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Abstract

Although the Ub-binding domain in ABIN proteins and NEMO (UBAN) is highly conserved, UBAN-containing
proteins exhibit different Ub-binding properties, resulting in their diverse biological roles. Post-translational
modifications further control UBAN domain specificity for poly-Ub chains. However, precisely, how the UBAN
domain structurally confers such functional diversity remains poorly understood. Here we report crystal
structures of ABIN-1 alone and in complex with one or two M1-linked di-Ub chains. ABIN-1 UBAN forms a
homo-dimer that provides two symmetrical Ub-binding sites on either side of the coiled-coil structure.
Moreover, crystal structures of ABIN1 UBAN in complex with di-Ub chains reveal a concentration-dependency
of UBAN/di-Ub binding stoichiometry. Analysis of UBAN/M1-linked di-Ub binding characteristics indicates that
phosphorylated S473 in OPTN and its corresponding phospho-mimetic residue in ABIN-1 (E484) are
essential for high affinity interactions with M1-linked Ub chains. Also, a phospho-mimetic mutation of A303 in
NEMO, corresponding to S473 of OPTN, increases binding affinity for M1-linked Ub chains. These findings
are in line with the diverse physiological roles of UBAN domains, as phosphorylation of OPTN UBAN is
required to enhance its binding to Ub during mitophagy.

© 2019 Elsevier Ltd. All rights reserved.
Introduction

Ubiquitination is a post-translational modification
in which ubiquitin (Ub) is attached to target proteins
through a cascade of enzymatic reactions catalyzed
by Ub activating (E1), conjugating (E2) and ligase
(E3) enzymes [1,2]. Target proteins can be mono-
ubiquitinated or poly-ubiquitinated by 8 different
r Ltd. All rights reserved.
homotypic chains or mixed and branched chains,
in which Ub molecules are attached via any of the
M1, K6, K11, K27, K29, K33, K48 or K63 residues
[3]. These chains with different linkage types adopt a
variety of conformations, and function as signals that
are specifically recognized by Ub-binding proteins,
which relay the signal to downstream proteins
resulting in distinct cellular responses [4].
Journal of Molecular Biology (2019) 431, 3146–3156



Fig. 1. UBAN domains preferen-
ally bind M1-linked di-Ub chains.
) Amino-acid sequence alignment
f UBAN domains in hOPTN,
NEMO and mABIN1–3 proteins.
he residues modulating di-Ub
inding are marked in red. The
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sing Clustal Omega. * indicates
ositions that have a fully con-
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trongly similar properties (N0.5
onnet PAM 250 matrix), and a
eriod indicates conservation be-
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atrix). (b) GST immunoprecipita-
on of purified UBAN domains of
PTN, ABIN1, NEMO, p62 or GST
nly with M1-, K63- or K48-linked di-
b chains.

3147M1-Linked Ubiquitin Chain
To date, over 20 different types of Ub-binding do-
mains have been identified [4]. UBAN is a Ub-binding
domain shared by optineurin (OPTN), NEMO (NF-κB
essential modulator) and ABIN1–3 (A20-binding
inhibitors of NF-κB) proteins (Fig. 1a) [4–6]. Binding
of Ub chains to UBAN domains is an essential step
in the regulation of cellular functions of the UBAN-
containing proteins. NEMOand ABIN-1 play essential
roles in the NF-κB signaling pathway, which regulates
gene expression, thereby affecting inflammation,
tumorigenesis and immunity, and is extensively
regulated through M1- and K63-linked ubiquitination
[7–11]. NEMO is a component of the inhibitor of κB
(IκB) kinase (IKK), that regulates activation of the
kinase complex and subsequent activation of the
NF-κB signaling pathway. ABIN-1 controls innate
immune responses through the NF-κB signaling. It
binds to linearly ubiquitinated NEMO and A20 Ub-
editing enzyme and promotes deubiquitination and
termination of NF-κB signaling [12]. Also, upon tumor
necrosis factor (TNF)-α stimulation, ABIN-1 is recruited
to the TNF receptor 1 (TNFR1) resulting in the
recruitment of A20 and deubiquitination of RIP kinase
1 [13,14].OPTN is involved in diversecellular functions
[15]. Autophagic degradation of depolarized mito-
chondria (mitophagy) and intracellular pathogens
(xenophagy) heavily relies on the phosphorylation
of OPTN UBAN by the kinase TBK1. Locally accumu-
lated and active TBK1 phosphorylates the UBAN
domain of OPTN (on S473) at the phagophore [16],
and phosphorylated OPTN (together with other au-
tophagic receptors) bridges damaged mitochondria to
LC3-coated phagophores, thereby driving autophagy.
Disturbing this pathway through genetic alterations
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and impairing TBK1 activity or its binding to OPTN
have been linked to frontotemporal lobar degeneration
and amyotrophic lateral sclerosis [17–20].
Crystal structures of various UBAN domains have

demonstrated a parallel coiled-coil homo-dimeric
structure that provides two binding sites for M1-linked
di-Ub chains [21–23]. NEMO UBAN also binds K63-
linked di-Ub chains, albeit with about 100-fold lower
affinity than M1-linked di-Ub chains [24]. While UBAN
domains adopt near identical conformations in binding
Ub, they can exhibit different Ub-binding characteris-
tics determined by the cellular role of their host protein.
Therefore, understanding the molecular mechanisms
that underpin the function of UBAN-containing proteins
requires detailed analysis of UBAN/Ub interactions. In
this study, we have analyzed the structure of ABIN-1
UBAN and its interactions with M1-linked Ub chains.
We have determined crystal structures of ABIN-1
UBAN alone and in complex with M1-linked di-Ub
chains and investigated stoichiometry of UBAN/di-Ub
chain binding. We have also examined the effects of
UBAN phosphorylation on binding of M1-linked Ub
chains using molecular dynamics (MD) simulations
and in vitro binding assays.

Results

ABIN-1 UBAN forms a homo-dimer and binds to
M1-linked Ub chain

ABIN-1 preferentially binds M1- over K48- or K63-
linked Ub chains (Fig. 1b). To investigate the structure
of ABIN-1 UBAN and its interactions with Ub chains,



3148 M1-Linked Ubiquitin Chain
we determined crystal structures of ABIN-1 UBAN
alone and in complex with M1-linked di-Ub chains
(Fig. 2a–c, Table 1). ABIN-1 crystals diffracted to
1.75 Å and contained two coiled-coil homo-dimers in
each asymmetric unit of the C2 space group (Figs. 2a
and S1A). The two ABIN-1 dimers adopt highly similar
conformations (RMSD = 0.87 Å for the superimposi-
tion of Cα atoms) and provide two symmetric Ub-
binding sites on either side of the dimer (Fig. S1B).
Interestingly, mixing ABIN-1 and M1-linked di-Ub in
1:1 and 5:1 ratios prior to crystallization resulted in co-
crystals with two different stoichiometries, including
2:2 and 2:1 for ABIN-1:M1-linked di-Ub, that diffracted
to 1.95- and 3.00-Å resolution, respectively (Fig. 2b
and c). Both co-crystals belonged to the P212121
space group and contained one complex consisting
of a homodimer of ABIN-1 and one or two M1-linked
di-Ub molecules in each asymmetric unit. Despite the
difference in stoichiometry, the two complex crystal
structures are highly similar in terms of conformation
and binding mode (Fig. S1C). In both complex, crystal
structures distal Ubs bind UBAN through the hydro-
phobic I44 surface, while the proximal Ub's interaction
with ABIN-1 UBAN is centered on F4 (Fig. 2d). This
mode of binding has been previously reported for
the UBAN domains of NEMO, OPTN and ABIN-2 with
M1-linked Ub chains (Fig. 2e) [21–23]. Proximal Ub
from a symmetry-related molecule in the crystal
structure of ABIN-1:M1-linked di-Ub (2:1 stoichiometry)
makes contacts with the second Ub-binding site on
ABIN-1 UBAN. However, this binding seems to be due
to crystal packing only and not meaningful in terms of
UBAN/Ub interactions (Fig. S1D).

StoichiometryofUBAN/Ubbinding isconcentration
dependent

Crystal structures of UBAN domains of NEMO,
OPTNandABIN-2withM1-linkedUb chains indicate a
2:2 (UBAN:M1-linked di-Ub) stoichiometry. However,
in-solution methods such as analytical ultracentrifuga-
tion and small angle x-ray scattering indicate the
existence of an alternative form of NEMO/M1-linked
di-Ub complex, in which the two molecules are
present in 2:1 ratio [25,26]. In our co-crystallization
of ABIN-1 UBAN/M1-linked di-Ub, we obtained both
2:1 and 2:2 stoichiometry by using protein mixtures
with 5:1 and 1:1 molar ratios (ABIN-1: M1-linked
di-Ub). To further investigate the stoichiometry of
complex formation by UBAN and M1-linked di-Ub,
we performed isothermal titration calorimetry (ITC)
Fig. 2. Crystal structures of ABIN-1 (aa 463–532) (a) alone
chains. Residues of UBAN domain are shown as sticks. The t
Distal and proximal Ub moieties in a M1-linked di-Ub chain are
view of ABIN-1 interactions with distal (left panel) and proxim
domains of ABIN-1 (6N6R), ABIN-2 (5H07), NEMO (PDB: 2ZV
linked Ub chains. The four complex structures are shown in gr
distal and proximal Ub moieties are shown as spheres.
measurements (Fig. 3a). Interestingly, injection of
NEMO or ABIN-1 to M1-linked di-Ub solution resulted
in a two-phase binding, including two independent
events indicating 2:2 and 2:1 stoichiometry, respec-
tively. This appears to be due to the abundance of
di-Ub molecules in the cell during the first phase of
the experiment, which readily occupy Ub-binding
sites on UBAN domains (2:2 stoichiometry). In the
second phase, stoichiometry of binding changes to
2:1, since further injections provide excess amounts
of UBAN. However, in the reverse experiment, where
di-Ubwas injected toUBAN solution, excess amounts
of UBAN in the cell and dynamic interaction of UBAN/
M1-linked di-Ub allowed detection of 2:1 stoichiome-
try, exclusively (Fig. 3b).
Alternatively, we used size exclusion chromatogra-

phy coupled tomulti-angle light scattering (SEC-MALS)
to analyze the stoichiometry of complex formation
(Fig. S3). Although, by injecting mixtures with varied
molar ratios of NEMO UBAN to M1-linked di-Ub, for-
mation of large molecular mass complexes was
evident, there were no distinct peaks representing the
two stoichiometric species detected. This is most likely
due to the highly dynamic nature of the UBAN/M1-
linked di-Ub complex as a result of relatively low affinity
interaction of the proteins (KD ~ 2 μM). Also, in this
method, the two proteins are mixed prior to injection to
theSECcolumnas opposed to ITC, where proteins are
mixed incrementally (duration and volume of injections
are controlled) and allow for the detection of the two-
phase complex formation.

Phosphorylation of UBAN enhances binding to
M1-linked Ub chains

To further characterize the Ub-binding properties
of UBAN domains, we studied effects of UBAN
phosphorylation on UBAN/Ub binding. It has been
shown that phosphorylation of S473 in OPTN UBAN
enhances its binding affinity toward Ub chains [27].
S473 in OPTN corresponds to the alanine (A303)
residue in NEMO and a phospho-mimetic residue
(E or D) in ABIN1–3 (Fig. 1a). Since UBAN domains
bind Ub in a similar manner, we tested if phos-
phorylation of these proteins has comparable effects
on their binding toM1-linkedUb chains.Wemeasured
binding affinities of isolated UBAN domains of OPTN
(aa 420–509), ABIN-1 (aa 463–532) and NEMO (aa
250–339) for M1-linked tetra- or di-Ub chains using
surface plasmon resonance (SPR) (Figs. 4a and S2).
In these measurements, phospho-mimetic OPTN
and (b and c) in complex with one and two M1-linked di-Ub
wo chains of ABIN-1 dimer are colored in green and pink.
colored in light orange and gray, respectively. (d) Stereo

al (right panel) Ub moieties. (e) Superimposition of UBAN
O) and OPTN (PDB: 3B83) structures in complex with M1-
een, orange, blue and pink, respectively. Ile44 residues in
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Table 1. Data collection and refinement statistics

ABIN-1 (463–532) ABIN-1/M1-Ub2
(2:1)

ABIN-1/M1-Ub2
(2:2)

Data collection
Beamline PF NW-12A PF BL-NW12A PF BL-17A
Space group C2 P212121 P212121
Cell dimensions
a, b, c (Å) 115.0, 65.0, 51.8 42.0, 62.1, 123.8 52.9, 88.2, 105.9
α, β, γ (°) 90.0, 114.6, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0

Wavelength (Å) 1.00 1.00 1.00
Resolution (Å) 32.0–1.75 (1.78–1.75) 35.0–3.0 (3.05–3.0) 47.0–1.95 (2.0–1.95)
Rmerge 0.07 (0.53) 0.07 (0.16) 0.09 (0.81)
I/σI 16.6 (2.0) 18.8 (8.9) 15.1 (3.1)
Completeness (%) 99.1 (94.5) 83.3 (87.6) 99.7 (100.0)
Redundancy 3.5 (3.0) N/A 7.1 (7.2)

Refinement
Resolution (Å) 32.0–1.75 35.0–3.0 47.0–1.95
No. unique reflections 35,279 6818 36,800
Rwork/Rfree 26.8/29.3 23.9/27.8 24.3/27.8
No. atoms
Protein 2333 2276 3518
Water 184 23 135

Average B-factor (Å2) 34.0 50.0 37.0
R.m.s. deviation
Bond lengths (Å) 0.010 0.008 0.008
Bond angles (°) 1.30 1.25 1.30

PDB accession code 6N6S 6N5M 6N6R
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protein with the S473E mutation indicated KD values
of 0.51 and 1.5 μM, which show ~2- and 3-fold
increase in affinity toward M1-linked di- or tetra-Ubs
as compared with WT OPTN protein (KD = 0.92
and 4.3 μM). Conversely, ABIN-1 WT is intrinsically
phospho-mimetic by containing E484 in the UBAN
domain. Therefore, mutation of this residue to alanine
(E484A) decreased its binding affinity for both M1-
linked tetra- and di-Ub (KD values of 0.97 μM/0.62 μM
and 11.7 μM/3.8 μM for WT/E484A mutant proteins).
Also, a phospho-mimetic mutation in NEMO UBAN
(A303E) slightly increased its binding affinity to M1-
linked tetra- or di-Ub chains as indicated by KD values
of 0.56 and 2.2 μM for WT, and 0.36 and 1.5 μM for
mutant proteins. Notably, lower KD values and less
pronounced differences in binding affinity of UBAN
domains for M1-linked tetra- over di-Ub chains seem
to be due to the avidity effect resulted from multiple
copies of Ub in the tetra-Ub chains.
To provide a structural basis for the effect of UBAN

phosphorylation on binding to M1-linked di-Ub, we
carried out MD simulations [28]. The simulations
indicate that R42, R72 and R74 from the distal Ub
are the main binding partners of pS473 in the OPTN
UBAN (pS473)/M1-linked di-Ub complex (Fig. 4b).
We observed slightly different binding modes for the
interactions of the two di-Ub molecules with pS473.
In one binding mode, R42 and R72 interact
simultaneously with pS473, although the interaction
of R42 with pS473 appears weaker than that of R72
(Fig. 4b, mode 1). In an alternate binding mode, we
observed a salt bridge between the R74 guanidino
group with the phosphate group (Fig. 4b, mode 2).
This mode abrogated any R42–pS473 interaction
and required disruption of the highly conserved
R74–E478 interface (Fig. S4A). Both modes occur
in parallel with the strong R72–D474 interaction
(Fig. 4b). For NEMO UBAN, our simulations suggest
that D304 interacts with M1-linked di-Ub mainly
through R72 (Fig. 4b). By contrast, whereas NEMO
features a hydrophobic A303 neighboring D304, the
corresponding position in ABIN1 is, natively, occupied
by phospho-mimetic E484. The longer and negatively
charged E484 side chain can interact with R42, and
intermittently engages R72. The carboxylate group of
E484 “straddles” the guanidinium groups of R42 and
R72. Each guanidinium forms a salt bridge with an
oxygen of the E484 carboxylate. The terminal dihedral
of E484 flips during the simulations, switching
interactions of the carboxylate oxygens with the
guanidiniums resulting in fluctuations in the interaction
distances (Movie S1). Thus, the interaction pattern is
similar to that of pS473 OPTN UBAN (Fig. 3b).
However, despite structural similarities between
OPTN's pS473 and ABIN1's E484, our simulations
never indicated interactions between the R74 guani-
dino group and E484. Interaction of R42 with E484
was also less consistent. In some simulations, the
R42 guanidino group formed strong “end-on” salt
bridges (https://doi.org/10.1002/prot.22927) with E51
in distal Ub, positioning it too far fromE484 (Fig. S4B).
To further analyze the effects of UBAN phosphory-

lation on binding M1-linked di-Ub chains, we per-
formedSPRassaysusingdi-Ubmutants. Interestingly,
our SPR data represent a differential effect of R72A
mutation in M1-linked di-ubiquitin on binding to WT or



Fig. 3. Stoichiometry of UBAN/M1-linked di-Ub binding is concentration-dependent. (a) ITC measurements and analyses
of NEMO and ABIN-1 interactions with M1-linked di-Ub chains. (b) Schematic representation of UBAN/di-Ub ITC titrations.
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mutant UBAN domains, in such a way that binding
affinity to phosphomimetic UBAN domains is more
strongly decreased compared with UBANs lacking
phosphomimetic residues (Fig. 4a). This finding
correlates with our MD simulations that show involve-
ment of R72 from M1-linked di-Ub in binding the
phosphomimetic residues. In contrast, while R74A
mutation in M1-linked di-Ub lowers binding to UBAN
domains dramatically (6–10 times), it does not
discriminate between UBAN domains with/without a
phosphomimetic residue (Fig. 4a). This can be
attributed to the generally larger contribution of R74
residue of M1-linked Ub chains to binding UBAN
domains, resulting in the disruption of binding regard-
less of the presence or absence of phosphomimetic
residues.



Fig. 4. Phosphorylation of S473 increases binding affinity of OPTN UBAN for M1-linked di-Ub chains. (a) Binding affinity
(KD or equilibrium dissociation constants) of UBAN domains of ABIN-1, NEMO or OPTN (WT or phospho-mimicking) for M1-
linkeddi- and tetra-Ub chains. For eachmeasurement, GST-taggedUBANwas immobilized on the surface of aCM5 chip, and
ubiquitin chains were loaded over the chip. Eachmeasurement was repeated three times (see also Fig. S2). (b) OPTN pS473
interactswithM1-linked di-Ub using distinct, but highly similarmodes. If R42 andR72 simultaneously interact with pS473,R72
also interacts with D474, while R74 is not a major partner of UBAN. By contrast, if R72 and R74 interact with pS473, the
situation is mirrored and R42 is not a major partner. In ABIN1, the UBAN/M1-linked Ub2 interactions appear highly similar to
those of pOPTN, with the phospo-mimetic E484 adopting the role of pS473. In NEMO, in the absence of a charged residue at
the phosphorylatable position, the interaction ismainlymodulated byD304 andR72. The plots showhydrogen bond distances
between hydrogen atoms of arginine (NH2) and side-chain oxygen acceptors.
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Discussion

UBAN-containing proteins play essential roles
in various cellular functions, including regulation of
NF-κB signaling, protein trafficking and autophagy,
which are mediated by binding to Ub chains through
UBAN domains [29]. UBAN domains preferentially
bind M1-linked Ub chains, but they also bind K63-
linked Ub chains with much lower affinity (Fig. 1b)
[21,24,30,31]. Stoichiometry of UBAN/Ub interactions
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has been a matter of controversy. Several crystal
structures of UBAN/Ub complexes, including NEMO,
OPTN and ABIN-2, demonstrate binding of a UBAN
dimer to twoM1-linked Ub chains from either the same
molecule in the asymmetric unit or other symmetry-
related molecules in the crystal [21–23]. Also, a recent
crystal structure of OPTN UBAN/M1-linked di-Ub
reveals a2:1 stoichiometry (UBAN:diUb) [31]However,
in-solution experiments have provided evidence for
the formation of a complex with 2:1 stoichiometry,
exclusively [25,32]. Our data suggest that although
UBAN domains provide two highly symmetrical
surfaces on either side of the coiled-coil structure,
binding of M1-linked di-Ub chains to one UBAN
molecule may not occur, simultaneously, unless
significantly high concentration of M1-linked di-Ub
chains are available. Thus, the stoichiometry of UBAN/
Ub binding is dependent on the abundance of
M1-linked di-Ub molecules, which might work as
a regulatory mechanism for activation and cellular
functions of UBAN-containing proteins.
Mitophagy activates TBK1, which can phosphory-

late OPTN at S473 in the UBAN domain [16]. This
additional phosphorylation of OPTN boosts its binding
affinity to Ub, thereby further driving the mitophagy. By
contrast, ABIN-1 natively has a phospho-mimetic
(E484) and NEMO has a nonphosphorylatable
(A303) residue at the position corresponding to
OPTNS473. Correspondingly, ABIN-1 E484A exhibits
decreased affinity to diUb, whereas for NEMO, A303E
affinity increases. Our MD simulations also suggest
that S473 phosphorylated OPTN, in a similar manner
to ABIN-1, engagesR42 inUb binding. However, while
this binding behavior to Ub emphasizes the important
role of OPTN pS473 during mitophagy, a similar role
for ABIN-1 has not been established.

Material and Methods

Construction of plasmids

GST-fusion proteins (UBAN domains of OPTN,
ABIN, NEMO, p62 and Ub) were cloned into pGEX-
4 T-1 (GE Life Sciences, Freiburg, Germany) and site-
directed mutagenesis was performed by PCR to
introduce desired amino acid substitutions.

Protein expression and purification for
pull-down assays

GST fusion proteins were expressed in the
Escherichia coli strain BL21 (DE3). Bacteria were
cultured in LBmedium supplemented with 100 μg/mL
ampicillin and 0.25 mM ZnSO4 at 37 °C in a shaking
incubator (150 rpm) until OD at 600 nm reached
∼0.5–0.6. Protein expression was induced by the
addition of 0.2 mM IPTG, and cells were incubated
at 16 °C for 16 h. Bacteria were harvested by
centrifugation (4000 rpm) and lysed by sonication in
GST lysis buffer [20 mM Tris–HCl (pH 7.5), 10 mM
EDTA (pH 8.0), 5 mM EGTA, 150 mM NaCl, 0.1%
β-mercaptoethanol and 1 mM PMSF]. Lysates were
cleared by centrifugation (10,000 rpm) and incu-
bated with Glutathione Sepharose 4B beads (GE
Life Sciences, Freiburg, Germany) on a rotating
platform at 4 °C for 1 h. After five washes in GST
wash buffer [20 mM Tris–HCl (pH 7.5), 10 mM
EDTA (pH 8.0), 150 mM NaCl, 0.5% Triton X-100,
0.1% β-mercaptoethanol and 1 mM PMSF], immo-
bilized proteins were reconstituted in GST storage
buffer [20 mM Tris–HCl (pH 7.5), 0.1% NaN3 and
0.1% β-mercaptoethanol].

GST pull-down assays

Purified proteins (OPTN or ABIN-1) were immobi-
lized on GST beads and combined with 0.5 μg M1-
linked di-Ub chains in 500 μL pull-down buffer
[150 mM NaCl, 50 mM, Tris (pH 7.5), 0.1% Nonidet
P-40, supplemented with 5 mMDTT and 0.25 mg/mL
BSA] [16]. The proteins were incubated on a rotating
platform at 4 °C for 16 h. After fivewasheswith buffer,
the proteins were diluted with SDS sample buffer
[62.5 mM Tris–HCl (pH 6.8), 10% (v/v) glycerol, 2%
(w/v) SDS, 0.02% (w/v) bromophenol blue, 5% (v/v)
β-mercaptoethanol], resolved by SDS-PAGE and
analyzed by immunoblotting with the indicated
antibodies.

Western blotting and antibodies

For immunoblotting, proteins were resolved by
SDS-PAGE and transferred to 0.45-μM nitrocellulose
or PVDF membranes. Blocking and primary antibody
incubations were carried out in 5% BSA in TBS-T
[150 mM NaCl, 20 mM Tris (pH 8.0), 0.1% Tween-
20]. Secondary antibody incubations were carried out
in 5% low-fat milk in TBS-T and washings in TBS-T.
Blots were developed usingWestern Blotting Luminol
Reagent (sc-2048; Santa Cruz). The following anti-
bodies were used in this study: anti-ubiquitin P4D1
(no. 3936; CST) and HRP conjugated goat anti-
mouse (sc-2031; Santa Cruz).

Protein expression and purification for
crystallization

ABIN-1 (mouse, aa 463–532) and M1-linked di-Ub
were cloned into the pGEX-4 T-1 vector (GE
Healthcare) and overexpressed as GST-fusion
proteins in E. coli, BL21 cells. Se-Met containing
ABIN-1 protein was expressed in E. coli DL41 cells
grown in LeMaster medium supplemented with
25 mg/L seleno-L-methionine (Wako Pure Chemical).
Protein expression was induced by the addition of
0.5 mM IPTG, and cells were incubated at 25 °C,
overnight. Harvested cells were lysed by sonication in
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PBS buffer, and supernatant was applied to a
Glutathione Sepharose 4B column (GE Healthcare).
The GST tag was cleaved on the column using
thrombin protease, and protein was eluted with PBS
buffer. Proteins were further purified by gel filtration
chromatography using a Superdex 75 column (GE
Healthcare) in a buffer containing 20 mM Tris–HCl
(pH 8.0) and 150 mM NaCl.

Crystallization, x-ray diffraction data collection
and structure determination

Crystals of ABIN-1 grew in sitting drops containing
20% (w/v) polyethylene glycol 3350 and 0.2 M
sodium malonate (pH 5.0) in the reservoir solution.
Crystals of ABIN-1 in complex with one M1-linked
di-Ub were obtained in a condition containing 20%
(w/v) polyethylene glycol 3350 and 0.2 M ammonium
acetate (pH 7.1). Crystals of ABIN-1 in complex with
two M1-linked di-Ubs were obtained in a condition
containing 30% v/v PEG-MME550, 0.1 M bis–tris
(pH 6.5) and 0.05 M calcium chloride dihydrate. X-ray
diffraction data were collected at Photon Factory
(BL-17A and NW-12A), KEK (Tsukuba, Japan) at
100 K, and processed usingHKL2000 [33] or iMosflm.
The structure was solved using mono-ubiquitin (PDB:
1UBQ), NEMO (PDB: 3F89) and NEMO/M1-linked
di-Ub complex (PDB: 2ZVO) structures as search
models for molecular replacement in MOLREP [34].
Themodel was further built using Coot [35] and refined
by the application of amplitude-based twin refinement
in REFMAC5 [36,37]. Data collection and refinement
statistics are summarized in Table 1. All structure
figures were prepared in PyMOL (PyMOL Molecular
Graphics System, Version 1.5.0.5; Schrödinger).

SPR

The SPR experiments were performed using
the Biacore S200 instrument (GE Healthcare). GST-
tagged UBAN domains isolated from ABIN-1, NEMO
andOPTNwere immobilized on the CM5 sensor chip.
Purified native or mutated M1-linked di- and tetra-Ubs
were prepared in the running buffer that contained
10 mM Hepes (pH 7.4), supplemented with 150 mM
NaCl, and 0.005% Tween 20. Each experiment was
done in triplicate.

ITC

ITC experiments were performed using a VP-ITC
system (MicroCal) using a buffer containing 20 mM
Tris–HCl (pH 8.0) and 150 mM NaCl. The purified
NEMO (aa 250–339), ABIN-1 (aa 463–532) and
M1-linked di-Ub proteins were degassed in prepara-
tion for the experiment. The calorimeter cell and
injection syringe were extensively rinsed with buffer.
The calorimetric titrations were carried out at 30 °C
(NEMO) and 10 °C (ABIN-1, as the protein was found
to be more stable in lower temperature) with a total
number of 30 injections spaced 240 s apart. For each
experiment, ITC data were corrected for the heat of
dilution. The Origin software (version 7) was used to
analyze the data.

MD simulations

We prepared simulation systems for a 2:2 stoichi-
ometry. All systems were parameterized with the
Amber ff14SB all-atom force field [38]. For phos-
phorylated systems, phosphoserines with a net
2− charge were added at the corresponding serine
residues of the UBAN domains. Each system was
solvated with TIP4 water molecules in a periodic
boundary cell with a 10-Å solvent buffer, and
electrostatically neutralized by adding Na+ ions.
Specifics for each system are listed in the table below.
System
 Box dimensions (Å)
 TIP4
waters
Na+
 Total
atoms
NEMO:M1 di-Ub
 154.73, 92.49, 80.76
 32,501
 11
 137,731

pOPTN:M1 di-Ub
 150.10, 92.49, 80.76
 31,716
 21
 134,389

ABIN1:M1 di-Ub
 86.29, 93.28, 129.54
 29,333
 4
 124,580
In the absence of a 2:2 stoichiometry OPTN:M1
di-Ub structure, we prepared an initial model by
threading theOPTN sequence onto the NEMOcrystal
structure. The systemswereminimizedwith a series of
steepest descent and conjugate gradient algorithms
by gradually reducing constraints on the protein
atoms. Hydrogen atoms were constrained with
SHAKE [39]. The time step was set to 1 fs for the
initial phase of the NPT (constant N, pressure, and
temperature) equilibration. After reaching 300 K, the
density of the system was equilibrated during a 10-ns
NPT (T = 300 K, P = 1.01325 bar) run. The temper-
ature was controlled with the Langevin dynamics
method while keeping the pressure constant using
the combined Langevin piston Nose–Hoover method.
Long-range electrostatic interactions were treated with
Particle Mesh Ewald, with a grid spacing of 1 Å.
Nonbonded cutoff was set to 12 Å during minimization
and heating and to 10 Å during the NPT equilibration
andproduction simulation. The integration timestep for
the final stages was increased to 2 fs. All simulations
were performedwith openMMonKepler K20 andGTX
1080 GPUs [40].

Light scattering analysis

Samples for the static light scattering experiments
were prepared using purified M1-linked diUb concen-
trated to 2.3 mM and NEMO UBAN concentrated to
0.74 mM. The proteins were mixed at different molar
ratios (UBAN/M1-Ub2: 0:1, 1:1, 1.5:1, 3:1, 4.5:1, 6:1,
1:0), and the running buffer [50 mMTris–HCl (pH 8.0),
150 mMNaCl) was added to total volume of 40 μL. As
a control, 40 μL of 2 mg/mL bovine serum albumin
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(Pierce) was injected and run under the same
experimental conditions as the samples with NEMO-
UBAN and M1-Ub2. The samples were injected into
the Waters HPLC system equipped with a size-
exclusion column (GE, Superdex 200, 10 × 300),
and Wyatt TREOS (LS) and Optilab (RI) devices in
line. The chromatography systemwas pre-equilibrated
with the running buffer. Data recorded by the UV
detector (280 nm) and the RI and LS devices were
analyzed using the Wyatt's ASTRA V software. The
extinction coefficient for proteins were calculated from
their amino acid composition [41], and dn/dc = 0.185
was used for both proteins [42].

Accession numbers

Atomic coordinates and structure factors of the
ABIN-1 alone, and in complex with one and two M1-
linkd di-Ub chains are deposited in the PDB with
accession codes PDB: 6N6S, 6N5M and 6N6R,
respectively.
Supplementary data to this article can be found

online at https://doi.org/10.1016/j.jmb.2019.06.012.
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