < 0.001 (Student’s t test).
(F and G) HOIP Alinear MEFs retrovirally expressing WT, ANZF1, or R369A (F) or T354A/F355A (G) HOIP were treated with TNF-a (3 ng/ml) for the
indicated periods and probed with the indicated antibodies. (H) HOIP Alinear MEFs retrovirally expressing WT, ANZF1, R369A, or T354A/F355A HOIP
were treated with FLAG-His,—TNF-a (FH-TNF-a) (3 pg/ml) for the indicated periods; cell lysates (bottom) and anti-FLAG immunoprecipitates (top)

were immunoblotted as indicated.

was significantly weaker than that mediated by R369A HOIP
(Fig. 7E). To further examine the roles of the ubiquitin- and
NEMO-binding activities of HOIP NZF1 in TNF-a-mediated
NF-kB activation, we introduced WT or HOIP mutants into
HOIP Alinear MEFs; the HOIP mutants were expressed at lev-
elsidentical to or alittle higher than that of WT HOIP (data not
shown). In cells expressing R369A or T354A/F355A HOIP,
IkBa degradation was slower than in WT HOIP-expressing
cells; the extent of the delay with these two mutants was similar
to that with ANZF1 HOIP (Fig. 7F and G). The ubiquitin-
binding activity of HOIP has been implicated in the recruit-
ment of LUBAC to the activated TNF-R1 signaling complex
(TNF-RSC) (34). ANZF and T354A/F355A mutations of HOIP
attenuated TNF-a-induced recruitment of HOIP to TNF-RSC,
but the R369A mutation did not overtly suppress HOIP re-
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cruitment to the activated receptor complex (Fig. 7H). Impor-
tantly, WT HOIP and the R369A mutant were recruited to
TNEF-RSC at similar levels, but ubiquitination of NEMO was
significantly abrogated by the R369A mutation.

These results strongly indicated that NZF1 of HOIP can simulta-
neously bind both NEMO and ubiquitin and that both interactions
are involved in TNF-a-mediated NF-kB activation. Loss of NEMO
binding impairs linear polyubiquitination of NEMO, whereas loss of
ubiquitin binding impairs recruitment of LUBAC to TNF-RSC.
However, loss of NEMO binding by HOIP NZF1 appears to exert a
more profound effect on LUBAC-mediated NF-kB activation than
loss of ubiquitin binding. Although the interaction between HOIP
NZF1 and NEMO was abolished almost completely by the mutations
described above, neither TNF-a- nor LUBAC-mediated NF-kB acti-
vation was completely suppressed in cells expressing these mutants.
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autophosphorylation of IKK2.

We propose mechanisms that might underlie this residual NF-«B
activation in Discussion.

DISCUSSION

In this study, we showed that recognition of linear ubiquitin
chains by NEMO and conjugation of those chains to NEMO are
synergistically involved in IKK activation. The IKK complex is
activated by phosphorylation of the IKK2 subunit (35). In general,
phosphorylation of kinases is mediated either by trans autophos-
phorylation or by upstream kinases (36). The crystal structure of
Xenopus IKK2, determined recently, reveals that IKK2 contains a
dimerization domain (31); dimerization-defective IKK2 mutants
fail to be activated. Furthermore, analysis of the crystal structure
of human IKK2 revealed that homotypic interaction of the IKK2
KD is crucial for IKK2 activation (30). We also showed that IKK2
mutants that are defective in KD-KD interaction could not be
activated by NEMO-Ub,, which mimics linearly ubiquitinated
NEMO. These results strongly indicate that IKK2 activation me-
diated by linear chains requires trans autophosphorylation; thus,
it seems plausible that linear chains conjugated to NEMO by
LUBAC are recognized by NEMO in trans on another IKK com-
plex, thereby inducing multimerization of IKK complexes. Upon
multimerization, IKK2 could dimerize and trans autophosphor-
ylate (Fig. 8). It is possible that binding of ubiquitin to the UBAN
domain induces conformational changes in NEMO, thereby
changing the positions of IKK1 and IKK2, leading to phosphory-
lation of IKK2. However, considering the results of structural
analyses of IKK2, together with our observations, the former sce-
nario seems more likely (37).

We have probed the interactions between HOIP and NEMO by
solving a cocrystal structure of NZF1 of human HOIP and CoZi of
mouse NEMO, while our mutational studies have been performed
using mouse HOIP. However, the surface residues from HOIP
that interact with NEMO are fully conserved in human and mouse
species (Fig. 3]). Our mutational analyses based on the structure of
the cocrystal show that direct recognition of NEMO by HOIP
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plays a major role in NF-kB activation following conjugation of
linear chains to NEMO. Although the RING-IBR-RING region of
HOIP is the catalytic center for linear polyubiquitination by
LUBAC (7), recent results obtained using an in vitro ubiquitin
assay have suggested that the RING2 domain of HOIL-1L plays a
role in linear polyubiquitination of NEMO (38). However, given
that the HOIP-SHARPIN complex effectively linearly polyubiq-
uitinates NEMO in vitro and activates NF-kB in cells (12), any
involvement of the RING2 domain of HOIL-1L in linear poly-
ubiquitination of NEMO and NF-kB activation seems likely to be
marginal. Thus, HOIP plays central roles in LUBAC-mediated
NEF-kB activation via direct recognition of linear polyubiquitin
and conjugation of this molecule to NEMO. However, neither
NF-kB activation nor linear polyubiquitination of NEMO was
completely abolished in Q271A/D275A NEMO, which evades rec-
ognition by LUBAC. We suspect that the residual activation might
be caused by the presence of one or more additional NEMO rec-
ognition sites. Consistent with this idea, the NEMO-LUBAC in-
teraction cannot be completely abolished by mutations in HOIP
NZF1, although HOIP NZF1 does appear to be the primary
NEMO recognition site. In support of this possibility, in our pre-
vious study (8), we observed that HOIP lacking NZF1 could bind
NEMO in the presence of high levels of HOIL-1L. Alternatively, in
light of observations that the linear polyubiquitination activity of
LUBAC is dispensable for NF-«kB activation via B-cell antigen re-
ceptor (39), residual NF-kB activation might be mediated by
other IKK activation pathways. The kinase TAK1 has been sug-
gested to activate IKK2 (40); specifically, TAK1-mediated IKK ac-
tivation has been proposed to involve the Lys63 chain-binding
activity of TAB2 and TAB3, which form a complex with TAK1
(41). Recently, Lys63 and linear hybrid chains have been impli-
cated in IKK activation (42). It is hypothesized that both the TAK1
and IKK complexes bind simultaneously to one hybrid chain
composed of Lys63 and linear linkages, generated upon IL-1f3
stimulation, thereby inducing phosphorylation of IKK2 (42). In
addition to the UBAN motif that preferentially binds linear
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chains, NEMO possesses another ubiquitin-binding domain, the
ZF domain, in its C terminus. NEMO can bind longer Lys63-
linked chains by utilizing both the UBAN and ZF domains, poten-
tially inducing IKK activation by multimerizing the IKK complex.
Because the NEMO-LUBAC interaction appears dispensable for
the generation of the Lys63 and Lys63/linear hybrid chains, the
residual NF-kB activation in Q271A/D275A NEMO-expressing
cells might be attributed to these ubiquitin chains, as distinct from
linear chains. However, considering our results described here,
together with the previous observation that Lys63-linked chains
are dispensable for TNF-a-mediated NF-kB activation (43), it
seems likely that linear chain-mediated trans autophosphoryla-
tion of IKK2 plays a major role in NF-kB activation, at least in the
case of activation mediated by the TNF receptor family. In further
support of this notion, we observed previously that CD40-medi-
ated NF-kB activation is almost completely abolished in B cells
from mice lacking the linear polyubiquitination activity of
LUBAC (39). Further dissection of the mechanism underlying
IKK activation via LUBAC-mediated linear polyubiquitination
will be needed to clarify the involvement of linear chain-mediated
dimerization of IKK2 in NF-kB activation induced by various
stimuli, including IL-1pB.

We also showed here that HOIP NZF1 simultaneously binds
NEMO and ubiquitin (Fig. 7D). The TF/® motifs of the HOIP
NZF domains, which are crucial for ubiquitin binding by NZFs,
are highly conserved. Consistent with this, the T354A, F355A, and
T354A/F355A mutants of HOIP NZF1 failed to bind ubiquitin. In
contrast, R369A NZF1 could bind ubiquitin as efficiently as WT
NZF1 (Fig. 7A and B). Recruitment of LUBAC to TNF-RSC upon
TNEF-a stimulation is a prerequisite for TNF-a-mediated NF-kB
activation, and the ubiquitin-binding activity of LUBAC is re-
quired for this recruitment (34). We observed in this study that
the T354A/F355A double mutation, but not the R369A mutation,
of HOIP attenuated TNF-a-induced recruitment of HOIP to
TNEF-RSC (Fig. 7H). Furthermore, we observed that both R369A
and T354A/F355A HOIP attenuated TNF-a-induced NF-kB acti-
vation at a level comparable to that of ANZF1 HOIP when ex-
pressed in HOIP Alinear MEFs (Fig. 7F and G). However, the
luciferase assays revealed that R369A, but not T354A, F355A, or
T354A/F355A, HOIP significantly suppressed NF-«kB activation
induced by the introduction of LUBAC components (Fig. 7E).
Recruitment of LUBAC to TNF-RSC is a prerequisite for TNF-a-
mediated NF-kB activation but is apparently not required for
NF-kB activation provoked by the exogenous introduction of
LUBAC components; this may explain why the R369A mutation
of HOIP suppressed LUBAC-mediated NF-kB activation more
severely than the T354A/F355A mutation.

In summary, we dissected the roles of linear polyubiquitina-
tion in NF-kB activation and showed that recognition of linear
polyubiquitin conjugated to NEMO, possibly by NEMO in an-
other IKK complex, induces trans autophosphorylation of IKK2
and subsequent activation of NF-kB. The NZF1 domain of HOIP
is involved in the linear polyubiquitination of NEMO by recog-
nizing NEMO, leading to the homodimerization of IKK2. In ad-
dition to NEMO recognition, HOIP NZF1 plays another role in
signal-induced NF-kB activation: the recruitment of LUBAC to
the activated receptor complexes via its ubiquitin-binding activity
(Fig. 8). Amino acid residues crucial for ubiquitin binding are
conserved in HOIP NZF1 (Fig. 31), whereas other residues are not
conserved in other human NZFs. In contrast, the NEMO-binding
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surface on HOIP NZF1 is highly conserved in NZF1s of vertebrate
HOIP proteins (Fig. 3]). Because HOIP NZF1 can bind to both
ubiquitin and NEMO simultaneously (Fig. 7D), we conclude that
HOIP NZF1 plays a critical role in signal-induced activation by
recruiting LUBAC to the site of function and ubiquitinating the
substrate to activate NF-kB on site.
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