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Dimerization and Ubiquitin Mediated Recruitment of A20, a
Complex Deubiquitinating Enzyme

Timothy T. Lul, Michio Onizawa!, Gianna Hammer, Emre E. Turerl, Qian Yin2, Ermelinda
Damko?, Alex Agelides?, Nataliya Shifrinl, Rommel Advinculal, Julio Barreral, Barbara A.
Malynnl, Hao Wu2, and Averil Mal#

1Department of Medicine, University of California, San Francisco, San Francisco, CA,
94143-0451

?Department of Biochemistry, Harvard Medical School, Boston, MA, 02115

Abstract

A20 is an anti-inflammatory protein linked to multiple human autoimmune diseases and
lymphomas. A20 possesses a deubiquitinating motif and a zinc finger, ZF4, that binds ubiquitin
and supports its E3 ubiquitin ligase activity. To understand how these activities mediate A20’s
physiological functions, we generated two lines of gene-targeted mice, abrogating either A20’s
deubiquitinating activity (7772jp3°TY mice) or A20’s ZF4 (Tnfaijp327* mice). Both Tnfajp3PTY
and 7nfaip3%F* mice exhibited increased responses to TNF and sensitivity to colitis. A20’s C103
deubiquitinating motif restricted both K48- and K63-linked ubiquitination of receptor interacting
protein 1 (RIP1). A20’s ZF4 was required for recruiting A20 to ubiquitinated RIP1. A200TY
proteins and A20%F4 proteins complemented each other to regulate RIP1 ubiquitination and NFxB
signaling normally in compound mutant 7nf2jp3°TY/ZF4 cells. This complementation involved
homodimerization of A20 proteins, and we have defined an extensive dimerization interface in
A20. These studies reveal how A20 proteins collaborate to restrict TNF signaling.

Introduction

Ubiquitination has emerged as a potent and complex mechanism for regulating cell signaling
(Pickart and Fushman, 2004). Attachment of either single ubiquitin molecules or polymeric
ubiquitin chains to signaling proteins induces their association with degradative
proteasomes, lysosomal compartments, or other proteins that propagate signals toward
nuclear transcription factors (Chen and Sun, 2009). These diverse outcomes are largely
specified by polyubiquitin chains whose units are polymerized via epsilon amino groups of
distinct lysine residues (or the N-terminal amino group) on ubiquitin (e.g., K11, K48, K63).
Distinct types of polyubiquitin chains can be recognized by ubiquitin binding proteins via
combinations of a variety of ubiquitin interacting motifs (Sims et al, 2009, Sims and Cohen,
2009). Unanchored ubiquitin chains, chains that are not covalently attached to signaling
proteins, are also important in the propagation of signaling (Xia et al, 2009). Ubiquitination
events are regulated by enzymes that orchestrate the attachment or removal of ubiquitin
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chains from proteins. Ubiquitin chains are built with combinations of E1, E2 and E3
enzymes, while these chains are degraded or removed by deubiquitinating enzymes (DUBS).
While these broad outlines of ubiquitination have been partly dissected in cell-free studies,
the mechanisms by which ubiquitin modifying enzymes recognize and modify ubiquitinated
signaling complexes and how their functions are integrated in cells are poorly understood.

A20 is a potent regulator of several innate immune signals, including tumor necrosis factor
(TNF), Toll-like receptor (TLR), nucleotide oligomerizatin domain (NOD) containing
proteins and CDA40 triggered NF-xB signals (Opipari et al, 1990, Lee et al, 2000, Boone et
al, 2004, Hitotsumatsu et al, 2008, Tavares et al, 2010). A20 protein is encoded by the
Tnfaip3 gene. A20 deficient ( 7n72ip37'") mice develop spontaneous inflammation and
perinatal lethality, which is largely abrogated by elimination of MyD88 adaptor-dependent
signals (Lee et al, 2000, Turer et al, 2008). Single nucleotide polymorphisms (SNPs) of the
human 7NFA/P3 gene are strongly linked to susceptibility to rheumatoid arthritis, systemic
lupus erythematosus, and psoriasis as well as multiple other inflammatory and autoimmune
diseases (Plenge et al, 2007, Thompson et al, 2007, Musone et al, 2008, Graham et al, 2008,
Nair et al, 2009, Ma and Malynn, 2012). In addition, biallelic mutations of this gene are
pathogenetic in a variety of human lymphomas (Compagno et al, 2010, Kato et al, 2010,
Malynn and Ma, 2010). Hence, the biological and clinical functions of this protein are of
great interest.

In vitro studies suggest that A20 restricts NF-xB signals via deubiquitinating (DUB)
activity, ubiquitin binding activity, and/or E3 ligase activity (Wertz et al, 2004; Bosanac et
al, 2010). The N-terminus of A20 contains an ovarian tumor (OTU) domain that mediates its
DUB activity. A20’s C103 based DUB activity preferentially cleaves K11, K48 and/or K63-
linked ubiquitin chains, but not linear ubiquitin chains (Boone et al, 2004, Wertz et al, 2004,
Bosanac et al, 2010, Lin et al, 2008, Komander and Barford, 2008). A20 appears to remove
K63 chains from receptor interacting protein 1 (RIP1) and tumor necrosis factor receptor-
associated factor 6 (TRAF®6, providing potential mechanisms for how A20 may restrict
signaling pathways utilizing these proteins (Boone et al, 2004, Wertz et al, 2004; Lin et al,
2008, Komander and Barford, 2008). A20 may also utilize its C103 DUB motif to inhibit
E2-E3 enzyme interactions, thereby limiting synthesis of ubiquitin chains (Shembade et al,
2010). However, studies with N-terminal A20 constructs containing the C103 motif suggests
that this half of the protein does not restrict tumor necrosis factor (TNF) induced NF-xB
signaling (Heyninck and Beyaert, 1999). In addition, none of these studies utilized cells
bearing physiologically expressed A20 protein. Thus, the physiological roles of A20’s DUB
activity in restricting NF-xB signals are unclear.

The C-terminal half of the A20 protein contains seven zinc fingers. The fourth finger, ZF4,
has been shown to bind ubiquitin chains and support E3 ligase activity (Wertz et al, 2004,
Bosanac et al, 2010). Ubiquitin binding by this motif resembles ubiquitin binding by a
similar zinc finger in the E3 ubiquitin ligase Rabex 5, a guanine nucleotide exchange factor
(Lee et al, 2006, Penengo et al, 2006, Mattera et al, 2006). A20’s ZF4 based E3 ligase
activity may support K48 ubiquitination of RIP1 or ubiquitination of E2 enzymes such as
ubiquitin conjugating enzyme-5 (Ubc5) or Ubc13 (Wertz et al, 2004, Shembade et al, 2010).
The localization of both ubiquitin binding and E3 ligase activity to ZF4 suggests that these
functions are intimately related, however this relationship is incompletely understood.
Moreover, as with A20’s C103 based deubiquitination, the physiological functions of the
ZF4 motif and its relationship to A20’s C103 have not been investigated in vivo.

A20 expression is dynamically induced by NF-xB dependent signals, and A20 expression is
precisely regulated to maintain cellular homeostasis (Krikos et al, 1992, Lee et al, 2000).
Progressively higher heterologous A20 expression inhibits TNF induced NF-xB signaling in

Immunity. Author manuscript; available in PMC 2014 May 23.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Luetal.

Results

Page 3

a dose dependent fashion, and hypomorphic expression of endogenous A20 renders murine
cells hypersensitive to various ligands (Werner et al, 2008, Tavares et al, 2010, Hammer et
al, 2011). Hypomorphic expression or function of A20 may also confer susceptibility to
human disease (Musone et al, 2008, Adrianto et al., 2011). Hence, to define the
physiological functions of A20’s ubiquitin modifying functions, we have generated gene-
targeted mice bearing either a point mutation that abrogates A20’s DUB activity or point
mutations that abrogate A20’s ZF4 based E3 ligase or ubiquitin binding activity. These gene
targeted mice should express A20 at physiological and properly regulated expression levels.
We have used these mice to determine the physiological functions of these motifs in
regulating innate immune signals.

Generation of Tnfaip3°TVY and Tnfaip32F4 mice

To determine the physiological functions of A20’s DUB activity, we recombineered a gene
targeting construct encoding a cysteine to alanine mutation at amino acid residue 103, the
catalytic cysteine in A20’s OTU domain required for its deubiquitinating function, as well as
an intronic LoxP flanked neomycin selection cassette (Suppl. Fig. 1A) (Boone et al, 2004;
Wertz et al, 2004, Lin et al, 2008, Komander and Barford, 2008). This construct was
introduced into PRXB6T (C57BL/6J inbred) embryonic stem (ES) cells. After identification
of properly targeted ES cells that underwent homologous recombination, LoxP flanked
neomycin sequences were deleted in vitro by transfection with a Cre expression construct.
Selected ES cells bearing the C103A point mutation and lacking the neomycin cassette were
then used to generate germline mice, hereafter referred to as 7nfajp3°TY mice.

To abrogate A20’s ZF4-based E3 ligase and ubiquitin binding activity, we generated a
second construct encoding tandem cysteine to alanine point mutations in this motif: Cys 609
and Cys 613. These mutations abrogate A20’s E3 ligase activity (Wertz et al, 2004). This
construct was also introduced into PRXB6T ES cells, targeted ES cells were selected, Cre-
mediated removal of the LoxP-neomycin cassette was performed in vitro, and the final
selected ES cells bearing the ZF4 tandem point mutations were used to generate 7nfajp32F4
mice (Suppl. Fig. 1B).

In contrast to 7nfajp3'~ mice that develop perinatal cachexia and lethality, homozygous
Tnfaip3PTYIOTV and Thfaip32F4/ZF4 mice were both grossly normal for at least 4 months of
life (data not shown). Thus, neither A20’s C103 nor its ZF4 motifs are required for
preventing spontaneous cachexia and premature death. Flow cytometric analyses of
lymphoid tissues from 2 month old mice revealed that both 777/2jpPTY/OTU and
Tnfaip3~F4ZF4 mice contained normal numbers of lymphocytes (data not shown). As these
mice age to 6 months, they gradually developed splenomegaly and accumulated modestly
increased numbers of myeloid cells and lymphocytes, suggesting that both A20’s C103 and
ZF4 motifs regulate immune homeostasis (Fig. 1A).

A20 is an inducible molecule that may be particularly important for restricting inflammatory
signals. Accordingly, we challenged 77nf2jp3°PTYU/OTU and A20ZF4/ZF4 mice with oral
dextran sulfate sodium (DSS). DSS treatment caused greater intestinal inflammation in both
Tnfaip3PTUIOTU and A20ZF4/ZF4 mice compared to wild type control mice, as measured by
a combinatorial histological score (Fig. 1B). Both mutant mice strains also induced greater
expression of interleukin-1 (IL-1) and IL-6, but not TNF, in intestinal tissues (Fig. 1C).
Thus, both A20’s C103 and ZF4 motifs restrict inflammatory responses in vivo.

Immunity. Author manuscript; available in PMC 2014 May 23.
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A20’'s C103 and ZF4 motifs restrict TNF responses

As A20 regulates TNF signals, we examined the role of A20’s C103 and ZF4 motifs in
regulating TNF responses. Injection of a sublethal dose of TNF into 777£aip3°TY/OTU and
Tnfaip3~F4ZF4 mice induced greater amounts of serum IL-6 and monocyte chemotactic
protein-1 (MCP-1) than in control mice, suggesting that both C103 and ZF4 are required for
restricting TNF responses in vivo (Fig. 2A). To more directly determine how these motifs
restrict TNF signals, we stimulated embryonic fibroblasts (MEFs) from 7nfajp3°TU/OTU
and Tnfajp3F4ZF4 mice with TNF in vitro. Both 7nfajp3°PTV/OTU and Tnfaip2F42F4 cells
produced elevated amounts of the NF-xB dependent IL-6 and A20 mRNAs within one hour
of TNF stimulation, consistent with increased NF-xB signaling in these cells (Fig. 2B). The
amounts of A20 protein were induced by TNF to a greater degree in 77/2ipPTYOTU and
Tnfaip3-F4ZF4 cells than control cells, suggesting that increased 7n72jp3 mRNA in these
cells led to increased A20 protein (Fig. 2C). Moreover, these results suggest that both
A20°TU and A20Z274 mutant proteins are similarly stable as wild type A20 protein. The
relative amounts of NF-xB dependent mMRNAS produced by these cells correlated with the
degree of NF-xB signaling reflected by phospho-IxBa and 1xBa protein levels as well as
IKK kinase assays (Fig. 2C, 2D). TnfaipTYOTV and Tnfajp32F4ZF4 cells produced less of
the NF-xB dependent mRNAs IL-6 and cellular inhibitor of apoptosis protein 2 (clAP2),
and exhibited less NF-xB signaling than 7nfajp3/~ cells, suggesting that neither A20’s
C103 motif nor its ZF4 motif are singly responsible for all of A20’s functions during TNF
signaling (Suppl. Fig. 2A, 2B). Immunoblotting studies of pJNK, p38, and pERK kinase
signaling revealed normal signaling activity in 7n/2jp3°TY0TV and 7nfajp32F42F4 cells
(Fig. 2E). Thus, A20’s C103 and ZF4 motifs regulate TNF responses by regulating the
kinetics of NF-xB signaling.

RIP1 ubiquitination supports TNF induced NF-xB signaling, and A20 restricts RIP1
ubiquitination (Ea et al, 2006, Wu et al, 2006, Wertz et al, 2004). Accordingly, we measured
TNF receptor (TNFR) induced RIP1 ubiquitination in 777/2ipLTYOTVY and Thnfajp32F4/ZF4
cells by immunoprecipitating TNFR complexes and immunoblotting for RIP1. Greater
amounts of ubiquitinated RIP1 were associated with TNFR1 in both 777/2jpPTY/OTU and
Tnfaip32F4ZF4 cells compared to wild type (WT) cells 10 and 15 minutes after TNF
treatment (Fig. 3A, Suppl. Fig 2C). As distinct types of ubiquitin chains are associated with
diverse outcomes of modified proteins, and as A20 has been shown to restrict K63-linked
polyubiquitin chains and build K48 chains, our results raised the question of what types of
ubiquitin chains are present on RIP1 in these cells. We characterized the ubiquitin chains on
TNFR associated RIP1 molecules by performing serial TNFR and RIP1
immunoprecipitations (IPs) on TNF stimulated cells followed by immunoblotting with
ubiquitin linkage-specific antibodies. These studies revealed that both 777/2jpPTY/OTU and
Tnfaip32F4ZF4 cells contained increased amounts of both K48 and K63-linked ubiquitin
chains on RIP1 molecules (Fig. 3B). These results suggest that A20’s C103 deubiquitinating
motif restricts both K48 and K63-linked ubiquitination of RIP1.

As A20’s ZF4 motif has been proposed to ligate K48-ubiquitin chains to RIP1, the presence
of increased ubiquitinated RIP1 in A202F4/ZF4 cells could be explained by decreased
ubiquitin mediated turnover of RIP1 proteins in these cells (Wertz et al, 2004). We thus
assayed RIP1 ubiquitination of TNF stimulated cells in the presence of the proteasome
inhibitor MG-132. These experiments revealed that both 7n72jp3°TY/0TV and
Tnfaip3~F4ZF4 cells continued to exhibit increased RIP1 ubiquitination (Fig. 3C). Thus,
A20’s ZF4 maotif is unexpectedly required for restricting TNF induced RIP1 ubiquitination.

Immunity. Author manuscript; available in PMC 2014 May 23.
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A20’'s ZF4 motif recruits A20 to ubiquitinated RIP1 in TNFR signaling complexes

Increased ubiquitination of RIP1 in A20ZF4/ZF4 cells is not readily explained by a reduction
in A20’s ZF4 based ligation of ubiquitin chains on RIP1. We thus investigated alternative
mechanisms by which mutation of A20’s ZF4 might cause increased RIP1 ubiquitination.
A20’s ZF4 resembles a zinc finger in Rabex-5 that binds ubiquitin, and ZF4 directly binds
ubiquitin chains (Lee et al, 2006, Penengo et al, 2006, Mattera et al, 2006, Bosanac et al,
2010). Accordingly, we asked whether our ZF4 mutation abrogates A20’s ability to bind
ubiquitin. Binding studies with recombinant C-terminal A20 proteins and ubiquitin chains
demonstrated that A20 binds K63-linked ubiquitin chains and that the dual cysteine to
alanine substitutions we generated in A20’s ZF4 motif (A20ZF proteins) eliminated A20’s
ability to bind these chains (Fig. 4A). To determine whether this ubiquitin binding activity is
important for A20’s ability to bind physiologically ubiquitinated RIP1 proteins, we
incubated lysates from TNF stimulated A20~/~ cells with either GST-A20 or mutant GST-
A20ZF4 proteins, and asked whether RIP1 molecules bound to these A20 proteins. These
experiments revealed that wild type GST-A20 preferentially bound to ubiquitinated rather
than unmodified RIP1 proteins (compare WT GST-A20 with input lysate, Fig. 4B). By
contrast, A202F4 mutant proteins interacted only with unmodified RIP1 proteins (Fig. 4B).
Preferential co-precipitation of ubiquitinated RIP1 proteins with wild type A20 protein in
these assays was unlikely to reflect A20 ZF4 dependent E3 ligase activity upon RIP1 as
these experiments were performed in the presence of N-ethyl maleimide (NEM) at 4°C,
precluding E3 ligase activity. These studies indicate that A20 utilizes its ZF4 motif to bind
ubiquitinated RIP1.

To further investigate the recruitment of A20 proteins to TNFR signaling proteins, we
measured the recruitment of endogenous A20 proteins to TNFR complexes in
Tnfaip32FHZFA  ThfaipPTYOTU and WT cells. Despite being expressed at higher amounts
than A20°TY and WT A20 proteins, A202F4 proteins were recruited poorly to TNFR
complexes after TNF stimulation (Fig. 4C). By contrast, A20°TY proteins are recruited
nearly normally to TNFR complexes (Fig. 4C). Taken together, these findings indicate that
A20 uses its ZF4 matif to bind ubiquitinated RIP1 in TNFR complexes. As poor recruitment
of A20%F4 proteins to ubiquitinated TNFR signaling complexes would prevent A20’s OTU
based DUB function from removing ubiquitin chains from RIP1, this mechanism can
explain why 7nfaipF2F4ZF4 cells exhibit increased RIP1 ubiquitination.

A20°TU proteins complement A202F4 proteins in dimers during TNF responses of
Tnfaip3°TY/ZF4 compound mutant cells

A20’s C103 based deubiquitination activity may be biochemically coupled to its ZF4 based
E3 ubiquitin ligase activity. For example, A20 might exchange K63-linked chains for K48
linked chains on RIP1. To better understand how A20’s C103 and ZF4 motifs may
coordinate A20’s ubiquitin dependent functions, we interbred 777/2ipPTYOTU with
Tnfaip32F4ZF4 mice and analyzed TNF responses of cells from the resulting compound
TnfaipPTYIZF4 mice. Compound mutant 7777aip3°TY/ZF4 cells should express
physiologically regulated A20 proteins divided equally between A20°TY and A202F4
proteins. Compound mutant 77772ipLTY/ZF4 mice exhibited less myeloid expansion than
Tnfaip3~F4 mice, suggesting that A20°TY complementation of A20ZF proteins can also
rescue TNF dependent homeostasis in vivo (Fig. 5A). In contrast to either 7nfajp3°PTU/OTU
or Tnfaip32F4ZF4 mouse embryonic fibroblasts (MEFs), stimulation of 777£2ipPTY/ZF4 cells
with TNF resulted in normal amounts of the NF-xB dependent mRNAs IL-6 and A20 over a
variety of TNF doses (Fig. 5B). Thus, A20°TY proteins and A202F* proteins complement
each other /n transin TnfaipPTYIZF4 cells,

Immunity. Author manuscript; available in PMC 2014 May 23.
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The observation that A20°TY and A202F4 proteins complement each other to normally
regulate NF-xB signaling in 7TnfaipTY/ZF4 cells suggests that A20°TY proteins rescue the
aberrant RIP1 ubiquitination and defective homing of A202F4 proteins observed in
Tnfaip32F4ZF4 cells. To test this prediction, we assayed RIP1 ubiquitination in TNFR
immunoprecipitates from 77n7aipPTY/ZF4 as well as TnfaipF42F4 and TnfaipPTYIOTU
cells. These experiments revealed that RIP1 ubiquitination in compound mutant
Tnfaip3PTYIZF4 cells was reduced when compared to 7Tnfaijp32F42F4 cells (Fig. 5C). Thus,
A20°TU and A20ZF4 proteins collaborate to properly regulate RIP1 ubiquitination in
TnfaipPTYIZF4 cells,

As A20%F4 proteins are recruited poorly to TNFR signaling complexes, the presence of
normal NF-xB signaling in 7n7aijp3PTY/ZF4 cells also raises the interesting possibility that
A20°TU proteins may dimerize with A20274 proteins and recruit the latter to TNFR
signaling complexes in 7nfaijp3PTY/ZF4 cells. Accordingly, we tested the recruitment of A20
proteins to TNFR immunoprecipitates in TNF stimulated 777aip3°PTY/ZFA, Thfajp3tF4ZF4,
and Tnfajp3PTU/OTU cells, These experiments revealed that A20 proteins were recruited
normally to TNFR complexes in 7nfajp3PTY/ZF4 cells, in marked contrast to 7nfajp32F4/ZF4
cells (Fig. 5C, left panel). One possible interpretation of this result is that A20°TY proteins,
which exhibit normal recruitment to TNFR, are selectively recruited to TNFR complexes in
Tnfaijp3PTYIZF4 cells. However, the kinetics of RIP1 ubiquitination and NF-xB signaling in
compound heterozygote 7nfaip°TY/ZF4 cells were normal--in contrast to 7nfajp3°PTV/O0TU
cells--suggesting that A20 proteins at the TNFR complex in 7nfaipPTY/ZF4 cells are not
predominantly A20°TY proteins (Fig. 5C). The more likely explanation for normal A20
protein recruitment and NF-xB signaling in 7n7ajp3°TY/ZF4 cells is that A20°TY proteins
form hetero-oligomers with A202F4 proteins, allowing the intact ZF4 domains of A20°TY
proteins to recruit A20°TY/ZF4 gligomers to TNFR complexes. The successful recruitment
of A200TU/ZF4 gligomers to TNFR signaling complexes may then allow A20 to properly
regulate RIP1 ubiquitination.

The apparent ability of A200TY mutant proteins to recruit A202F4 proteins to TNFR
signaling complexes suggests that A20 proteins dimerize under physiological conditions. To
directly test this idea, we transfected wild type or mutant A20 proteins bearing distinct
epitope tags into cells, immunoprecipitated with one tag and immunoblotted with the
alternative tag. These studies revealed that full-length A20 proteins, including A20°TY and
A20%F4 proteins, co-precipitated comparably as oligomers (Fig. 6A). This result suggests
that A20 proteins oligomerize in cells in a manner that requires neither A20’s C103 nor its
ZF4 motifs. Thus, ZF4 mediated ubiquitin binding is not required for A20 oligomerization.

The oligomerization of A20 proteins in cells may involve a number of A20 binding partners.
A20 proteins might also directly form complexes in vitro. To test the latter hypothesis, we
determined the molecular mass of recombinant A20 proteins by gel chromatography and
multi-angle light scattering (MALS). An N-terminal A20 protein bearing the OTU domain
(residues 1-370) formed dimers in solution with a measured mass of ~89 kDa, while the
calculated monomer mass of this protein is 45.5 kDa (Fig. 6B). Moreover, re-examination of
the OTU portion of the A20 protein in two crystal structures, P3, (Lin et al, 2008) and P2,
(Komander and Barford, 2008), revealed that there were six and four molecules,
respectively, per crystallographic asymmetric unit. These ten molecules formed five
conserved dimers, with interfaces formed mostly by the a1 and a10 helices of the OTU
structure (Table 1, Fig. 6C). The dimer interface is extensive, burying ~800AZ surface areas
per monomer. Residues that bury the largest surface areas include M15, R16 and H351, and
mutation of these residues, M15 to alanine (M15A), R16 to glutamate (R16E), or H351 to
alanine (H351A), compromised A20 dimerization, with H351A having the most drastic
effect (Fig. 6D). Thus, A20 proteins directly form homodimers. Taken together, these

Immunity. Author manuscript; available in PMC 2014 May 23.
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findings indicate that A20’s ZF4 motif recruits A20 dimers to ubiquitinated RIP1 signaling
complexes during TNF signaling. These dimers may bring multiple copies of A20’s
ubiquitin modifying activities, as well as potential binding partners, to ubiquitinated
complexes.

Discussion

Our studies of 7Tnfaip32F41ZFA, Tnfaip3PTYIOTY and TnfaipPTYZF4 compound mutant
mice reveal several facets of A20’s regulation of TNF signaling. We have discovered a role
for A20’s ZF4 motif in recruiting A20 proteins to ubiquitinated RIP1 during TNF signaling.
We have found that A20’s C103 and ZF4 mutant proteins complement each other in cells.
This complementation is facilitated by dimerization of A20 proteins and we have defined a
dimerization interface in A20. These motifs perform distinct biochemical functions in
regulating TNF signals.

While prior studies suggested that A20’s N-terminal OTU domain is not required for A20’s
ability to restrict TNF signals, our current experiments demonstrate that A20’s C103 based
DUB activity restricts TNF induced signals (Song et al, 1996, Heyninck and Beyaert, 1999).
Our serial TNFR and RIP1 IP experiments with 777£aip3°TY/OTU cells revealed that RIP1
proteins bear increased amounts of both K48- and K63-linked ubiquitin chains in
Tnfaip3PTUIOTU cells, suggesting that A20’s DUB activity removes both types of chains
from RIP1 in cells. These chains might be removed together if they are present in mixed
K48- and K63-linked ubiquitin chains. Distinguishing these physiological chain
conformations will require more biochemically detailed analyses of physiological signaling
complexes.

A20’s C103 may also support degradation of Ubc5hc and Ubc13 proteins approximately 4-6
hours after TNF stimulation (Shembade et al, 2010). This function of A20’s C103 appears
temporally distinct from the more acute differences in RIP1 ubiquitination we have observed
10-15 minutes after TNF stimulation. We have not observed differences in expression of
these E2 enzymes in 7nfaipPTY/OTU cells at acute time points (e.g., 10-15 minutes) (data
not shown). Nor have we observed acute recruitment defects of A20°TY proteins to TNFR
signaling complexes. Hence, A20’s C103 acute functions regulating RIP1 ubiquitination
appear distinct from apparently later functions regulating E2 enzyme stability. The net
physiological function of A20’s C103 vis a vis RIP1 is to limit both K48 and K63
ubiquitination of this protein. Failure to perform this function leads to increased IKK
activation and NF-xB signaling.

A20’s ZF4 is a complex motif that has been shown to bind ubiquitin, build K48 ubiquitin
chains on RIP1, and support degradation of E2 enzymes (Wertz et al, 2004, Bosanac et al,
2010, Shembade et al, 2010). Our results reveal that A20’s ZF4 is critical for mediating
A20’s recruitment to ubiquitinated RIP1 in TNFR signaling complexes. Thus, A20’s ZF4
may support several functions for A20. One potential mechanism by which this motif might
support several functions would be to collaborate with other A20 motifs, including other
A20 zinc fingers, to bind different ubiquitinated molecules. For example, A20’s ZF1 and
ZF2 appear to support binding to RIP1, while A20°s ZF7 binds linear and K63 linked
polyubiquitin chains (Skaug et al, 2011, Tokunaga et al, 2012, Verhelst et al, 2012). While
the principles by which ubiquitin binding proteins recognize distinct substrates are poorly
understood, recent studies suggest that these proteins can recognize distinct conformations
of ubiquitin chains via multiple ubiquitin binding motifs (Sims and Cohen, 2009; Sims et al,
2009). Thus, A20’s ZF4 motif may contribute to A20’s binding to ubiquitinated E2,
ubiquitinated RIP1, and potentially other ubiquitinated species.

Immunity. Author manuscript; available in PMC 2014 May 23.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Luetal.

Page 8

Our observation of /ncreased K48 ubiquitinated RIP1 in A202F4/ZF4 cells--even in the
presence of proteasome inhibition--was an unexpected finding given A20’s ZF4 mediated
support of E3 ligase function building K48 chains. The most straightforward interpretation
of our findings is that A202F4 proteins fail to bind ubiquitinated RIP1 in TNFR signaling
complexes and thus fail to deubiquitinate ubiquitinated RIP1 in these complexes. As the net
effect of A20’s ZF4 mutation on RIP1 ubiquitination is increased—rather than diminished--
ubiquitination, the predominant physiological function of this motif is to limit RIP1
ubiquitination during TNF signaling. In addition, our studies indicate that other E3 ligases
such as clAPs or TRAFs likely build ubiquitin chains on RIP1 during TNF signaling. Future
studies may unveil greater complexities in types of chains and ubiquitination sites on RIP1.
A combination of recruitment and E3 ligase functions may contribute to A20’s ZF4’s roles
in regulating RIP1 ubiquitination. Overall, our studies unveil a critical role for A20’s ZF4 in
recruiting A20 to ubiquitinated RIP1 independently of its role in supporting E3 ligase
activity.

Our studies of compound mutant 77772ipPTY/ZF4 cells reveal that A20 proteins dimerize in
vivo. Successful recruitment of A20°TY and A20Z"4 proteins to the TNFR signaling
complex in these cells indicates that A20 proteins require neither C103 nor ZF4 motifs to
dimerize, and these dimers require only a single intact ZF4 motif to be recruited to TNFR
signaling complexes. These findings suggest that coordination between A20’s
deubiquitinating, E3 ligase and ubiquitin binding functions occur in higher order complexes
rather than within a single A20 molecule. Oligomerization of signaling complexes has
emerged as an important principle in propagating activating signals (Krappmann and
Scheidereit, 2005). Our studies indicate that oligomerization of negative regulatory enzymes
may also be a general theme.

Our observations of A20 oligomers in cells led us to discover that A20 proteins form dimers
with extensive interfaces. Biochemical identification of A20’s oligomerization and
recruitment motifs provides additional opportunities for the regulation of A20’s functions.
Dimerization of the ubiquitin hydrolase UCH-L1 influences its ability to function as a
ligase, so dimerization of A20 may also regulate its enzymatic functions (Liu et al, 2002).
Further studies of A20 proteins should reveal important insights into how A20 coordinates
its ubiquitin modifying functions.

A20’s C103 and ZF4 motifs have been associated with A20’s repression of TNF induced
NF-xB signals (Wertz et al, 2004, Shembade et al, 2010). Thus, 7nfaipP TV and A204F4
mice might be expected to resemble 777/2ijp3~ mice (Lee et al, 2000). However, Tnfaip3'~
mice develop spontaneous multi-organ inflammation and perinatal lethality, while both
TnfaipPTV and Tnfajp32F* mice exhibit little spontaneous disease. As these mice have all
been analyzed on inbred C57BL/6J backgrounds in the same facility, these differences are
unlikely to be strain or environment related. One potential explanation for this difference is
that A20’s DUB and E3 ligase activities partly compensate for each other in vivo, so that
mice expressing double mutant A20 proteins (i.e., OTU and ZF4 mutations within the same
protein) would more closely resemble A20~~ mice. As A20’s C103 and ZF4 motifs are
obviously tightly linked genetically, additional gene-targeting studies will be necessary to
investigate these possibilities. Another explanation could be that other motifs of A20
perform critical functions that are important for regulating NF-xB signals and preserving
immune homeostasis. For example, A20’s ZF7 has recently been described to restrict NF-
xB signaling at the IKK+y complex, and this function involves binding of ZF7 to linear
ubiquitin chains (Skaug et al, 2011, Tokunaga et al, 2012, Verhelst et al, 2012). In sum, the
distinct functions of A20’s C103 and ZF4 motifs imply that they may impart distinct
immune perturbations and disease susceptibilities. These functions may provide important
insight into how A20 regulates diverse NF-xB signals (D. Baltimore 2011, Malynn and Ma,
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2012). Given the variety of coding and non-coding A20 mutations that have been described
in human diseases, understanding A20’s functions will be crucial for deciphering the
pathophysiology of these diseases.

Materials and Methods

Generation of Tnfaip3°TVY and Tnfaip32F4 mice

To generate gene A20°TY and A20ZF4 mice, we utilized two distinct bacterial artificial
chromosomes (BACS) bearing the A20 gene from the C57BL/6J strain. Site directed
mutagenesis was used to change the catalytic cysteine at amino acid 103 to an alanine to
generate the OTU mutant gene targeting construct. In a separate construct, two cysteines
(C609, C612) in A20’s ZF4 were mutated to alanines to generate the ZF4 gene targeting
construct. These targeting constructs were transfected into PRXB6T (C57BL/6J) embryonic
stem (ES) cells. Properly targeted ES cell clones from both constructs were identified by
Southern analysis and transiently transfected with a plasmid expressing Cre enzyme to
delete the floxed neomycin cassettes. Blastocyst injections of targeted ES cells were
performed by the UCSF Transgenic Core. Chimeric mice were bred with C57BL/6J mice to
obtain 7nfaip2F* and Tnfaijp3°TY mice on in inbred C57BL/6J background. All mouse
handling was done according to the UCSF’s institutional guidelines.

Flow cytometry and ELISA

Cell preparations, flow cytometric and ELISA analyses were performed as previously
described (Tavares et al, 2010). All antibodies were purchased from BD Biosciences. Cells
were analyzed by flow cytometry using LSRII (BD Biosciences) and Flowjo software (Tree
Star).

Cell signaling assays

MEFs were derived from 7nfajpPTV/OTY  Tnfajp32FAAFA and TnfaipPTY/ZF4 embryos as
previously described (Oshima et al, 2009). MEFs were stimulated with 10ng/ml TNF, and
lysed in lysis buffer (20mM Tris HCI pH 7.4, 150mM NacCl, 10% glycerol, 0.2% NP-40
supplemented with Roche protease inhibitors, phosphatase inhibitors (ImM NaV, 5mM
NaF, 20mM R-glycerol phosphate) and 10mM N-ethylmaleimide. Cells were lysed on ice
for 20 minutes, and cleared by centrifugation at 14000 rpm for 20 minutes. For
immunoprecipitation of the TNF receptor complex, cells were stimulated and lysed as
above. Supernatants were immunoprecipitated with anti-TNFR antibody (R and D) and
Protein G Dynabeads.

For the IKK kinase assay of TNF-treated MEFs, total cell lysates from repeatedly TNF-
treated MEFs were immunoprecipitated with an anti-IKK-y antibody, and kinase activity was
assessed using a GST-1xBa substrate. Comparable IKK protein in immunoprecipitated
samples was confirmed by western blot.

Serial IP analyses of RIP1 ubiquitination

For sequential immunoprecipitation, cells were lysed in lysis buffer supplemented with
10nM MG-132 as above. For the primary immunoprecipitation, TNFR complexes were
immunoprecipitated and washed twice with lysis buffer, twice with lysis buffer
supplemented with 1M NaCl, and washed twice with lysis buffer. TNFR complexes were
denatured and eluted with lysis buffer containing 6M Urea. Eluates were diluted 1:25 and
immunoprecipitated with an anti-RIP antibody overnight at 4°C. Immune complexes were
collected with protein G dynabeads, extensively washed, and analyzed by western blot.
Antibodies used included: anti-RIP1 (BD 610459, Cell Signal 3493), anti-A20 (Cell Signal
5630), anti-TNFR (R and D AF-425-PB, Abcam 19139), anti-plkba (Cell Signal 9246), anti-
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Ikba (cell signal 9242), anti-K63 ubiquitin (Millipore 05-1307), anti-K48 ubiquitin
(Millipore 05-1308), anti-Ub (P4D1, SCBT).

Ubiquitin binding assays

DSS colitis

Ubiquitin binding of A20 proteins were performed by incubating recombinant GST-A20
proteins with recombinant ubiquitin chains follow