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ABSTRACT Linear ubiquitination is an atypical posttranslational modification catalyzed by the linear-ubiquitin-chain assembly
complex (LUBAC), containing HOIP, HOIL-1L, and Sharpin. LUBAC facilitates NF-�B activation and inflammation upon recep-
tor stimulation by ligating linear ubiquitin chains to critical signaling molecules. Indeed, linear-ubiquitination-dependent sig-
naling is essential to prevent pyogenic bacterial infections that can lead to death. While linear ubiquitination is essential for in-
tracellular receptor signaling upon microbial infection, this response must be measured and stopped to avoid tissue damage and
autoimmunity. While LUBAC is activated upon bacterial stimulation, the mechanisms regulating LUBAC activity in response to
bacterial stimuli have remained elusive. We demonstrate that LUBAC activity itself is downregulated through ubiquitination,
specifically, ubiquitination of the catalytic subunit HOIP at the carboxyl-terminal lysine 1056. Ubiquitination of Lys1056 dy-
namically altered HOIP conformation, resulting in the suppression of its catalytic activity. Consequently, HOIP Lys1056-to-Arg
mutation led not only to persistent LUBAC activity but also to prolonged NF-�B activation induced by bacterial
lipopolysaccharide-mediated Toll-like receptor 4 (TLR4) stimulation, whereas it showed no effect on NF-�B activation induced
by CD40 stimulation. This study describes a novel posttranslational regulation of LUBAC-mediated linear ubiquitination that is
critical for specifically directing TLR4-mediated NF-�B activation.

IMPORTANCE Posttranslational modification of proteins enables cells to respond quickly to infections and immune stimuli in a
tightly controlled manner. Specifically, covalent modification of proteins with the small protein ubiquitin is essential for cells to
initiate and terminate immune signaling in response to bacterial and viral infection. This process is controlled by ubiquitin li-
gase enzymes, which themselves must be regulated to prevent persistent and deleterious immune signaling. However, how this
regulation is achieved is poorly understood. This paper reports a novel ubiquitination event of the atypical ubiquitin ligase
HOIP that is required to terminate bacterial lipopolysaccharide (LPS)-induced TLR4 immune signaling. Ubiquitination causes
the HOIP ligase to undergo a conformational change, which blocks its enzymatic activity and ultimately terminates LPS-induced
TLR4 signaling. These findings provide a new mechanism for controlling HOIP ligase activity that is vital to properly regulate a
proinflammatory immune response.
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Mutations in genes required for regulating antimicrobial or
inflammatory signaling frequently lead to auto-inflam-

matory diseases and impair the immune system’s ability to fight
infection (1, 2). In particular, mounting evidence indicates that
proper functioning of the immune signaling regulatory complex
called the linear-ubiquitin-chain assembly complex (LUBAC),
consisting of heme-oxidized IRP2 ubiquitin ligase-1 (HOIL-1L),
HOIL-1L interacting protein (HOIP), and SHANK-associated
RH domain interactor (Sharpin), is required for maintenance of a
functional immune system (3, 4). In humans and mice, mutations
in LUBAC result in deregulation of immune signaling. For exam-
ple, human patients with null mutations in the immunoregulatory
RBCK1 gene, which codes for the protein HOIL-1L, exhibit a

combined autoinflammatory/immunodeficient phenotype char-
acterized by elevated serum levels of the proinflammatory cyto-
kine interleukin 6 (IL-6) and chronic invasive bacterial infections
that ultimately result in death (1). In accordance with immuno-
deficiency seen in humans, HOIL-1L-deficient mice are resistant
to lipopolysaccharide (LPS)-induced lethal inflammation, sug-
gesting that HOIL-1L is required to mount a systemic innate im-
mune inflammatory response to bacterial infection (5). In mice,
null mutations in SHARPIN cause chronic proliferative dermatitis
as well as eosinophilic inflammation and impaired lymphoido-
genesis (6). Genetic deletion of HOIP is embryonic lethal; how-
ever, the B-cell specific ablation of HOIP results in defective anti-
body responses to thymus-dependent and independent antigens
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in mice (7). Additionally, mutations in RNF31, the gene encoding
HOIP, alter LUBAC activity and are enriched in certain B-cell
lymphomas in humans (8). Collectively, genetic studies have
demonstrated that LUBAC is required for numerous antimicro-
bial and inflammatory pathways, including NLRP3, IL-1 receptor
(IL-1R), Toll-like receptor 4 (TLR4), TLR2, tumor necrosis factor
(TNF), NOD2, and CD40 (5, 7, 9–12). Thus, the tight regulation
of LUBAC activity is necessary to maintain a healthy immune
response. Aberrant LUBAC activity contributes to the develop-
ment of diseases resulting from autoinflammation and immuno-
deficiency.

LUBAC function is critical for NF-�B activation, during which
it attaches linear ubiquitin to multiple molecules. The first-
characterized function of LUBAC was linear ubiquitination of the
NF-�B essential modulator (NEMO), which is required for
NF-�B activation (11). During TNF-�-mediated NF-�B activa-
tion, RIP1 is modified with linear ubiquitin in the TNF receptor-
signalizing complex (6). In contrast to direct substrate modifica-
tion, during IL-1R- and TLR1/2-mediated NF-�B activation,
LUBAC conjugates linear ubiquitin to existing lysine 63-linked
ubiquitin chains on IRAK1, IRAK4, and MyD88 (13). In addition
to NF-�B activation, LUBAC mediates induction of other host
immune signaling pathways, including inflammasome activation,
by attaching linear ubiquitin chains to key signaling molecules.
During NLRP3 activation, LUBAC modifies the adaptor protein
ASC, promoting ASC/NLRP3 binding and oligomerization (5).
This directly leads to secretion of inflammatory cytokines. Thus,
LUBAC facilitates signaling by modifying substrates, both directly
and indirectly, to acutely modulate innate immunity.

LUBAC is a trimeric complex composed of Sharpin, HOIL-1L,
and HOIP, where HOIP is the primary E3 ubiquitin ligase and the
only enzyme known to catalyze linear-ubiquitin-chain conjuga-
tion. HOIP is a member of the RING-between-RING (RBR) fam-
ily of E3 ubiquitin ligase. Interestingly, RBR ligases often exist in
autoinhibited conformations, requiring protein-protein interac-
tions or posttranslational modifications for conformational
change and activation (14). For instance, posttranslational modi-
fications of the well-studied RBR ligase Parkin can both positively
and negatively regulate its activity by altering protein conforma-
tion (15, 16). In fact, mutations that enhance HOIP and HOIL-1L
binding, and thus increase LUBAC enzymatic activity, are associ-
ated with human disease (8), suggesting that the strict negative
regulation of linear-ubiquitin-chain formation is required for the
maintenance of immune homeostasis.

Upon stimulation of immune receptors, including TNF-� re-
ceptors, TLR4, and CD40 receptors, LUBAC enzymatic activity is
rapidly activated and subsequently inactivated through previously
uncharacterized mechanisms. We report that the enzymatically
critical LUBAC subunit HOIP is modified by ubiquitin at multiple
lysine residues. Targeted mutations to block HOIP ubiquitination
revealed that a lysine 1056-to-arginine (K1056R) mutation within
the carboxyl-terminal linear-ubiquitin-chain-determining do-
main (LDD) resulted in elevated HOIP activity. TLR4 stimulation
induced HOIP ubiquitination, which altered HOIP conformation
and decreased LUBAC activity. Furthermore, blocking HOIP
ubiquitination with the K1056R mutation resulted in elevated and
persistent expression of NF-�B gene expression. Our results sug-
gest that the carboxyl-terminal ubiquitination of HOIP inacti-
vates LUBAC activity upon TLR4 stimulation to prevent persis-

tent NF-�B activation, indicating conformational rearrangement
as a primary regulatory mechanism for RBR ligases.

RESULTS
Identification of HOIP ubiquitination sites. To investigate a role
for posttranslational modifications in controlling HOIP function,
full-length HOIP was purified from 293T cells under denaturing
conditions, and mass spectrometry was used to identify ubiquiti-
nated residues. Two residues, lysine 640 and lysine 1056, were
assigned with high confidence as being modified covalently by
ubiquitin (Fig. 1A). Mass spectrometry also identified various
ubiquitin peptides corresponding to linear, lysine 11-linked,
lysine 48-linked, and lysine 63-linked ubiquitin chains comigrat-
ing with HOIP. Specific ubiquitin chain linkages can have differ-
ent functions when attached to substrate proteins. Lysine 11 and
lysine 48 ubiquitin chains can lead to protein degradation, while
methionine 1 and lysine 63 can regulate signal transduction (17).
All four of these ubiquitin chain types have been implicated in
LUBAC-mediated signaling pathways (6). To verify that lysine
640 and lysine 1056 are sites for HOIP ubiquitination, mutant
HOIP constructs were generated in which the identified lysine
residues were mutated to arginine, and these mutants were then
transfected into 293T cells to examine their respective HOIP ubiq-
uitination levels (Fig. 1B). A previously identified HOIP ubiquiti-
nation site was mutated as a positive control (K330R) (18, 19), and
the enzymatically inactive CS (C885S) mutant, which is incapable
of linear ubiquitination or autoubiquitination, was included as a
negative control. The HOIP K330R and K1056R mutants both
showed reduced ubiquitination levels relative to the wild type
(WT). The K640R and CS mutants did not show altered HOIP
ubiquitination levels, indicating that these mutations did not af-
fect HOIP ubiquitination and that autoubiquitination is not the
primary source of ubiquitin attached to HOIP under these condi-
tions. Collectively, this demonstrates that HOIP is ubiquitinated
at multiple residues and that ubiquitination of HOIP does not
require the catalytic C885 residue.

Interestingly, the K1056 residue is highly evolutionarily con-
served among vertebrates and is located in the carboxyl LDD of
HOIP, which is essential for the protein’s enzymatic activity
(Fig. 1A) 20). Specifically, the crystal structure of the HOIP enzy-
matic region revealed that the K1056 residue is located on an ex-
posed surface (see Fig. S1A in the supplemental material) (21). As
HOIP has already been shown to be ubiquitinated at multiple sites
in its amino terminus (19), we generated the carboxyl-terminal
enzymatic domain constructs of HOIP and found that the K1056
is the primary site for ubiquitination of the HOIP C terminus (see
Fig. S1B and C in the supplemental material). We next tested
whether the HOIP C terminus was capable of autoubiquitination
by performing an in vitro ubiquitination assay using recombinant
HOIP C terminus. No high-molecular-weight HOIP bands were
detected in this assay, suggesting that the HOIP C terminus is not
efficiently autoubiquitinated in vitro (see Fig. S1D in the supple-
mental material). To investigate the ubiquitin chain linkage at the
K1056 of HOIP, we used WT ubiquitin or the K48R or K63R
mutant. While both ubiquitin mutants could still ubiquitinate
HOIP, neither was as efficient as WT ubiquitin (Fig. 1C). Next, we
used the K48-only or K63-only ubiquitin mutant, where all the
lysines except for K48 or K63 have been mutated to arginine. Nei-
ther K48-only nor K63-only ubiquitin was capable of efficiently
ubiquitinating HOIP (Fig. 1D). Finally, we used ubiquitin-specific

Bowman et al.

2 ® mbio.asm.org November/December 2015 Volume 6 Issue 6 e01777-15

mbio.asm.org


antibodies to compare the ubiquitin linkages on the C termini of
HOIP-WT and HOIP-K1056R (22). HOIP-WT was modified pri-
marily by M1-, K48-, and K63-linked ubiquitin chains, which
were among the linkages identified by mass spectrometry
(Fig. 1E). In contrast, the HOIP-K1056R mutant had dramatically
reduced levels of all types of ubiquitin linkages observed on
HOIP-WT (Fig. 1E; also, see Fig. S1E in the supplemental mate-
rial), suggesting that K1056 is the primary site for ubiquitination

in the carboxyl terminus of HOIP. Finally, to rule out the possi-
bility that the decreased ubiquitination of the HOIP K1056R mu-
tant occurs because mutating K1056 disrupts HOIP structure and
renders HOIP nonfunctional, we examined its enzymatic activity
in vitro. We purified full-length HOIP-WT and HOIP-K1056R
from bacteria using dual-expression constructs carrying both
HOIL-1L and HOIP. HOIP-K1056R had in vitro activity equiva-
lent to that of HOIP-WT, indicating that this mutation does not

FIG 1 Identification and characterization of HOIP ubiquitination. (A) LUBAC was purified and separated on an SDS-PAGE gel. Bands corresponding to
elevated-molecular-weight HOIP species were cut, and protein was digested with trypsin for mass spectrometry analysis. A search for posttranslationally
modified LUBAC peptides revealed that HOIP was modified by ubiquitin at lysine 640 and lysine 1056. While lysine 640 is not conserved between mouse and
human, lysine 1056 is highly conserved in vertebrates and is located in the linear-ubiquitin chain-determining domain (LDD) of HOIP. (B) Flag-tagged HOIP
constructs with various lysine-to-arginine mutations were cotransfected in human 293T cells with HA-ubiquitin constructs. Cells were lysed under denaturing
conditions (1% SDS), followed by 10-fold dilution with lysis buffer for renaturation. Flag-HOIP was immunoprecipitated with anti-Flag and immunoblotted
with anti-HA to detect the ubiquitinated forms of HOIP. Lysates were also used for immunoblotting with anti-Flag (bottom). (C) V5-tagged C terminus HOIP
constructs were cotransfected in human 293T cells with HA-ubiquitin lysine point mutant (ubiquitin-K48R or ubiquitin-K63R) constructs. Lysates were
immunoprecipitated with anti-V5, followed by immunoblotting with anti-HA. Lysates were also used for immunoblotting with anti-V5 or anti-HA. (D)
V5-tagged C-terminal HOIP constructs were cotransfected in human 293T cells with HA-ubiquitin lysine mutant constructs where all lysines, except for the
indicated residue, were mutated to arginine: ubiquitin-K48 or ubiquitin-K63 can form only K48- or K63-linked ubiquitin chains, respectively. Experiment was
performed as described for panel B. (E) V5-tagged C-terminal HOIP constructs were cotransfected in human 293T cells with HA-ubiquitin constructs.
Immunoprecipitation and immunoblotting were conducted as described for panel B. Samples were probed with ubiquitin linkage-specific antibodies to
determine ubiquitin chain linkages modifying HOIP. Data are representative of three independent experiments.
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alter the intrinsic enzymatic activity of HOIP (see Fig. S1F in the
supplemental material). These experiments collectively demon-
strate that HOIP is ubiquitinated at the K1056 by multiple types of
ubiquitin chains and that a K1056R mutation disrupts HOIP
ubiquitination without disrupting its intrinsic enzymatic activity.

LUBAC kinetics and function in B cells. We next established a
system to study the function of HOIP-K1056 ubiquitination in the
context of immune receptor stimulation. To measure the kinetics
of LUBAC activation and inactivation, we used the A20.2J mouse
B-cell lymphoma cell line, which has previously been used to char-
acterize LUBAC-dependent immune signaling (10). A20 cells
were treated with LPS to activate TLR4, which requires HOIP
enzymatic activity for efficient downstream signaling (7). To mea-
sure LUBAC activation, we examined linear ubiquitination before
and after TLR4 activation by purifying linear ubiquitin chains
from cells using two approaches. In the first approach, linear ubiq-
uitin chains were purified from cells lysed under denaturing con-
ditions using a linear-ubiquitin-specific antibody. In the second
approach, linear ubiquitin chains were purified from cells lysed
under nondenaturing conditions using the linear-ubiquitin-
chain-binding coiled-zinc finger (CoZi) domain of NEMO (23).
Upon treatment with LPS, linear-ubiquitin levels dramatically in-
creased and peaked by 2 h poststimulation (Fig. 2A). By 8 h after
LPS treatment, linear ubiquitination declined to levels compara-
ble to unstimulated levels (Fig. 2A; also, see Fig. S2 in the supple-
mental material). Interestingly, the linear-ubiquitin-specific anti-
body, but not the CoZi domain, pulled down linear ubiquitin
chains after 4 h of stimulation (compare Fig. 2A and B to Fig. S2 in
the supplemental material). Unlike the CoZi pulldown, the im-
munoprecipitation was performed under denaturing conditions.
It is possible that the linear ubiquitin chains present in cells at an
earlier time point are not accessible for CoZi binding, which could
explain this discrepancy and suggests that the linear-ubiquitin an-
tibody is a more accurate tool to measure linear ubiquitination.
We next examined the kinetics of LUBAC substrate modification.
The linear ubiquitination of IRAK1, a LUBAC substrate, which
is modified by mixed M1/K63 ubiquitin chains in MyD88-
dependent signaling complexes (13), also peaked at 2 h poststimu-
lation in A20.2J cells (Fig. 2B), as shown by the IRAK1 smear in the
immunoprecipitation (IP) sample. These results demonstrate
similar temporal regulation of both LUBAC activity and LUBAC
substrate modification upon TLR4 activation in A20.2J B-cells.

To further test the role of HOIP ubiquitination upon TLR4
stimulation, we complemented A20.2J cells carrying a homozy-
gous HOIP deletion (HOIP�/�) (10) with lentiviral constructs
expressing either mouse Flag-tagged HOIP-WT or Flag-tagged
HOIP-K1052R (homologous to human K1056 and referred to as
HOIP-KR). HOIP-WT and HOIP-KR expression was equivalent
to that of endogenous HOIP and both stabilized HOIL-1L expres-
sion (Fig. 2C). Furthermore, both HOIP-WT and HOIP-KR had
similar abilities to associate with endogenous LUBAC compo-
nents HOIL-1L and Sharpin (Fig. 2D). Next, HOIP�/� and
HOIP�/� cells complemented with HOIP-WT or vector alone
were compared in their ability to induce the linear ubiquitination
of IRAK1 upon LPS treatment. Complemented cells expressing
HOIP-WT, but not cells expressing vector alone, were able to
trigger IRAK1 linear ubiquitination at equivalent levels to
HOIP�/� cells (Fig. 2E). This demonstrates that HOIP�/� cells
complemented with exogenous Flag-tagged HOIP behave simi-
larly to HOIP�/� cells and exhibit stimulation-dependent LUBAC

activity, providing a system to study the function of HOIP ubiq-
uitination.

HOIP is ubiquitinated upon TLR4 stimulation. We next used
the A20.2J complement cell system to examine the ubiquitination
of HOIP in the context of immune receptor signaling. TLR4 stim-
ulation led to the appearance of high-molecular-weight HOIP
species, suggesting that HOIP underwent posttranslational mod-
ification (Fig. 3A). Interestingly, these high-molecular-weight
bands appeared after total linear-ubiquitination levels peaked
(Fig. 2A). To investigate whether this modification was ubiquiti-
nation at lysine 1056, we compared the ubiquitination status of
HOIP in HOIP-WT and HOIP-KR complemented cells upon
TLR4 stimulation. Indeed, HOIP-WT but not HOIP-KR under-
went ubiquitination, as shown by the appearance of high-

FIG 2 Kinetics of LUBAC activity and complementation of HOIP-deficient
cells. (A) Mouse A20.2J B cells were stimulated with 10 �g/ml LPS to activate
TLR4 signaling and induce LUBAC enzymatic activity. Cellular linear-
ubiquitin levels were determined by immunoprecipitation with a linear-
ubiquitin-specific antibody. Resting cells have low levels of linear ubiquitin
relative to cells stimulated with LPS for 1 h. (B) As for panel A but with earlier
time points as well as immunoblotting for IRAK1. (C) Mouse A20.2J HOIP�/�

cells were complemented with vector, HOIP-WT, or HOIP-KR by lentiviral
infection. LUBAC expression in complemented cells was compared to that in
A20.2J HOIP�/� cells by immunoblot analysis. (D) HOIP-Flag was immuno-
precipitated from lysates of cell lines generated for panel A using Flag or IgG
control antibody to determine LUBAC formation. (E) To verify function of
complement cell lines, cells were stimulated with 10 �g/ml LPS for 1 h and then
lysed in LUIP buffer. A linear-ubiquitin-specific antibody was used to precip-
itate linear ubiquitin chains, followed by immunoblotting with anti-IRAK1.
Data are representative of three independent experiments.
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molecular-weight HOIP bands as well as ubiquitinated HOIP spe-
cies (Fig. 3B). Collectively these data indicate that HOIP is
ubiquitinated at lysine 1056 upon TLR4 stimulation and that this
modification correlates with a decrease in total linear-ubiquitin
levels.

Mutation of HOIP lysine 1056 increases LUBAC enzymatic
activity. While HOIP-WT and HOIP-KR had similar in vitro ac-
tivities (see Fig. S1F in the supplemental material), we wanted to
determine if the ubiquitination of lysine 1056 altered HOIP enzy-
matic activity in cells. We used conditions where LUBAC activity
is stimulation-dependent (Fig. 2A) as well as a system where HOIP
is constitutively active. Transfection of HOIP and HOIL-1L in
293T cells leads to constitutively active LUBAC enzymatic activity
independent of immune receptor simulation (5). Transfection of
HOIP-K1056R, but not K640R, in 293T cells resulted in the ele-
vation of linear ubiquitination relative to that of HOIP-WT
(Fig. 4A), suggesting that ubiquitination at lysine 1056 could neg-
atively regulate HOIP enzymatic activity. While HOIP could be
modified with K48-ubiquitin chains for protein degradation,
treatment with the proteasome inhibitor MG132 did not alter
linear-ubiquitin levels, and the HOIP-KR mutant showed
HOIL-1L binding affinity similar to that of HOIP-WT (Fig. 2D;
also, see Fig. S3A and B in the supplemental material). This
showed that enhanced linear-ubiquitin levels generated by
HOIP-KR were independent of protein degradation and HOIL-1L
binding activity. Together, these data suggest that ubiquitination
at lysine 1056 could alter the intrinsic enzymatic activity of HOIP.

To confirm these results in the context of immune receptor
stimulation, the complemented cell lines used for Fig. 2 were stim-
ulated with LPS for various lengths of time. Similar to transfection
in 293T cells, stable expression of the HOIP-KR mutant in A20.2J
cells also showed elevated linear ubiquitination upon LPS stimu-
lation relative to that of the HOIP-WT (Fig. 4B to D). Interest-
ingly, A20.2J HOIP-WT cells showed an increase of intracellular
linear ubiquitination upon LPS stimulation that peaked at 2 h,
rapidly decreased at 4 h, increased slightly at 6 h, and then de-
creased at 8 h poststimulation (Fig. 4C). In striking contrast,
A20.2J HOIP KR cells showed a continuous increase in linear
ubiquitination upon LPS stimulation (Fig. 4C). Neither LUBAC
protein levels nor LUBAC subunit mRNA levels were altered upon
LPS stimulation in A20.2J cells (Fig. 4C and F; also, see Fig. S3C in

the supplemental material), suggesting that changes in linear
ubiquitination are not due to fluctuations in LUBAC expression
levels. Thus, both transient and stable cell systems for measuring
HOIP activity demonstrated the enhanced enzymatic activity of
HOIP-KR compared to HOIP-WT.

Next, we used fluorescence-activated cell sorting (FACS) to
quantify intracellular linear-ubiquitination levels using a linear-
ubiquitin-specific antibody. A20.J2 HOIP�/�, HOIP-WT, and
HOIP-KR cells were stimulated with LPS for various times and
subjected to intracellular anti-linear-ubiquitin staining followed
by FACS analysis. Concordant with Fig. 2A, this intracellular anti-
linear-ubiquitin staining also showed that linear ubiquitination
peaked at 2 h in HOIP WT cells upon LPS stimulation and de-
clined thereafter, whereas no increase was detected in HOIP�/�

cells (see Fig. S3D and E in the supplemental material). Interest-
ingly, the signal in unstimulated HOIP�/� cells was lower than
that in HOIP�/� cells, suggesting the presence of low levels of
linear ubiquitination in resting cells, as was seen by immunopre-
cipitation (Fig. 4F; also, see Fig. S3F in the supplemental material).
Using these observations, we defined linear-ubiquitination-
positive cells as cells with a fluorescence intensity higher than that
of resting cells and then compared the linear-ubiquitination levels
between HOIP-WT and HOIP-KR cells. This showed that the
linear-ubiquitination levels were higher overall in HOIP-KR cells
than in HOIP-WT cells after 2 h of LPS stimulation (Fig. 4E). We
finally compared linear-ubiquitination levels of LUBAC sub-
strate IRAK1, a key TLR4 signaling molecule (13). The linear-
ubiquitination levels of IRAK1 not only were elevated after 2 h of
LPS stimulation but also remained elevated after 2 h in HOIP-KR
cells compared to those in HOIP-WT cells, (Fig. 4F). These data
demonstrate that mutation of the HOIP lysine 1056 ubiquitina-
tion site results in sustained LUBAC enzymatic activity upon
TLR4 stimulation.

HOIP ubiquitination triggers HOIP conformational change.
When we compared the ubiquitination status of HOIP-WT and
HOIP-KR before and after TLR4 stimulation, the HOIP-KR mu-
tant showed far less ubiquitination than HOIP-WT but showed
protein stability similar to that of HOIP-WT (Fig. 3B), suggesting
that ubiquitination may not trigger HOIP degradation. To ad-
dress whether the ubiquitination at the HOIP K1056 residue af-
fects LUBAC enzymatic activity by altering its conformation, we

FIG 3 HOIP is ubiquitinated upon TLR4 stimulation. (A) A20.2J mouse B cells were stimulated with LPS and lysed under denaturing conditions. Endogenous
HOIP was immunoprecipitated, separated by SDS-PAGE, and analyzed by immunoblotting. High-molecular-weight HOIP bands (�120,000) appeared after
LPS stimulation. (B) Complemented mouse A20.2J HOIP�/� cells used for Fig. 2C were stimulated with LPS for the indicated times and lysed under denaturing
conditions. Anti-IgG (control)- or anti-Flag (HOIP)-immunoprecipitated samples were prepared as described for panel A. A long exposure of the Flag
immunoblot revealed the presence of high-molecular-weight HOIP bands. Data are representative of three independent experiments.
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developed the conditions for a fluorescence resonance energy
transfer (FRET) assay (24). FRET-HOIP constructs contained an
amino-termina; enhanced yellow fluorescent protein (eYFP) and
carboxyl-terminal enhanced cyan fluorescent protein (eCFP) fu-
sion (Fig. 5A). The HOIP-WT-FRET fusion construct produced
linear-ubiquitin chains in 293T cells (see Fig. S4A in the supple-
mental material) and induced I�B� phosphorylation and degra-
dation in A20.2J cells (see Fig. S4B in the supplemental material),
indicating that the FRET-HOIP-WT fusion protein is functionally
similar to HOIP-WT in cells despite its reduced expression

compared to HOIP-WT expression in A20.2J cells (see Fig. S4B
and C in the supplemental material). Both FRET and linear-
ubiquitination levels were higher in unstimulated 293T cells
transfected with FRET-HOIP-KR than in those with FRET-
HOIP-WT, indicating that FRET-HOIP-KR also is functionally
similar in 293T cells to HOIP-KR (Fig. 5B). To compare FRET
signals between the HOIP constructs, a direct YFP-CFP (FRET)
fusion construct was transfected as a positive FRET control, and
individual YFP and CFP-HOIP fusion constructs were used to
correct for background FRET levels resulting from YFP emission

FIG 4 Mutation of HOIP lysine 1056 increases LUBAC enzymatic activity. (A) HOIP constructs were transfected into human 293T cells in the presence or
absence of HOIL-1L. At 24 h after transfection, cells were lysed, and LUBAC protein expression and linear-ubiquitin-chain levels were determined by immu-
noblot analysis of cell lysates. (B) A20.2J HOIP�/� complemented cells from Fig. 2C were stimulated with 10 �g/ml LPS to activate TLR4 signaling and induce
LUBAC enzymatic activity. Endogenous linear-ubiquitin levels were determined by immunoprecipitation with a linear-ubiquitin-specific antibody. (C) As
described for panel B, but with LPS stimulation for various time points to compare linear-ubiquitin levels between WT and KR cells. (D) Densitometry analysis
of the linear-ubiquitin immunoblot from panel C. All values are relative to WT cells prior to stimulation. (E) A20.2J HOIP�/� complemented cells stimulated
as described for panel C were stained for linear ubiquitin using M1Ub-APC, and linear-ubiquitin-positive cells were quantified by flow cytometry. (F) A20.2J
HOIP�/� complemented cells were stimulated as described for panel C. The immunoblot for IRAK1 shows the presence of linear ubiquitin chains on IRAK1
upon TLR4 activation. Data are representative of three independent experiments.
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in the CFP spectrum and CFP emission in the YFP spectrum,
respectively. The ratio of fluorescent emission at 486 nm (CFP) to
that at 535 nm (YFP) was measured in live cells. While FRET-
HOIP-KR had a FRET signal equivalent to CFP-HOIP back-
ground levels, FRET-HOIP-WT exhibited a positive FRET signal
(Fig. 5C). In order to determine whether there were conforma-
tional changes in HOIP upon LPS stimulation, FRET-HOIP-WT
and FRET-HOIP-KR constructs were electroporated into
HOIP�/� A20.2J cells, followed by LPS stimulation. CFP and YFP
fluorescence intensity was measured hourly following LPS stimu-
lation (Fig. 5D). The relative FRET intensity of the FRET-
HOIP-WT construct rapidly increased upon LPS stimulation,
reached a peak level at 2 h, and declined at 3 h after stimulation,
suggesting that a conformational change occurs in HOIP-WT
upon LPS stimulation. In striking contrast, the FRET intensity for
FRET-HOIP-KR was not altered upon LPS stimulation. A con-
trol YFP-CFP (labeled FRET) fusion also showed no alteration
of its FRET intensity upon LPS stimulation (Fig. 5D). Collec-
tively, this suggests that HOIP dynamically undergoes confor-
mational change upon LPS-induced TLR4 activation in a
K1056 ubiquitination-dependent manner.

Ubiquitination of HOIP-K1056 blocks NF-�B activation. As
HOIP enzymatic activity is required for efficient TLR4- and
CD40-mediated NF-�B activation in B cells (6, 7), we compared
the levels of NF-�B activation between A20.2J HOIP-WT and
HOIP-KR complemented cells. Interestingly, no obvious differ-
ences in NF-�B activation were detected between WT and KR cells
during the initial response (30 min) to LPS treatment, as mea-
sured by I�B� phosphorylation and degradation (see Fig. S5A in
the supplemental material). In contrast, HOIP-KR cells had con-
siderably elevated levels of I�B� phosphorylation compared to
HOIP-WT cells during extended LPS treatment (60 to 480 min)
(Fig. 6). Next, the mRNA levels for the NF-�B-inducible genes tnf
(TNF-�), icam1 (ICAM1), nfkbia (I�B�), and tnfaip3 (A20) were
determined by quantitative reverse transcription-PCR (qRT-
PCR). The mRNA levels for NF-�B-inducible genes in HOIP-WT
cells rapidly increased at 1 h after LPS stimulation and immedi-
ately decreased to levels comparable to those seen with the initial
unstimulated conditions (Fig. 6B). Strikingly, HOIP-KR cells
showing sustained and enhanced linear ubiquitination exhibited
continuously elevated mRNA levels of NF-�B-induced genes
upon LPS stimulation (Fig. 6B). However, this difference oc-

FIG 5 TLR4 stimulation induces HOIP conformational change. (A) Diagram of HOIP-FRET constructs with amino-terminal YFP fusions and carboxyl-
terminal CFP fusions. (B) Function of HOIP-FRET constructs as determined by immunoblot for linear ubiquitins in 293T cell lysates containing either
HOIP-WT or HOIP-FRET. (C) HOIP-FRET constructs were transfected into 293T cells. At 24 h after transfection, cells were lysed and FRET was measured.
FRET values were calculated by subtracting background fluorescence and dividing fluorescence of YFP by fluorescence of CFP. Data are representative of three
independent experiments. (D) HOIP-FRET constructs were transfected into A20.2J HOIP�/� cells by using the Neon system (Life Technologies). At 24 h after
transfection, cells were resuspended in FluoroBrite medium, and fluorescence was measured using an Envision plate reader. After addition of LPS, fluorescence
readings were taken at the indicated times. Relative FRET was calculated as FRET(x min)/FRET(0 min). HOIP-eCFP and HOIP-eYFP constructs were used as
negative controls. Data are representative of three independent experiments.
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curred specifically during TLR4 stimulation but not CD40 stimu-
lation, since comparable levels of CD40 stimulation-induced
NF-�B activation were observed in both HOIP-WT and
HOIP-KR cells as measured by I�B� phosphorylation and NF-
�B-dependent gene expression (Fig. 6C and D; also, see Fig. S5B in
the supplemental material). We also attempted to use A20.2J cells
to investigate HOIP ubiquitination in TNF-� signaling. However,
due to the lack of TNF-� receptor surface expression of A20.2J
cells (see Fig. S5C to E in the supplemental material), we were not
able to examine NF-�B activation and HOIP ubiquitination upon
TNF-� signaling. Collectively, these data strongly suggest that
TLR4-induced NF-�B activation is negatively regulated by ubiq-
uitination of the HOIP K1056 residue, while CD40-induced
NF-kB activation is independent of HOIP K1056 ubiquitination.

DISCUSSION

While ubiquitination of HOIP has been detected at multiple res-
idues (18, 19), detailed functions of these ubiquitinations have not
been described. Here, we demonstrate that HOIP dynamically un-
dergoes a conformational change upon LPS-induced TLR4 acti-
vation in a K1056 ubiquitination-dependent manner and that the
enzymatic activity of HOIP is negatively regulated through the
ubiquitination of K1056. Interestingly, HOIP was modified by
multiple ubiquitin chain linkages, including linear (M1), K11-
linked, K48-linked, and K63-linked ubiquitin chains, which were
all drastically reduced in the HOIP K1056R mutant. A previous
report demonstrated the presence of hybrid K63 and linear ubiq-

uitin chains in IL-1R signaling, which activates NF-�B through a
mechanism similar to TLR4 stimulation (13). This indicates that
while mixed ubiquitin chains facilitate NF-�B activation by re-
cruiting adaptor molecules, they may also inhibit NF-�B activa-
tion by suppressing HOIP function. Thus, mixed ubiquitin chains
could have substrate-specific functions. Furthermore, previous
mass spectrometry of HOIP found ubiquitination at the K99 res-
idue in the region that binds the linear-ubiquitin deubiquitinase
Otulin (25, 26), suggesting that the K99 ubiquitination may reg-
ulate the HOIP-Otulin interaction. Thus, HOIP itself undergoes
various ubiquitinations, which ultimately regulates LUBAC activ-
ity for intracellular signal transduction.

Our study found that ubiquitination of HOIP at K1056 alters
HOIP conformation and subsequently decreases its enzymatic ac-
tivity. The K1056 residue of HOIP exhibits a high degree of evo-
lutional conservation among vertebrates (from Homo sapiens to
Danio rerio) and is located in the C-terminal LDD of HOIP, which
is essential for its enzymatic activity. Our data suggest that when
the K1056 residue undergoes ubiquitination, HOIP adopts a con-
formational change where its amino and carboxyl termini are in
close proximity and that this conformational change inhibits the
ability of HOIP to synthesize linear ubiquitin chains and/or mod-
ify substrates with linear ubiquitin chains. Specifically, the Npl4
zinc finger (NZF) domain is a compact zinc-binding module
found in many proteins involved in ubiquitin-dependent pro-
cesses, including HOIP, and has been shown to bind K63-

FIG 6 TLR4 stimulation leads to higher NF-�B activation in HOIP-KR cells than in HOIP-WT cells. (A) A20.2J cells were stimulated with 10 �g/ml LPS and
lysed at intervals up to 480 min after treatment with LPS. (B) Quantitative PCR using cDNA reverse transcribed from cells stimulated as described for panel A for
the indicated times. Values were first calculated relative to 18S and then were normalized to vector cells prior to stimulation. (C) A20.2J cells were stimulated with
10 �g/ml CD40L, and lysates were analyzed up to 240 min poststimulation. (D) Quantitative PCR using cDNA reverse transcribed from A20.2J cells stimulated
as described for panel C for the indicated times. Values were first calculated relative to 18S and then were normalized to vector cells prior to stimulation. Data are
representative of three independent experiments.
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ubiquitin chains (27). It is thus possible that the K1056 linked
ubiquitin chain on HOIP may bind its central NZF domain, re-
sulting in the closed conformation of the carboxyl RBR enzymatic
domain, thereby reducing its enzymatic activity (Fig. 7). In fact,
while the RBR family ligases have been shown to adopt autoinhib-
ited conformations under resting conditions, little is known about
the mechanistic similarities during RBR inactivation (14). While
the full-length structure of HOIP is not known, structural studies
suggest that RBR family member Parkin has a high degree of flex-
ibility and that significant rearrangement occurs during enzy-
matic activation (28, 29). As conformational change is essential
for enzyme activation, it is reasonable to expect that rearrange-
ment could subsequently impair enzymatic activity. Thus, to-
gether with the known mechanism of Parkin RBR ligase inactiva-
tion (15), our study on HOIP suggests that posttranslational
modification and subsequent conformational change may be a
general mechanism to inactivate the enzymatic activity of RBR-
family E3 ligases.

LUBAC has immune receptor and cell type-specific signaling
functions (30). Intriguingly, we observed a specific role for the
K1056 ubiquitination of HOIP in TLR4, but not CD40, signaling.
CD40 is a member of the TNF receptor (TNFR) superfamily that
shares signaling components with TNFR1, including cIAP1/2,
which is required for LUBAC recruitment to receptor signaling
complexes (31). In contrast, TLR4 is functionally similar to IL-1R,
since both require the signaling molecules MyD88, IRAK1, and
IRAK4, all of which are the known linear ubiquitination substrates
of LUBAC (13). Further, IL-1R signaling, but not TNF signaling,
requires K63-linked ubiquitin chains for NF-�B activation and
LUBAC activation (13, 32). These functional differences required
for LUBAC activation between these two pathways support the
idea of receptor-specific negative regulation of LUBAC activity.
Indeed, TLR and IL-1R have negative regulatory mechanisms dis-
tinct from TNF signaling (33). Thus, like seen in many receptor
mediated signaling pathways, the regulation of LUBAC activity,
through posttranslational modification at a specific site of HOIP,
is receptor-specific. Future studies could investigate the receptor
specific regulatory roles of posttranslational modification of
HOIP.

It is intriguing that during TLR4 stimulation, the difference in
signal transduction between HOIP-WT and HOIP-KR cells be-
came evident 2 h after stimulation, which coincided with HOIP
ubiquitination. This suggests that the KR mutation does not im-
pact the initial response to TLR4 activation but rather prevents the
inactivation of intracellular signaling by permitting continued lin-
ear ubiquitination of substrates. As HOIP activity appears to be
terminated after the first round of NF-�B gene induction, it is
plausible to hypothesize that one or more NF-�B-inducible E3
ligases mediate the K1056 ubiquitination of HOIP. It will be in-
teresting to investigate which E3 ligase targets the HOIP K1056
specifically in TLR4 signaling. Further work on HOIP ubiquitina-
tion could investigate how HOIP activity is regulated in different
immune signaling pathways, as our work suggests the presence of
multiple regulatory mechanisms. This idea is supported by the fact
that multiple HOIP isoforms have been detected in humans and,
specifically, that one of these lacks the Otulin-binding PUB do-
main, implying a need for Otulin-independent regulation of
LUBAC activity (34). However, even in this context, Otulin activ-
ity may still be required to disassemble linear ubiquitin chains
after HOIP activity has been terminated. Knowledge of the precise
regulatory mechanisms of LUBAC activity could present a strat-
egy to therapeutically target inflammatory signaling with high
specificity.

MATERIALS AND METHODS
Cell culture, stimulation, and complement cell generation. The mouse
A20.2J B-cell line was described previously (10). Cells were cultured in
RPMI supplemented with 10% fetal bovine serum (FBS), 100 U/ml pen-
icillin, 100 �g/ml streptomycin, and 10 �m 2-mercaptoethanol (2ME).
Cells were stimulated with 10 �g/ml LPS (E. coli 0127:B8; Sigma-Aldrich)
for various times. To induce CD40 stimulation, cells were treated with
5 �g/ml of CD40L (Peprotech) for various times. TNF-� (BioLegend) was
added to cells at 20 ng/ml. 293T cells were cultured in Dulbecco’s modi-
fied Eagle medium (DMEM) supplemented with 10% FBS, 100 U/ml
penicillin, and 100 �g/ml streptomycin. For complemented-cell genera-
tion, lentiviruses were produced in 293T cells by calcium phosphate trans-
fection using the pCDH-CMV-MCS-EF1-hygro system (System Biosci-
ences). Virus was collected 2 days after transfection, filtered, and
concentrated by ultracentrifugation at 20,000 rpm for 2 h. A20.2J cells
were spin-infected at 2,000 rpm for 30 min in RPMI containing 8 �g/ml
Polybrene and 100 �l concentrated virus. Two days after infection, the
medium was changed to include 200 �g/ml hygromycin B.

qRT-PCR. RNA was isolated from A20.2J cells with 1 ml Tri Reagent
(Sigma-Aldrich). DNA was removed by treatment with DNase I (Sigma-
Aldrich). RNA was reverse-transcribed to generate cDNA using iScript
(Bio-Rad Laboratories). cDNA was diluted 1:10 with water and quantified
by qRT-PCR using the iQ SYBR green Supermix kit (Bio-Rad Laborato-
ries). Reactions were cycled at 95°C for 5 min, followed by 40 cycles of
95°C for 15 s and 60°C for 30 s, followed by melt curve analysis and
analyzed on a CFX96 PCR machine (Bio-Rad Laboratories). Threshold
cycle (CT) ratios were determined by normalizing to 18S RNA and a vector
complementation control sample using the following equation: relative
expression � 100 � 2���CT, where ��CT � (CT_gene � CT_18S) �
(�C

T_Vec unstimulated
). All values were normalized to the unstimulated vector

condition. Primer sequences were validated previously (5).
In vitro linear-ubiquitin-chain formation assay. HOIL-1L-6xHIS

and HOIP-K1056R-6xHIS were cloned into the pET-duet-1 vector, ex-
pressed in BL21(DE3) RIPL bacteria (Agilent Technologies), and purified
from cultures as previously described (5). HOIP-Cterm (amino acids 699
to 1072), E1 (Ube1), E2 (UbcH5c), and ubiquitin were purchased from
Boston Biochem. In vitro linear-ubiquitination assay mixtures contained
200 ng E1, 400 ng E2, 1 �g HOIL-1L/HOIP-6xHIS purification prep,

FIG 7 Model of HOIP structural alteration upon TLR4 stimulation. TLR4
stimulation activates HOIP enzymatic activity. The synthesis of linear ubiqui-
tin chains by HOIP promotes NF-�B activation. This signal, however, must be
terminated to prevent sustained signaling. Ubiquitination of HOIP at lysine
1056 is triggered by TLR4 stimulation and alters HOIP conformation. The
change in conformation inactivates HOIP enzymatic activity, which in turn
removes a signal required for NF-�B activation, thus facilitating termination
of the immune response.
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20 mM Tris (pH 7.5), 5 mM dithiothreitol (DTT), 5 mM MgCl2, 2 mM
Mg-ATP (Boston Biochem), and 10 �g ubiquitin. Assay mixtures were
incubated for various times at 37°C, and reactions were stopped by adding
LDS (lithium dodecyl sulfate) sample buffer (Life Technologies) and heat-
ing at 70°C for 10 min.

Immunoprecipitation. For linear-ubiquitin immunoprecipitation (IP),
cells were lysed in linear-ubiquitination IP (LUIP) buffer (5 M urea, 135 mM
NaCl, 1% Triton X-100, 1.5 mM MgCl2, 2 mM N-ethylmaleimide, and com-
plete protease inhibitor cocktail [Roche]). A total of 5 � 106 cells were
used per condition. Lysates were precleared with Sepharose beads for 1 h
at room temperature. Linear ubiquitin antibody (0.25 �g) (Genentech)
was added to each sample and incubated overnight at room temperature
with end-over-end mixing. Protein A/G beads were then incubated with
samples for 2 h at room temperature, and samples were washed with LUIP
buffer twice and then with phosphate-buffered saline (PBS) twice. Sam-
ples were eluted for immunoblotting from beads by adding LDS sample
buffer supplemented with 2.5 mM DTT and heating at 70°C for 10 min.
For denaturing IP experiments to detect ubiquitinated HOIP species, cells
were lysed in 100 �l of radioimmunoprecipitation assay (RIPA) buffer
(50 mM Tris [pH 7.4], 1% NP-40, 0.5% sodium deoxycholate, 150 mM
NaCl) supplemented with SDS at a final concentration of 1% to denature
and disrupt protein-protein interactions. Samples were sonicated and
then diluted to 1 ml in RIPA buffer. Lysates were precleared with Sephar-
ose beads for 1 h at 4°C and then incubated with anti-Flag antibody
(Sigma) overnight at 4°C. Protein A/G beads were incubated with lysate-
antibody mixtures for 2 h before being washed three times in RIPA buffer
and heated at 70°C in 2� Laemmli dye for 10 min to elute protein for
immunoblotting. For precipitation of LUBAC, cells were lysed in IP buffer
(1% NP-40, 50 mM Tris [pH 7.4], 150 mM NaCl, 0.5% sodium deoxy-
cholate, and complete protease inhibitor cocktail [Roche]) and sonicated
for 20 s at 10% amplitude. Lysates were precleared with Sepharose beads
for 1 h at 4°C and then incubated with anti-Flag antibody (Sigma) over-
night at 4°C. Protein A/G beads were incubated with lysate-antibody mix-
tures for 2 h before being washed three times in IP buffer and IP beads
were heating at 70°C in 2� Laemmli dye for 10 min to elute protein for
immunoblotting. Pulldown of linear ubiquitin with CoZi-GST was per-
formed as previously described (5). Where 293T cells were used, cesium
chloride-purified plasmid DNA preparations were transfected by PEI
(polyethylenimine) as previously described (35). Cell lysates were col-
lected 24 h after transfection.

Immunoblotting. Cell lysates were collected in RIPA buffer and quan-
tified by Bradford protein assay (Thermo, Fisher Scientific) to ensure
equal amounts of protein loading. Proteins were separated by SDS-PAGE
and transferred to polyvinylidene difluoride (PVDF) membranes (Bio-
Rad Laboratories) by semidry transfer at 25 V for 30 min. For linear-
ubiquitin immunoblots, SDS-PAGE was transferred to nitrocellulose
(Bio-Rad Laboratories) by wet transfer at 4°C for 2 h at 30V. Membranes
were blocked in either 5% milk in phosphate-buffered saline–Tween
(PBST) or 3% BSA in Tris-buffered saline–Tween (TBST) for pI�B� and
probed overnight with the appropriate antibodies in 3% BSA, except for
the linear-ubiquitin antibody, which was incubated at room temperature
for 1 h. Primary antibodies included those against mouse I�B� (1:1,000;
Cell Signaling Technology), mouse pI�B� (1:1,000; Cell Signaling Tech-
nology), actin (clone C4; Santa Cruz Biotechnology, Inc.), GAPDH (1:
5000; GeneTex), p84 (1:2,000; GeneTex), V5 (1:2,000; Life Technologies),
Flag (1:2,000; Sigma-Aldrich), and HA (1:2,000; Covance). Antibodies
against HOIP, HOIL-1L, and Sharpin were described previously (11). The
linear ubiquitin (M1), K11 ubiquitin, K48 ubiquitin, and K63 ubiquitin
antibodies were a gift from Genentech and have been characterized in
detail (22). Samples for specific ubiquitin chain immunoblots were sepa-
rated by SDS-PAGE and transferred to nitrocellulose by wet transfer at
4°C and 30 V for 2 h. Membranes were blocked in 5% milk in PBST,
probed with primary antibody (1:2,000) for 1 h at room temperature,
washed, probed with TrueBlot-HRP (1:300; Thermo, Fisher Scientific),
and then developed with enhanced chemiluminescence (ECL) reagent

(Thermo, Fisher Scientific). For all other antibodies, appropriate horse-
radish peroxidase (HRP)-conjugated secondary antibodies were incu-
bated on membranes, and bands were developed with ECL reagent and
imaged on an LAS-4000 imager (Fuji). For IP with Western blots, the
Clean Blot HRP-conjugated secondary antibody (1:300; Thermo, Fisher
Scientific) was substituted.

Flow cytometry. A20.2J cells (1 � 106) in 1 ml of medium were treated
with 10 �g/ml LPS for various times. Cells were collected by centrifuga-
tion and fixed with ice-cold methanol for 15 min at �20°C. After fixation,
cells were washed with PBS and blocked with 3% BSA in PBST for 1 h at
room temperature. Cells were stained with a linear-ubiquitin-specific an-
tibody (Genentech) or human isotype control for 1 h at room temperature
and then washed twice with PBS. Next, cells were incubated with allophy-
cocyanin (APC)-conjugated anti-human IgG secondary antibody for 1 h.
Data were acquired with a BD FACSCanto II flow cytometer and analyzed
with FlowJo software.

Cloning. Mouse HOIP was cloned from cDNA derived from B6
mouse bone marrow. It was PCR amplified to include an amino-terminal
Flag tag along with 5=NheI and 3=NotI digestion sites and cloned into the
lentiviral pCDH-CMV-MCS-EF1-hygro vector. To clone human and
mouse HOIP-FRET constructs, we generated a pIRES-Flag-eYFP-eCFP
(pIRES-FRET) construct. Enhanced yellow fluorescent protein (eYFP)
was PCR amplified with 5= NheI and 3= EcoRI digestion sites and cloned
into pIRES-Flag. Enhanced cyan fluorescent protein (eCFP) was PCR
amplified with 5=MluI and 3= XbaI and cloned into both pIRES-Flag and
pIRES-Flag-eYFP. Human and mouse HOIP were separately PCR ampli-
fied with 5= EcoRI and 3=MluI digestion sites and cloned into the follow-
ing vectors: pIRES-Flag, pIRES-Flag-eYFP, pIRES-Flag-eCFP, and
pIRES-Flag-eYFP-eCFP.

FRET assay. For experiments in A20.2J HOIP�/� cells, Neon trans-
fection (Life Technologies) was used to electroporate HOIP-FRET con-
structs. The 10-�l tip was used with cells at a concentration of 7.6 � 106

cells/ml in buffer R. A 1.5-�g portion of plasmid DNA was added per 10 �l
of cells. The cells were pulsed with 1,300 V for 20 ms with 2 pulses. Trans-
fection efficiency was verified by counting eYFP-positive cells 24 h post-
transfection as well as by immunoblotting. For FRET analysis, four 10-�l
transfections were used per condition. Cells were pelleted 24 h posttrans-
fection and resuspended in 100 �l FluoroBrite DMEM (Life Technolo-
gies) supplemented with 10% FBS, 100 U/ml penicillin, 100 �g/ml strep-
tomycin, and 10 �m 2ME. For 293T FRET experiments, cells were
transfected with FRET-HOIP constructs. Twenty-four hours after trans-
fection, cells were lysed with IP buffer, and the lysate was used for FRET
analysis. Cells and lysates were imaged with the Envision multilabel reader
(PerkinElmer), and emission readings were recorded at 486 nm for CFP
and 535 nm for YFP. As a negative control, cells were transfected with
either HOIP-eCFP alone or HOIP-eYFP alone. A direct eYFP-eCFP fu-
sion FRET construct was used as a positive control. Sample emission was
measured prior to stimulation and at various times after 10 �g/ml LPS was
added to the medium. To correct for background in fluorescent emission
values, the emission of HOIP-eCFP in the YFP channel was subtracted
from the YFP emission value of all samples. The emission of HOIP-eYFP
in the CFP channel was subtracted from the CFP emission value of all
samples. The corrected values were used for the FRET ratio, which was the
value of CFP emission divided by that of YFP emission. Values were then
normalized to the eYFP-eCFP-positive FRET construct.

Mass spectrometry. Bands corresponding to high-molecular-weight
HOIP species were cut from an 8% SDS-PAGE gel and sent to the Taplin
Mass Spectrometry Core Facility (Harvard) for processing and analysis.
Protein was digested with trypsin, and peptides were analyzed for modi-
fication by ubiquitination and phosphorylation.

Statistical analysis. All experiments were performed a minimum of
three times, and representative data are presented here. For experiments
with statistical analysis, a two-tailed Student’s t test was done, and P values
of �0.05 were considered significant.
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