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ABSTRACT

OPTN (optineurin), a ubiquitin-binding scaffold protein, functions as an important macroautophagy/
autophagy receptor in selective autophagy processes. Mutations in OPTN have been linked with human
neurodegenerative diseases including ALS and glaucoma. However, the mechanistic basis underlying the
recognition of ubiquitin by OPTN and its regulation by TBK1-mediated phosphorylation are still elusive.
Here, we demonstrate that the UBAN domain of OPTN preferentially recognizes linear ubiquitin chain and
forms an asymmetric 2:1 stoichiometry complex with the linear diubiquitin. In addition, our results provide
new mechanistic insights into how phosphorylation of UBAN would regulate the ubiquitin-binding ability
of OPTN and how disease-associated mutations in the OPTN UBAN domain disrupt its interaction with
ubiquitin. Finally, we show that defects in ubiquitin-binding may affect the recruitment of OPTN to linear
ubiquitin-decorated mutant Huntington protein aggregates. Taken together, our findings clarify the
interaction mode between UBAN and linear ubiquitin chain in general, and expand our knowledge of the
molecular mechanism of ubiquitin-decorated substrates recognition by OPTN as well as the pathogenesis
of neurodegenerative diseases caused by OPTN mutations.

Abbreviations: ALS: amyotrophic lateral sclerosis; Atg8: autophagy-related protein 8; DAPI: 4',6-diamidino-
2-phenylindole; DiUb: diubiquitin; GFP: green fluorescent protein; HsOPTN: Homo sapiens/human
optineurin; HSQC: heteronuclear single-quantum coherence; HTT-polyQ: polyQ proteins derived from
human huntingtin; IKBKG: inhibitor of nuclear factor kappa B kinase subunit gamma; ITC: isothermal
titration calorimetry; JOAG: juvenile open-angle glaucoma; LIR: LC3-interacting region; MALS: multi-angle
light scattering; mCherry: mCherry fluorescent protein; MM: molecular mass; MmOPTN: Mus musculus/
mouse optineurin; NMR: nuclear magnetic resonance; OPTN: optineurin; TBK1: TANK-binding kinase 1;
UBAN: ubiquitin binding in TNIP/ABIN and IKBKG/NEMO proteins.
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Introduction

Autophagy, a highly conserved and lysosome-dependent intra-
cellular catabolic process in eukaryotes, plays essential roles in
maintaining cellular homeostasis and/or adapting to various
cellular stresses.'> Although autophagy was thought to be a
nonselective process that indiscriminately engulfs and seques-
ters cellular components for autophagic degradation, increasing
evidences suggest that at least a subset of autophagy-mediated
degradations, including bulk protein aggregates, dysfunctional
organelles and cytosol-invading pathogens, are highly selective,
and require specific substrate-recognition and targeting by the
autophagy machinery.>*® During these selective autophagy
processes, a panel of unique adaptor proteins termed autoph-
agy receptors plays crucial roles.””'° In mammals, the currently
known autophagy receptors including SQSTM1/p62, NBR1
(NBRI, autophagy cargo receptor), OPTN (optineurin), CAL-
COCO2/NDP52 (calcium binding and coiled-coil domain 2),

TAXI1BPI (Tax1 binding protein 1), FUNDCI1 (FUN14 domain
containing 1), BNIP3L (BCL2 interacting protein 3 like),
STBD1 (starch binding domain 1), TRIM5/TRIM5«, NCOA4
(nuclear receptor coactivator 4), LMNBI1 (lamin BI1), and
RETREG1/FAM134B (reticulophagy regulator 1), can be mainly
divided into 2 categories, soluble autophagy receptors and mem-
brane-associated autophagy receptors, all of which contain an
LC3-interacting region (LIR) that can specifically recruit the
Atg8-family proteins and a cargo-associating motif, which can
associate with certain types of autophagic cargoes.”'” Accord-
ingly, autophagy receptors can function as bridging adaptors to
specifically link the cargoes to the autophagy machinery for their
subsequent autophagic degradation. In order to timely and effi-
ciently remove the deleterious substrates during selective autoph-
agy, the functions of autophagy receptors are subject to tight
regulation.>”” In this regard, the phosphorylation of autophagy
receptors in higher eukaryotes regulates autophagy in response
to diverse cellular stresses by not only tuning the associations of
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autophagy receptors with cargoes but also affecting the interac-
tions between the autophagy receptors and Atg8-family pro-
teins.”’>* However, the molecular mechanisms of those
phosphorylation-dependent regulations of autophagy receptors
are still not well understood.

Similar to that K48 ubiquitination of degradative substrates
for proteasomes, the ubiquitation of substrates is also thought
to mark substrates for autophagic degradation.””'***** Many
substrates of selective autophagy are decorated with ubiquitin
proteins before they can be discriminated by the ubiquitin-
binding autophagy receptors.>”** For instance, in aggrephagy
(the selective autophagy of bulk aggregated proteins), the bulk
protein aggregates are marked with polyubiquitin chains which
serve as recognition signals for the recruitment of autophagy
receptors together with downstream autophagic machinery.>>*°
Ubiquitin has an extreme N-terminal methionine residue and 7
lysine residues (K6, K11, K27, K29, K33, K48, and K63), all of
which can be used to form distinct linkage types of ubiquitin
chains.””*® Different linkage types of ubiquitin chains can be
selectively recognized by specific ubiquitin-binding proteins
and are endowed with distinct cellular functions in mammalian
cells.?”?%° So far, the M1-linked, K48-linked, and K63-linked
polyubiquitin chains are found in selective autophagy pro-
cesses, and are implicated as specific degradation signals.”>*' ">
However, given that there are many different ubiquitin-binding
autophagy receptors, how the ubiquitin-modified substrates are
selectively and efficiently recognized by certain types of autoph-
agy receptors is an important question that needs to be
understood.

OPTN is a ubiquitin-binding autophagy receptor and partic-
ipates in xenophagy (the selective autophagy of pathogens),*’
aggrephagy,”* and recently is reported to participate in depolar-
ization-dependent mitophagy (the selective autophagy of mito-
chondria).*"*>*° The N-terminal part of OPTN mainly
contains 2 coiled-coil domains sandwiching a LIR muotif,
whereas its C-terminal part has a ubiquitin-binding UBAN
(ubiquitin binding domain in IKBKG/NEMO and TNIPs/
ABINs) domain followed by a zinc finger (Fig. 1A). The UBAN
domain of OPTN is homologous to that of IKBKG,” a crucial
regulatory subunit of the IKK complex involved in the NFKB1/
NF-«B pathway, and binds preferentially to the M1-linked or
linear ubiquitin chain as well as the K63-linked chain.*®** The
N-terminal coiled-coil domain of OPTN directly interacts with
the C-terminal domain of TBKI1 to mediate the stable OPTN-
TBK1 hetero-tetramer complex formation.*"** Interestingly,
the functions of OPTN in selective autophagy are tightly regu-
lated by TBKI. Particularly, TBK1 can directly phosphorylate
the S172 residue adjacent to the LIR motif of OPTN to
enhance the binding affinities of OPTN to Atg8-family pro-
teins,” and the S473 residue located within the UBAN region
to increase the ability of OPTN to recognize ubiquitin pro-
teins,”** thereby promoting the efficiency of OPTN-involved
selective autophagy processes. However, the structural mecha-
nisms governing the selective recognition of ubiquitin proteins
by the OPTN UBAN domain and its regulation by TBK1-medi-
ated phosphorylation are still poorly understood. Many mis-
sense and truncation disease-causing mutations in the UBAN
region of OPTN are found in patients with amyotrophic lateral
sclerosis (ALS), frontal temporal dementia and glaucoma,43 -0

AUTOPHAGY 67

supporting the functional importance of this domain. However,
it is not clear how such mutations lead to these devastating
human diseases, and the underlying disease mechanism caused
by these UBAN mutations remains to be elucidated.

To address the molecular basis of ubiquitin recognition by
OPTN as well as its regulation by TBK1, we biochemically
and structurally characterized the interactions of the UBAN
region of OPTN with different ubiquitin proteins, and dis-
covered that the UBAN domain of OPTN preferentially rec-
ognizes linear ubiquitin chain and forms a stable 2:1
stoichiometry complex with the linear diubiquitin. We pro-
vide the first atomic structure of the OPTN UBAN domain
in complex with linear diubiquitin, demonstrating the molec-
ular mechanism by which a UBAN dimer asymmetrically
binds to a linear diubiquitin. We reveal mechanistic insights
as to how phosphorylation of the OPTN Ser473 residue
would promote the ability of the UBAN domain of OPTN to
bind ubiquitin proteins. Furthermore, our study also pro-
vides structural explanations as to the functional significance
of several disease-associated mutations found in the OPTN
UBAN region in autophagic degradation. In all, our findings
expand our knowledge on the molecular mechanism of ubiq-
uitin-decorated autophagic substrates recognition by OPTN
as well as the mutual regulation between OPTN and TBKI1
in selective autophagy. Our results have implication in our
understanding the pathogenesis of neurodegenerative dis-
eases caused by OPTN defects.

Results

The UBAN domain of OPTN selectively recognizes the
linear ubiquitin chain and forms a 2:1 stoichiometry
complex with the linear diubiquitin

As an IKBKG/NEMO-like ubiquitin-binding autophagy recep-
tor, OPTN relies on its UBAN domain to specifically recognize
ubiquitinated cargoes for autophagic degradation.’”** To eluci-
date the molecular interaction mechanism between OPTN
UBAN and ubiquitin proteins, we first carried out a sequence
alignment of OPTN from different species, which showed that
the UBAN region of OPTN (residues 399 to 509 of human
OPTN, hereafter referred to as HsSOPTN(399 to 509)) is highly
conserved throughout evolution (Fig. S1A), in line with its cru-
cial roles in mediating the autophagic function of OPTN. Next,
using purified recombinant proteins, we biochemically charac-
terized the interactions of the OPTN UBAN region (residues
417 to 512 of mouse OPTN, hereafter referred to as MmOPTN
(417 to 512)) with monoubiquitin and different linkage types
of ubiquitin chains implicated in the OPTN-involved selective
autophagy processes including M1-linked diubiquitin (hereaf-
ter referred to as DiUb[M1]), K48-linked diubiquitin (hereafter
referred to as DiUb[K48]), and K63-linked diubiquitin (hereaf-
ter referred to as DiUb[K63]). Analytical gel filtration chroma-
tography assays showed that the OPTN UBAN domain can
specifically bind to the DiUb(M1) and DiUb(K63), but is
unable to interact with the monoubiquitin or DiUb(K48)
(Fig. 1B; Fig. S1B to D). In addition to confirming that there is
no detectable interaction between the OPTN UBAN and
monoubiquitin or DiUb(K48) (Fig. S1E and F), quantitative
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Figure 1. Biochemical characterization of the OPTN and DiUb(M1) interaction. (A) A schematic diagram showing the domain arrangements of OPTN. (B) Analytical gel fil-
tration chromatography analyses of the interaction between MmOPTN(417 to 512) fragment and DiUb(M1). mAU, milli absorbance unit. (C) ITC-based measurement of
the binding affinity of the MmOPTN UBAN region with DiUb(M1). The K;, error is the fitted error obtained from the data analysis software, when using the one-site binding
model to fit the ITC data. The ITC-measured N value, which is related to the binding stoichiometry, indicates that the binding stoichiometry of MmOPTN UBAN and DiUb
(M1) interaction is 2:1. (D) Superposition plot of the 'H-">N HSQC spectra of DiUb(M1) titrated with unlabeled MmOPTN(417 to 512) proteins at different molar ratios. In
this drawing, the residues of distal and proximal ubiquitin in the DiUb(M1) were labeled with “D” and “P”, respectively. For clarity, the insert shows the enlarged view of a

representative region of the overlaid 'H-'>N HSQC spectra.

ITC analyses also revealed that the OPTN UBAN efficiently
binds to DiUb(M1) and DiUb(K63), but with distinct binding
affinity Kp values, about 2.06 uM and 60.70 pM, respectively
(Fig. 1C; Fig. S1G). Thus, our data clearly demonstrated that
the OPTN UBAN domain preferentially binds to a linear ubiq-
uitin chain. Notably, the ITC-measured N value of MmOPTN
(417 to 512) and DiUb(M1) interaction is 0.47, very close to 0.5
(Fig. 1C), indicating that the stoichiometry of the OPTN
UBAN binding to DiUb(M1) is 2:1. Furthermore, MALS-based
measurement demonstrated that the OPTN UBAN is a dimer
in solution and the binding stoichiometry between the OPTN
UBAN and DiUb(MI1) in solution is 2:1, as the measured
molecular mass (MM) of HsOPTN(399 to 509) is about
24.4 kD, roughly 2-fold of its theoretical MM, and the mea-
sured MM of purified HsSOPTN(399 to 509)-DiUb(M1) com-
plex is about 35.9 kD, close to the theoretical MM of one
OPTN UBAN dimer in complex with one DiUb(M1) molecule
(Fig. S2A). To further validate that the binding stoichiometry
between the OPTN UBAN and DiUb(M1) is 2:1 rather than

2:2, we also designed a biochemical assay using the purified
HsOPTN(399 to 509) fused with a DiUb(M1) through a TEV
enzyme cutting site, and then digested by TEV enzyme. The
following FPLC combined with SDS-PAGE analyses revealed
that a large amount of DiUb(M1) proteins were disassociated
from the HsOPTN(399 to 509)-DiUb(M1) complex (Fig. S2B,
C), indicating that the binding stoichiometry of OPTN UBAN
to DiUb(M1) is unlikely to be 2:2.

We also used NMR spectroscopy to further characterize the
interaction between DiUb(M1) and the OPTN UBAN domain.
Titration of '°N-labeled DiUb(M1) with MmOPTN(417 to
512) fragment showed that a select set of peaks in the 'H-">N
HSQC spectrum of DiUb(M1) underwent significant peak-
broadening (Fig. 1D), confirming that the OPTN UBAN region
can specifically bind to the linear ubiquitin chain. After back-
bone assignments, we found that majority of residues on the
distal and proximal ubiquitin of DiUb(M1) only showed one
set of peaks in the "H-""N HSQC spectrum, however, some res-
idues displayed 2 distinct sets of peaks in the spectrum due to



the different chemical environments of those residues in the
distal and proximal ubiquitin, such as M1, Q2, 13, V17, E18,
S20, R74, G75 and G76 (Fig. 1D). Importantly, further analyses
revealed that these 2-peak residues showed very different peak-
broadening profiles when titrated with the MmOPTN(417 to
512) protein (Fig. 1D). For instance, in the presence of the 2:1
molar ratio of the OPTN fragment, the peaks corresponding to
the I3 and G75 residues in the distal ubiquitin of DiUb(M1)
completely disappeared, but their counterparts in the proximal
ubiquitin were still well detectable (Fig. 1D), suggesting that the
OPTN UBAN binds to different surfaces of 2 ubiquitin moie-
ties in the DiUb(M1). Altogether, our systematically biochemi-
cal analyses clearly demonstrated that the OPTN UBAN
domain selectively recognizes linear diubiquitin to form a 2:1
stoichiometry complex.

Overall structure of the OPTN UBAN domain in complex
with the linear diubiquitin

To uncover the mechanistic basis underlying the specific
interaction between the OPTN UBAN domain and DiUb
(M1), we sought to determine their complex structure. Fortu-
nately, after more than 2 y of extensive crystal screening and
optimization, we were finally able to obtain good crystals that
diffracted to 3.0 A using the purified complex protein formed
by MmOPTN(417 to 512) and DiUb(M1). The complex struc-
ture was determined by the molecular replacement method
using the previously solved structure of the IKBKG UBAN
dimer (PDB ID: 2ZVO0),”® and a ubiquitin monomer structure
as the search modes (Table S1). In the final refined structural
model, each asymmetric unit contains 4 OPTN molecules and
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2 DiUb(M1), to form 2 2:1 stoichiometry complexes (Fig. 2A),
in line with our aforementioned ITC and MALS results that 2
OPTN UBAN molecules bind to one DiUb(M1) (Fig. 1C; Fig.
S2A). In the complex structure, each MmOPTN UBAN region
adopts a crescent-shaped continuous o«-helix, and packs
together to form a parallel coiled-coil homodimer (Fig. 2A).
Intriguingly, the DiUb(M1) molecule asymmetrically binds to
one surface side of the OPTN coiled-coil dimer in the complex
structure (Fig. 2A), and packs extensively with a solvent-
exposed elongated groove formed by 2 OPTN helices, burying
a total surface area of ~940 A? (Fig. 2A, B). Further structural
comparison revealed that the binding mode of the OPTN
UBAN domain to DiUb(M1) is very similar to that of the
interaction of the IKBKG UBAN domain and DiUb(M1) (Fig.
S3), however, the binding stoichiometry of the 2 complexes is
totally different. In contrast to the 2:1 stoichiometry of
OPTN-DiUb(M1) complex, in the crystal structure of the
IKBKG-DiUb(M1) complex (PDB ID: 2ZVO), the 2 DiUb
(M1) molecules symmetrically accommodate 2 surface sides
of the IKBKG dimer,’® resulting in a 2:2 stoichiometry com-
plex (Fig. S3B, C).

The molecular interface of the OPTN and linear diubiquitin
complex

Consistent with our NMR data, in the MmOPTN-DiUb(M1)
complex structure, 2 ubiquitin moieties in the DiUb(M1) bind
differentially to MmOPTN (Fig. 2). Further structural analysis
revealed that the distal ubiquitin of DiUb(M1) interacts with
both chains of the OPTN dimer through its canonical Ile44
hydrophobic patch together with the C-terminal tail, while the

Figure 2. Overall structure of MmOPTN(417 to 512) in complex with the DiUb(M1). (A) Ribbon diagram showing the overall structure of MmOPTN(417-512)-DiUb(M1)
complex. In this drawing, MmOPTN(417 to 512) is shown in forest green, distal- and proximal- ubiquitin of DiUb(M1) in olive and orange, respectively. (B) The surface
representation showing the overall architecture of MmOPTN(417 to 512)-DiUb(M1) complex with the same color plan as in panel (A).
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Figure 3. The molecular interface of the MmOPTN(417 to 512)-DiUb(M1) complex. (A) The combined surface representation and the ribbon-stick model showing the inter-
action interface between the MmOPTN UBAN region and DiUb(M1). In this presentation, the DiUb(M1) molecule is shown in the surface model and MmOPTN in the rib-
bon-stick model. The hydrophobic amino acid residues in the surface model of DiUb(M1) are drawn in yellow, the positively charged residues in blue, the negatively
charged residues in red, and the uncharged polar residues in gray. The key residues of MmOPTN and DiUb(M1) involved in the interaction were labeled in red and black,
respectively. (B) Stereo view of ribbon-stick model showing the detailed interactions between MmOPTN and the distal ubiquitin of DiUb(M1). The hydrogen bonds and
salt bridges involved in the binding are shown as dotted lines. (C) Stereo view of ribbon-stick model showing the detailed interactions between MmOPTN and the proxi-

mal ubiquitin of DiUb(M1).

proximal ubiquitin contacts only one chain of OPTN dimer via
a solvent-exposed surface, which is composed of polar residues
and adjacent to the Ile44 hydrophobic site (Fig. 3A). Specifi-
cally, the interaction between OPTN and distal ubiquitin is pri-
marily mediated by hydrophobic and polar interactions
(Fig. 3A, B). In particular, the hydrophobic side chains of
Val466, Ala469 and Val473 from one chain of the OPTN dimer
pack against the canonic ubiquitin hydrophobic patch formed
by the side chains of Ile44 and Val70 from the distal ubiquitin,
and the side chain of Leu73 located at the C-terminal tail of the
distal ubiquitin is embedded in the hydrophobic pocket formed
by the side chains of Tyr474 from one chain of the OPTN
dimer and Cys475, Phe478 from the other chain of the OPTN
dimer (Fig. 3B). Furthermore, the polar side chain groups of
OPTN Glu462, Ser476 and Asp477 residues form 3 hydrogen
bonds with the side chains of His68 and Arg72 as well as the
backbone amide of Leu73 from the distal ubiquitin, respectively
(Fig. 3B). In addition, 2 pairs of salt bridges between the nega-
tively charged Asp477, Glu481 residues of OPTN and the posi-
tively charged Arg72, Arg74 residues of distal ubiquitin further
strengthen the OPTN and distal ubiquitin interaction (Fig. 3B).
In contrast, the interaction between proximal ubiquitin and the
OPTN UBAN domain is highly specific and only mediated by

polar interactions (Fig. 3A, C). Particularly, the side chains of
OPTN Arg482, Arg485 and Glu490 residues interact with the
side chains of Glu92, Glu140 and Lys87 in the proximal ubiqui-
tin to form 3 salt bridges, respectively, and the Arg482, Arg485,
Glu486, His489 residues of OPTN coupled with the Thr90,
GIn78, Thr88 and Thr142 residues of the proximal ubiquitin to
form 5 hydrogen bonds (Fig. 3C). Notably, the residues of
OPTN involved in the proximal ubiquitin-binding and which
mediated the interaction with the canonical Ile44 hydrophobic
patch of distal ubiquitin are located at the different chains of
OPTN dimer, and Leu73 is the only residue of DiUb(M1),
which simultaneously binds to both chains of OPTN dimer
(Fig. 3). Importantly, all the key residues involved in the bind-
ing interface either from OPTN or ubiquitin are highly con-
served throughout evolution (Fig. S1A; Fig. S4). Using
quantitative ITC analysis, we further verified the specific inter-
action between OPTN and DiUb(M1) observed in the complex
structure (Fig. S5). In agreement with the structural data, indi-
vidual point mutations of the key residues involved in the bind-
ing interface either from OPTN or DiUb(M1), such as the
V466S, D477R, F478A, E486A mutations of OPTN (Fig. S5A to
D) or the 144A, L73S, R74E, T90R mutations of DiUb(M1)
(Fig. S5E to H), all largely attenuated or essentially



abolished the specific interaction between OPTN and DiUb
(M1) (Fig. S5).

Phosphorylation of MmOPTN $476 changes the binding
affinities and selectivity of UBAN to ubiquitin proteins

Recent studies reveal that the TBK1 kinase can directly phos-
phorylate the Ser473 residue of human OPTN (corresponding
to Ser476 in the mouse OPTN) to promote the ubiquitin-bind-
ing ability of OPTN.*"** In our MmOPTN-DiUb(M1) complex
structure, one of the 2 Ser476 residues of MmOPTN dimer is in
close proximity to a highly positively charged surface of the dis-
tal ubiquitin in the bound DiUb(M1) (Fig. 4A), and its side
chain forms a weak hydrogen bond with the positively-charged
Arg72 residue of the distal ubiquitin (Fig. 4B). Thus, once the
Ser476 residue was phosphorylated, the negatively charged
phosphate group would enhance the interaction between
OPTN and distal ubiquitin, which provides a mechanistic
explanation for phosphorylation-mediated enhancement of its
interaction with ubiquitin.

To further examine the effects induced by the S476-phos-
phorylation on the binding of the MmOPTN UBAN region to
ubiquitin proteins, we purified the recombinant MmOPTN
(417 to 512) protein with the S476E mutation that mimics the
S476-phosphorylation state of the MmOPTN UBAN, and ana-
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lyzed its interactions with different ubiquitin proteins. The
ITC-based measurements revealed that the phosphomimetic
S476E mutant of MmOPTN showed a stronger binding to
DiUb(M1) or DiUb(K63) than that of wild-type MmOPTN
protein (Fig. S6A and B; Fig. 4C). Strikingly, in contrast to the
wild-type MmOPTN that only selectively recognized DiUb
(M1) and DiUb(K63), the S476E mutant of the MmOPTN
UBAN domain has lost this selectivity and interacted with the
monoubiquitin and DiUb(K48) with very similar binding affin-
ity Kp, values of about 2.52 M and 2.88 uM, respectively (Fig.
S6C and D; Fig. 4C). Since the phosphomimetic S476E mutant
can effectively recognize monoubiquitin, therefore any type of
polyubiquitin chain was likely to be recognized by the
MmOPTN UBAN once its S476 residue was phosphorylated by
TBKI1. Thus, the phosphorylation of S476 on the MmOPTN
UBAN region, by TBK1 could dramatically change the binding
affinities and selectivity of OPTN to ubiquitin proteins, thereby
expanding the capability of OPTN to recognize different types
of ubiquitinated cargoes for autophagic degradation.

The phosphorylation of the Ser65 residue of ubiquitin by the
PINK1 kinase during the mitophagy affects the interactions
between OPTN and ubiquitin proteins.*"*> However, our struc-
tural analysis showed that the 2 corresponding serine residues
in DiUb(M1), Ser65 (the Ser65 residue in the distal ubiquitin)
and Ser141 (the Ser65 residue in the proximal ubiquitin), are
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Figure 4. Phosphorylation of the OPTN UBAN domain by TBK1 promotes the ability of UBAN to bind to different ubiquitin proteins. (A) The combined surface charge
representation and the ribbon-stick model showing the overall position of the critical Ser476 residues in the MmOPTN-DiUb(M1) complex. In this presentation, the side
chains of S476 on the MmOPTN UBAN domain are highlighted and shown in the stick-ball model. (B) The combined ribbon and stick-sphere representations showing the
detailed roles of the MmOPTN S476 residue in the OPTN and DiUb(M1) interaction. In this drawing, the side chains of the key residues are shown in the stick mode, and
the hydrogen bond is indicated by a black dashed line. (C) The measured binding affinities between different MmOPTN and ubiquitin proteins by ITC-based assays. N.D.
indicates that the Kp value is not detectable. The Kp, errors are the fitted errors obtained from the data analysis software, when using the one-site binding model to fit

the ITC data.
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far away from the MmOPTN dimer and are not directly
involved in the binding interface of the MmOPTN-DiUb(M1)
complex (Fig. S7A and B; Fig. 3). In addition, further quantita-
tive ITC analyses showed that the phosphomimetic S65E
mutant of monoubiquitin was unable to interact with the
MmOPTN UBAN domain (Fig. 4C; Fig. S6E), and the binding
affinity of the phosphomimetic S65E and S141E double mutant
of DiUb(M1) towards MmOPTN is very similar to that of the
wild-type DiUb(M1) protein (Fig. 4C; Fig. S6F). Accordingly,
the phosphorylation of ubiquitin on Ser65 residue may be
unlikely to regulate the interactions between the OPTN UBAN
and ubiquitin proteins.

Mechanistic insights into the disease-causing mutations in the
OPTN UBAN region. Previous studies have identified 3 dis-
ease-associated missense mutations located at the UBAN
region of OPTN from human patients,*>*® of which Q454E
and E478G are associated with ALS,*® and the H486R mutation
is linked with juvenile open-angle glaucoma (JOAG).”" In addi-
tion, the D474N mutation of human OPTN has been a subject
of functional studies.”**>>> According to our determined
MmOPTN-DiUb(M1) complex structure, although the Q457
residue of MmOPTN (corresponding to Q454 in the human

OPTN) does not directly participate in the ubiquitin-binding,
the Q454E mutation is likely to alter the dimeric structure of
OPTN and thus, might indirectly affect the binding with ubiq-
uitin (Fig. 3). However, we could not directly investigate this
possibility as the recombinant protein of the Q454E mutation
of the OPTN UBAN domain, expressed in E. coli cells is in
inclusion bodies. In contrast, the other 3 residues that were
associated with human ALS or JOAG, D474, E478 and H486
(corresponding to D477, E481 and H489 in the mouse OPTN),
are all directly involved in the DiUb(M1)-binding of OPTN
(Fig. 5A-C). Particularly, the side chain of MmOPTN D477
forms a salt bridge with the side chain of R72 and a hydrogen
bond with the backbone amine group of L73 from the distal
ubiquitin (Fig. 5A), the negatively charged E481 residue forms
a charge-charge interaction network with the positively charged
R74 residue from distal ubiquitin as well as the adjacent R482
and R485 residues from the neighbor chain of the MmOPTN
dimer (Fig. 5B), and the side chain of H489 forms 2 pairs of
hydrogen bonds with the side chain hydroxide groups of T88
and T142 residues from the proximal ubiquitin (Fig. 5C). Thus,
the D477N, E481G and H489R mutations of OPTN are pre-
dicted to disrupt or disturb those interactions seen in the wild-
type MmOPTN-DiUb(M1) complex (Fig. 5A-C). Consistent
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Figure 5. Mechanistic insights into the disease-causing OPTN mutations in the UBAN domain. (A to C) The combined ribbon and stick-dot representations showing the
detailed roles of MmOPTN D477 (A), E481 (B) and H489 (C) residues in the OPTN UBAN domain and DiUb(M1) interaction. In this drawing, the side chains of key residues
are shown in the stick model, and the salt bridges, hydrogen bonds and charge-charge interactions are indicated by black dashed lines. (D to F) The ITC-based measure-
ments of the affinities of the D474N (D), E478G (E) and H486R (F) mutants of HsOPTN(399 to 509) to bind with DiUb(M1). The Ky errors are the fitted errors obtained from

the data analysis software, when using the one-site binding model to fit the ITC data.



with the structural predictions, ITC analyses revealed that the
E478G mutation of HsOPTN totally abolished the interaction
between OPTN and DiUb(M1), while the D474N and H486R
mutations significantly attenuated the binding affinity of
OPTN to DiUb(M1) (Fig. 5D to F). Collectively, our data dem-
onstrate that all the currently known disease-causing OPTN
mutations in the UBAN region are likely to directly or indi-
rectly affect the binding ability of the OPTN UBAN domain to
ubiquitin, and thereby interfere with the functions of OPTN in
selective autophagy or other signaling pathways.

Cellular colocalization of OPTN and HTT-polyQ aggregates
required the specific interaction between the OPTN UBAN
domain and ubiquitin

OPTN was found to be a common component in neuronal
aggregates associated with many neurodegenerative diseases,"’
such as ALS and Huntington disease.*>** To mimic the Hun-
tington disease condition, we sought to test the cellular localiza-
tion of OPTN with HTT-polyQ aggregates in HeLa cells. In
order to exclude the potential interference by endogenously
expressed OPTN, we first generated an OPTN-knockout HeLa
cell line using CRISPR-Cas9 technology (Fig. S8; Fig. 6A). As
expected, the GFP-HTT140Q forms bulk cellular aggregates in
transfected OPTN-knockout cell (Fig. S9A and B). Interestingly,
using an antibody that can specifically recognize M1-linked
ubiquitin chains, we found that those GFP-HTT140Q aggre-
gates were well decorated with M1-linked ubiquitin proteins
(Fig. S9A), and the mCherry-tagged human OPTN were readily
recruited to those Mil-linked ubiquitin chain-positive
HTT140Q aggregates in cotransfected cells (Fig. S9B). In addi-
tion, our image data showed that overexpression of OTUBI, a
deubiquitinating enzyme that can specifically suppress the
K63-linked ubiquitin chain formation,”® did not affect the
colocalization of OPTN with HTT140Q aggregates (Fig. S9C
and D). Therefore, our data strongly implied that the recruit-
ment of OPTN to HTT140Q aggregates is mainly driven by the
presence of M1-linked ubiquitin in Huntingtin protein aggre-
gates. Next, we investigated the roles of the interaction of the
OPTN UBAN domain and ubiquitin, as well as the disease-
associated E478G and H486R mutations of OPTN, on the cel-
lular colocalizations of OPTN with HTT-polyQ aggregates in
HeLa cells. We cotransfected different mCherry-tagged human
OPTN variants with the GFP-tagged HTT140Q into those
OPTN-knockout cells, and analyzed the colocalization of those
OPTN variants with the HTT-polyQ aggregates. Consistent
with the data reported earlier,”* when cotransfected, the exoge-
nously expressed wild-type OPTN displayed a diffused localiza-
tion pattern, but formed some large puncta that colocalized
well with the bulk HTT140Q inclusions in the cytoplasm of
transfected cells (Fig. 6B, J). In contrast, the 1463S mutation of
human OPTN (corresponding to the V466S mutant of mouse
OPTN) displayed an attenuated ability to colocalize with the
HTT-polyQ puncta (Fig. 6C, ]), in line with the aforementioned
structural and biochemical results (Fig. 3B; Fig. S5A). Interest-
ingly, the S473A mutant that is unable to be phosphorylated on
the UBAN domain by TBKI1 and the phosphomimetic S473E
mutant of OPTN both colocalized with the HTT-polyQ aggre-
gates in the cotransfected HeLa cells (Fig. 6D, E and J),
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indicating that the recruitment of OPTN to HTT140Q aggre-
gates is not mediated by TBK1-mediated phosphorylation of
the UBAN domain. On the other hand, the D474R, F475A and
ALS-related E478G mutations of OPTN, all of which essentially
abolished the interaction between the OPTN UBAN region and
DiUb(M1) in vitro as shown by our biochemical and structural
analyses, significantly abrogated the colocalization of OPTN
with the HTT140Q puncta (Fig. 6F-H and J). In addition, the
JOAG-associated H486R mutant of OPTN, which showed a
decreased binding affinity to DiUb(M1), exhibited an reduced
colocalization with the HTT140Q inclusions (Fig. 6I, J). As
control, when expressed individually, mCherry-tagged OPTN
proteins mainly displayed a diffused localization, and the
OPTN wild type together with some mutants (S473A and
S473E) that still can strongly bind to ubiquitin, also formed
many small puncta in the cytosol of transfected cells (Fig. S10).
However, all of them were unable to form very large puncta as
found in the coexpression system with HTT140Q. Therefore,
all the above data demonstrated that the ubiquitin-binding abil-
ity of the OPTN UBAN domain is crucial for OPTN to colocal-
ize with HTT140Q protein aggregates in transfected cells.

Discussion

Previously, the interaction between the IKBKG UBAN domain
and ubiquitin proteins has been extensively characterized, how-
ever, the exact interaction mode is still elusive.”®*>*”*® In par-
ticular, biochemical analyses demonstrates that the binding
stoichiometry of IKBKG to DiUb(M1) is 2:1,> while the solved
crystal structure of the IKBKG UBAN-DiUb(M1) complex
(PDB ID: 2ZVO) shows a 1:1 stoichiometry ratio.®® In this
study, we demonstrated that the binding stoichiometry between
the OPTN UBAN and DiUb(M1) is 2:1. Given that the OPTN
UBAN forms a symmetric dimer containing 2 binding sites for
the DiUb(M1), it is puzzling why the OPTN UBAN dimer only
asymmetrically binds to one DiUb(M1) molecule. Based on the
dimeric nature of OPTN UBAN structure, one potential expla-
nation is that once a DiUb(M1) molecule bound to one of the
binding sites on the OPTN dimer, it would induce conforma-
tion changes on the other site, thereby to preclude its ability to
interact with other DiUb(M1) molecules. Indeed, detailed
structural comparison of the ubiquitin-bound site with the cor-
responding ubiquitin-free site in the MmOPTN-DiUb(M1)
complex structure revealed that when DiUb(M1) binds to the
OPTN UBAN dimer on one binding site, the dimeric UBAN
helices on the other site would exhibit an significant “inward”
rotation (Fig. S11), thereby the inter-residue arrangements of
some critical residues for the DiUb(M1) binding in the 2 sites
are quite different (Fig. S11). Notably, the space among the
Y474, C475 and F478 in the ubiquitin-free site is much smaller
than that of the ubiquitin-bound site, and thus, due to the
increasing steric hindrance, the bulk hydrophobic side chain of
L73 from distal ubiquitin is unable to occupy this distorted
hydrophobic pocket in the ubiquitin-free site (Fig. S11). In
addition, the assumed distances between the positive-charged
side chains of R72, R74 on distal ubiquitin and the negative-
charged side chains of D477, E481 on the ubiquitin-free site
of UBAN are much larger than that of on the ubiquitin-
bound site (Fig. S11). Given that all these hydrophobic and
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Figure 6. The specific interaction between the OPTN UBAN domain and ubiquitin is required for the cellular colocalization of OPTN and HTT-polyQ aggregates in trans-
fected Hela cells. (A) Western blot analyses of OPTN expression in the wild-type Hela cells and OPTN ™~ Hela cells generated by the CRISPR/Cas9 system. The anti-tubulin
analysis is used as the input assay. (B to |) Cotransfection of GFP-HTT140Q with different OPTN variants in OPTN™'~ Hela cells, after 48 h, the cell images containing GFP-
positive puncta were captured using a Leica microscope equipped with LAS X software system, and the nuclei were shown by staining with DAPI. Scale bar: 10 um. In
this assay, when cotransfected, the wild-type OPTN colocalizes very well with the GFP-HTT140Q aggregate clusters in the cytosol (B). The 1463S mutant of OPTN, which
displays a decreased binding ability with DiUb(M1) in vitro, shows a dramatically reduced colocalization with the HTT140Q puncta in cells (C). The S473A mutant that is
unable to be phosphorylated on the UBAN domain colocalizes well with the HTT140Q aggregates (D). The phosphomimetic S473E mutant of OPTN that displays an
enhanced binding ability to different ubiquitin proteins in vitro, also colocalizes very well with the HTT140Q clusters (E). The D474R (F), F475A (G) and the ALS-related
E478G mutations of OPTN (H), which would totally abolish the interaction between OPTN UBAN and DiUb(M1) in vitro, largely abrogate the colocalization of OPTN with
the HTT140Q puncta. The JOAG-associated H486R mutant of OPTN, which shows a decreased binding affinity to DiUb(M1), exhibits an obviously reduced colocalization
with HTT140Q clusters (I). (J) Statistical results related to the colocalizations of the GFP-HTT140Q aggregates and the mCherry-tagged OPTN variants in the cotransfected
OPTN™'~ Hela cells shown as a Pearson correlation. The Pearson correlation coefficient analysis was performed using the LAS X software based on a randomly selected
region that roughly contains one cotransfected Hela cell. The data represent mean=s.d. of >50 analyzed cells (selected regions) from 3 independent experiments. The
unpaired Student t test analysis was used to define a statistically significant difference, and the stars indicate the significant differences between the indicated bars
(***P<0.001) and n.s. stands for not significant.

charge-charge interactions are essential for the interaction of
the OPTN UBAN domain and DiUb(M1), based on our afore-
mentioned data (Fig. 3; Fig. S5), these allosteric changes on the
ubiquitin-free site of the OPTN UBAN region are likely to pro-
hibit the interaction between UBAN dimer and other DiUb
(M1), thereby the OPTN UBAN dimer can only asymmetri-
cally bind to one DiUb(M1) molecule.

It is also worthwhile to mention that based on our structural
modeling analyses, the OPTN-DiUb(M1) complex with a 2:1

stoichiometry may make it possible for the TBK1-mediated
phosphorylation of OPTN dimer at the UBAN region, as one
of the Ser473 residues is unoccupied by the ubiquitin proteins
and is exposed to the solvent (Fig. S12A). In contrast, in the
assumed 2:2 stoichiometry complex, both Ser473 residues of
OPTN UBAN dimers are directly involved in the ubiquitin
binding and are unlikely to be phosphorylated by TBK1 due to
the potential steric exclusion induced by the bound ubiquitin
proteins (Fig. S12B). Thus, this unique asymmetric interaction



between the linear ubiquitin chain and the dimeric OPTN may
have functional significance for the downstream TBK1-medi-
ated phosphorylation of OPTN. The interaction between
UBAN and linear ubiquitin proteins is still in debate in the lit-
erature,”®”® and all the previously reported crystal structures of
the UBAN and linear ubiquitin complex are obtained by just
mixing 2 proteins together rather than using the purified pro-
tein complex.’®> Presumably due to crystal packing, the
UBAN dimer of IKBKG or OPTN in those determined com-
plex structures all symmetrically binds to 2 linear ubiquitin
molecules.”® Therefore, our structural study clarified a long-
standing question, how a UBAN domain exactly interacts with
the linear ubiquitin proteins.

In addition to binding linear ubiquitin chain, our data
together with other people’s results,”>*® also showed that the
OPTN UBAN domain can bind to K63-linked polyubiquitin
chains (Fig. S1D and G). Interestingly, the OPTN UBAN binds
to DiUb(K63) also with a 2:1 stoichiometry as indicated by our
ITC-based analysis (Fig. S1G). Further NMR-based titration
assay showed that the 2 ubiquitin moieties of DiUb(K63) can
directly interact with the OPTN UBAN region (Fig. S13A and
C), but using different interaction surfaces (Fig. S13B and D).
Due to the poor homogeneity of the "H-">N HSQC spectrum
of DiUb(K63) in complex with UBAN (Fig. S13A and C), we
sought to use X-ray crystallography to solve this complex struc-
ture. Unfortunately, after numerous trials, we failed to obtain
high quality crystals for structural determination. Therefore,
further studies are required to elucidate the detailed molecular
mechanism governing the specific interaction between OPTN
and Ké63-linked ubiquitin chain.

As a highly specific ubiquitin-binding module, the UBAN
domain only selectively recognizes the M1- and K63-liked poly-
ubiquitin chains.21#2394%60 However, in contrast to the UBAN
domains of IKBKG and TNIP-family proteins, the OPTN
UBAN contains a unique serine residue (Fig. S7C), phosphory-
lation of which mediated by TBK1 kinase could promote the
binding affinities and change the binding selectivity of OPTN
to ubiquitin proteins (Fig. 4).>"** Notably, monoubiquitin and
any linkage types of polyubiquitin chains are likely to be recog-
nized by the phosphorylated OPTN (Fig. 4). Thus, the ubiqui-
tin-binding diversity of OPTN could be subject to tuning by
TBKI. Interestingly, the activation of TBK1 kinase in OPTN-
involved selective autophagy has been proven to rely on the
polyubiquitin binding ability of the OPTN UBAN domain.*"*
Therefore, our data imply that different linkage types of ubiqui-
tin chains might play distinct roles in the OPTN-mediated
selective autophagy, and the M1- and K63-liked polyubiquitin
chains are likely essential for the initial recruitment of OPTN-
TBK1 complex to the ubiquitin-coated autophagic substrates.
However, the exact functions of different linkage types of ubiq-
uitin chains in OPTN-mediated selective autophagy remain to
be elucidated.

In all, we proposed a model depicting the recognition and
recruitment of ubiquitin-coated protein aggregates by OPTN as
well as the regulation of OPTN by TBK1 in aggrephagy (Fig.
S14). In this model, once the protein aggregates are modified
by polyubiquitin chains, the stable OPTN-TBK1 hetero-tetra-
meric complexes were recruited to ubiquitinated aggregates
through the UBAN domain of OPTN, which could form a
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unique dimeric structure and specifically recognize the M1-
and K63-linked polyubiquitin chains decorated on the protein
aggregates through one of its ubiquitin-binding site. Then, acti-
vated TBK1 molecules may directly phosphorylate the OPTN
dimer on a critical serine residue (Ser473 of human OPTN)
located in the ubiquitin-free site of the dimeric UBAN to pro-
mote the binding ability of OPTN to further recognize and
recruit ubiquitin-decorated protein aggregates even without
MI- and K63-linked polyubiquitin chains. In parallel, the acti-
vated TBK1 could also directly phosphorylate the Ser172 resi-
due of OPTN, which is close to the OPTN LIR motif, to
enhance the binding affinities of OPTN to Atg8-family pro-
teins, thereby promoting the recruitment of downstream auto-
phagic machinery and amplifying the aggrephagy process to
timely and efficiently clear the deleterious protein aggregates.

Materials and methods
Protein expression and purification

The different DNA fragments encoding human OPTN (resi-
dues 399 to 509), mouse OPTN (residues 417 to 512), and
human ubiquitin (residues 1 to 76) were PCR amplified from
the full-length human OPTN, mouse Optn and human UBA52
cDNA, respectively. All these fragments were either cloned into
the pET-32M vector (a modified version of the pET32a vector
(Novagen, 69015-3) containing a N-terminal Trx-tag and Hise-
tag) or the pET-GST vector (a modified version of pET32a vec-
tor containing a N-terminal GST-tag) for recombinant protein
expressions. For fluorescence imaging experiment, the DNA
fragments encoding human OPTN (HsOPTN) and HsHTT-
polyQ (140Q) were cloned into pmCherry-C1 and pEGFP-C1
vectors (Clontech Laboratories, 6084-1), respectively. All the
point mutations of OPTN and ubiquitin used in this study
were created using the standard PCR-based mutagenesis
method, further checked by PCR screen using Taq Master mix
(Vazyme Biotech Co., P112-01) enzyme and confirmed by
DNA sequencing.

Recombinant proteins were expressed in BL21 (DE3) E. coli
cells induced by 200 uM IPTG (Merck Millipore, 420322) at
16°C. The bacterial cell pellets were resuspended in binding
buffer (50 mM Tris, 500 mM NaCl, 5 mM imidazole, pH 7.9),
and then lysed using the ultrahigh pressure homogenizer FB-
110XNANO homogenizer machine (Shanghai Litu Machinery
Equipment Engineering Co., Ltd., Shanghai, China). Then the
lysate was spun down by centrifugation at 35000 g for 30 min
to remove the pellets. Hiss-tagged proteins were purified with
Ni**-NTA agarose (GE Healthcare, 17-5318-03) affinity chro-
matography, while GST-tagged proteins were purified with glu-
tathione sepharose 4B (GE Healthcare, 17-0756-04) affinity
chromatography. Each recombinant protein was further puri-
fied by size-exclusion chromatography. The N-terminal tag of
each recombinant protein was cleaved with 3C protease (puri-
fied in-house) and further removed by size-exclusion chroma-
tography. Uniformly "N or "N, "C-labeled DiUb(M1) or
DiUb(K63) proteins were prepared by growing bacteria in M9
minimal medium (In 1 liter M9 minimal medium, containing
6.8 g Na,HPO,, 3.0 g KH,PO,, 0.5 g NaCl, 1.0 g NH,CI], 40 g
D-glucose, 2 mM MgSO, and 0.1 mM CaCl,) using >NH,Cl
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(Cambridge Isotope Laboratories Inc., NLM-467) as the sole
nitrogen source or "’NH,Cl and "’C4-glucose (Cambridge Iso-
tope Laboratories Inc., CLM-1396) as the sole nitrogen and car-
bon sources, respectively.

Preparation of K48-linked, K63-linked, and M1-linked
diubiquitin proteins

The K48R, K63R (unlabeled or '°N-labeled) and D77 (unla-
beled or '°N-labeled) monoubiquitin mutants were cloned into
the pET-M-3C vector (a modified version of the pET32a vector
containing a N-terminal His,-tag), and expressed and purified
as monoubiquitin for enzymatic synthesis of K48-linked diubi-
quitin or K63-linked diubiquitin according to published proto-
cols.*>** For Ml-linked diubiquitin, 2 repeats of a DNA
fragment encoding the human ubiquitin (residues 1 to 76) were
directly fused together as one extended DNA fragment, which
was cloned into pET-32M-3C vectors. The M1-linked diubiqui-
tin proteins were expressed and purified following the same
procedure for monoubiquitin.

Analytical gel filtration chromatography

Analytical gel filtration chromatography was carried out on an
AKTA FPLC system (GE Healthcare, Pittsburgh, PA, USA).
Protein samples were loaded on to a Superose 12 10/300 GL
column (GE Healthcare, 17-5173-01) equilibrated with a
buffer containing 20 mM Tris-HCI, pH 7.5, 100 mM NaCl,
1 mM DTT.

NMR spectroscopy

The labeled protein samples for NMR studies were concen-
trated to ~0.1 mM for titration experiments and ~0.6 mM for
backbone resonance assignment experiments in 50 mM potas-
sium phosphate buffer containing 50 mM NaCl, 1 mM DTT,
pH 6.5. NMR spectra were acquired at 25°C on an Agilent
800 MHz spectrometer (Agilent Technologies, CA, USA) at the
Shanghai Institute of Organic Chemistry equipped with an
actively z gradient shielded triple resonance cold probe. Back-
bone resonance assignments were achieved by combination of
the standard heteronuclear correlation experiments.®®

Protein crystallization and structural elucidation

Crystals of the MmOPTN(417 to 512)-DiUb(M1) complex
were obtained by mixing the freshly purified complex protein
(10 or 20 mg/ml in 50 mM Tris-HCI, 100 mM NaCl, 1 mM
DTT, 1 mM EDTA, pH 7.5) with equal volumes of reservoir
solution containing 0.1 M HEPES, pH 7.5, 30% w/v PEG 3350
(Hampton research, HR2-144) using the sitting-drop vapor-
diffusion method at 16°C.°* Before diffraction experiments,
glycerol (10%; Sigma-Aldrich, G5516) was added as the cryo-
protectant. A 3.0 A resolution X-ray data set for MmOPTN
(417 to 512)-DiUb(M1) complex were collected at the beamline
BL19U1 of the Shanghai Synchrotron Radiation Facility. The
diffraction data were processed and scaled using HKL.2000.°>
The phase problem of the MmOPTN(417 to 512)-DiUb
(M1) complex was solved by molecular replacement method

using the structure of the IKBKG-DiUb(M1) complex with
PHASER.*® The initial model was rebuilt manually using
COOT," and then refined using REFMAC.*® Further manual
model building and adjustment were completed using COOT.
The qualities of the final model were validated by MolProbity.*
In the final stage, an additional TLS refinement was performed
in PHENIX.” The final refinement statistics of solved struc-
tures in this study are listed in Table S1. Structural diagrams
were prepared using the program PyMOL (http://www.pymol.
org/).

Isothermal titration calorimetry assay

ITC measurements were carried out on an ITC200 (GE Health-
care, Pittsburgh, PA, USA) or Microcal PEAQ-ITC (Malvern,
Enigma Business Park, UK) calorimeter at 25°C. All protein
samples were in the same buffer containing 50 mM Tris, pH
7.5, 100 mM NaCl, 1 mM EDTA, 1 mM DTT. The concen-
trated 0.1 mM MmOPTN fragments and 1 mM of various
ubiquitin proteins were loaded into the cell and the syringe,
respectively. The titration processes were performed by inject-
ing 40-ul aliquots of the ubiquitin proteins into the MmOPTN
fragments at time intervals of 2 min to ensure that the titration
peak returned to the baseline. The titration data were analyzed
using the program Origin7.0 from Micro Cal and fitted using
the one-site binding model.

Multi-angle light scattering

For multi-angle light scattering measurement, HsOPTN(399 to
509) and HsOPTN(399 to 509)-DiUb(M1) complex samples
(100 pL at a concentration of 20 uM) were injected into an
AKTA FPLC system (GE Healthcare, Pittsburgh, PA, USA)
with a Superose 12 10/300 GL column (GE Healthcare, Pitts-
burgh, PA, USA) with the column buffer containing 50 mM
Tris-HCl, 100 mM NaCl, 1 mM DTT, 1 mM EDTA, pH 7.5.
The chromatography system was coupled to a static light-scat-
tering detector (miniDawn, Wyatt Technology, Santa Barbara,
CA, USA) and a differential refractive index detector (Optilab,
Wyatt Technology, Santa Barbara, CA, USA). Data were
collected every 0.5 second with a flow rate of 0.5 mL/min.
Data were analyzed using ASTRA 6 (Wyatt Technology, Santa
Barbara, CA, USA).

Generation of OPTN knockout cell line

The OPTN gene was knocked out from HelLa cells using the
CRISPR/Cas9 system,”" with a guide RNA spanning the exon 1
of OPTN gene. Guide RNA sequence: 5-GTAAACGTGTC-
CAGGTTTGGG-3’. The guide RNA was individually cloned
into the pX330 vector and transfected into HeLa cells. Trans-
fected cells were sorted by fluorescence-activated cell sorting
base on the green fluorescent protein. Single colonies were
screened by western blot using a specific OPTN antibody
(Santa Cruz biotechnology, sc-166576, 1:1000) to confirm the
loss of OPTN protein expression and detecting the expression
of tubulin with anti-tubulin antibody as the loading control
(1:10,000 dilution; MBL, PM054).
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http://www.pymol.org/

Cell culture, transfection and fluorescence imaging

OPTN-knockout HeLa cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (Invitrogen, 11995-065) supplemented
with 10% fetal bovine serum (Invitrogen, 10099-141). Trans-
tections of GFP-HTT140Q and mCherry-HsOPTN alone, or
Cotransfections of GFP-HTT140Q with mCherry-HsOPTN or
related plasmids were performed using Lipofectamine 2000
(Invitrogen, 11668-019) according to the manufacturer’s
instructions. After 48 h, cells were fixed with 4% paraformalde-
hyde and permeabilized with 0.2% Triton X-100 (Sangon Bio-
tech, A110694) in PBS, and the nuclei were visualized by
staining with DAPI. The cell images were captured and ana-
lyzed using a TCS SP5 microscope equipped with LAS X
software (Leica, Inc., Thornwood, NY, USA). Particularly, the
MI1-linked ubiquitin chains were stained using a commercial
antibody (Sigma, MABS199) that can specifically recognize
M1-linked ubiquitin proteins, and the Pearson correlation coef-
ficient analysis was performed using the LAS X software based
on a randomly selected region that roughly contains 1 cotrans-
fected HeLa cell. The statistical data represent mean=s.d. of
>50 analyzed cells (selected regions) from 3 independent
experiments. The unpaired Student ¢ test analysis was used to
define a statistically significant difference.

Coordinates

The coordinate and structure factor of the MmOPTN(417 to
512)-DiUb(M1) complex has been deposited in the Protein
Data Bank under the accession code 5WQ4.
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