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Abstract

The important roles played by branched polyubiquitin chains were recently uncovered in
proteasomal protein degradation, mitotic regulation and NF-xB signaling. With the new realization
of a wide presence of branched ubiquitin chains in mammalian cells, there is an urgent need

of identifying the reader and eraser proteins of the various branched ubiquitin chains. In this

work, we report the generation of non-cleavable branched triubiquitin probes with combinations
of K11-, K48-, and K63-linkages. Through a pulldown approach using the branched triUb

probes, we identified human proteins that recognize branched triubiquitin structures including
ubiquitin-binding proteins and deubiquitinases (DUBSs). Proteomics analysis of the identified
proteins enriched by the branched triubiquitin probes points to possible roles of branched
ubiquitin chains in cellular processes including DNA damage response, autophagy and receptor
endocytosis. /n-vitro characterization of several identified UIM-containing proteins demonstrated
their binding to branch triubiquitin chains with moderate to high affinities. Availability of this new
class of branched triubiquitin probes will enable future investigation into the roles of branched
polyubiquitin chains through identification of specific reader and eraser proteins and the modes of
branched ubiquitin chain recognition and processing using biochemical and biophysical methods.

Introduction

Ubiquitination, as a critical post-translational modification, signals protein degradation,
DNA damage response, cell cycle progression and immune responsel-2. Ubiquitin can be
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further modified via any of its seven lysine residues and N-terminal methionine residue to
form polyubiquitin chains of different linkage, length and topology3. The ubiquitin pathway
enzymes, including E1 ubiquitin-activating enzymes, E2 ubiquitin-conjugating enzymes and
E3 ubiquitin ligases, work in tandem to ubiquitinate a target protein with the consumption
of ATP?. Deubiquitinases (DUBSs) are proteases that hydrolyze the ubiquitin isopeptide bond
thus antagonizing ubiquitination process®. Although the K48-linked polyubiquitin chain is

a well-studied proteasomal degradation signal for unwanted cellular proteins, the cellular
functions of other types of polyubiquitin chains are less well understood®.

More recently, branched ubiquitin chains were found to comprise a significant portion

of total cellular ubiquitin pool and emerged as an essential polyubiquitin signal for a

wide range of cellular processes’-10. Proteomics work has provided evidence of branched
ubiquitin chains in human and yeast cells and the responsible ubiquitin ligases were
identified!1:12, An engineered viral protease, LbP, which cleaves ubiquitin chains at R74
and leaves a diglycine remnant on respective lysine residues of a largely intact ubiquitin,
revealed that 10-20% of cellular ubiquitin participates in branched chains!3. Although our
knowledge of the cellular functions of branched ubiquitin chains is still very limited, earlier
studies have revealed that different types of branched chains play indispensable roles in

cell cycle progressionl4, NF-xB signaling®®, and protein quality control6. Ube2s and the
APC/C ubiquitin ligase complex were reported to assemble a K11 ubiquitin chain onto the
K48 chain to form K11/K48 branched ubiquitin chains, which enhances the degradation of
targeted proteins by proteasomel4. The K48/K63 branched ubiquitin chain was found to be
formed in response to interleukin-1b treatment®. It is believed that the formation of K48
branch on a K63 polyubiquitin chain prevents the DUB cleavage of the K63 chain, thus
amplifying the downstream signal in the NF-xB pathway. It was also reported that misfolded
proteins such as VHL is modified by a K11/K48 branched chain, which serves as a more
stringent signal for cytoplasmic protein quality control as mediated by E3 ubiquitin ligases
and chaperones1.

Branched ubiquitin chains are known to modulate cellular signals elicited by homotypic
polyubiquitin chains’. For example, branched K11/K48-linked chains enhance proteasomal
degradation and amplify the degradation signal by homotypic K48-linked polyubiquitin
chains#17. Conversely, M1/K63-linked branched chains reduce A20 deubiquitinase-
catalyzed cleavage of K63-linked polyubiquitin chains in the case of inflammatory
responsel8. Disassembly of branched ubiquitin chains by DUBs plays an important role in
modulating the branched ubiquitin chain-mediated signalling process. In the proteasome,
several DUBs function in conjunction with the regulatory particle proteins to remove
ubiquitin chains while substrate proteins translocate to the main catalytic particle of

the proteasome for degradation’®. Activity of DUBs needs to be timed precisely with
translocation of substrate protein into the catalytic particle of the proteasome for peptide
cleavage. Recently the proteasome-associated DUB UCHL5/UCH37 was shown to process
the K11/K48 branched chains through a debranching activity2%:21.

More than 20 different families of ubiquitin-binding domains (UBDs) are estimated to exist
in cells?2 and most interaction between UBDs and ubiquitin occur through the hydrophobic
patches on ubiquitin surface. Most UBDs contain an a-helix that that interact with the lle44
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patch on ubiquitin. Although the Ub-binding modes of many UBDs are similar, arrangement
and number of UBDs in a reader protein have been shown to dictate UBD’s specificity

for certain polyubiquitin chains. For example, ubiquitin-interacting motifs (UIMs) possess
exquisite chain-linkage specificity for K63-diubigitin when tandem UIMs (tUIMs) are
separated by a linker region with a fixed length23. It is not clear whether proteins containing
multiple UBDs recognize ubiquitin moieties specifically in branched polyubiquitin chains,
leading to distinct signaling in a cellular context.

Previously di- and poly-ubiquitins containing non-cleavable linkages that mimic the native
isopeptide linkage were prepared?4-3L. We reported a class of hybrid linear triubiquitin
probes containing a Michael acceptor warhead as well as a non-cleavable linker, which
allowed the interrogation of endo- and exo-cleavage modes of the human USP9X

catalytic domain32. A similar strategy was also used to generate branched triubiquitin
hybrid probes connected through a native isopeptide and a Michael acceptor-containing
linkage with promise for identifying DUBs that process branched ubiquitin chains33.
Several other methods were also used to generate branched ubiquitin chains through

solid phase synthesis34, Lys(Boc) unnatural amino acid approach3®, thiol-ene chemistry25,
click chemistry36 and orthogonal sortylation3”. Although DUBs are known to possess
debranching activity in which a ubiquitin branch is removed to yield a linear polyubiquitin
chain38, to date no DUBSs have been reported capable of hydrolyzing the isopeptide at the
C-terminus of the acceptor ubiquitin in the branched ubiquitin structure, which we termed
‘destemming’.

In this work, we report a new class of non-cleavable branched polyubiquitin probes. Using

a semisynthetic strategy, we prepared branched triUb probes that resist cleavage of the
branching isopeptide by DUBs while introducing a warhead at the C-terminus of the
acceptor ubiquitin in the branched triUb. This class of probes allow not only the capturing

of reader proteins that bind the branched triUb structure through noncovalent interactions,
but also covalent trapping of DUBs that may not bind the triUb probe tightly enough for
pulldown and identification. We generated K11/K48, K11/K63, and K48/K63 triubiquitin
probes and used them in cell lysate-based pulldown and MS identification of both reader and
eraser proteins from the human HEK-293T cell lysate. We identified a number of proteins
that contain multiple ubiquitin-binding domains and ubiquitin-pathway enzymes particularly
DUBs. Of particular interest are proteins in the DNA damage response, autophagy and
receptor endocytosis pathways identified by the branched ubiquitin probes. Subsequent
biochemical characterization was performed with recombinantly generated proteins to
demonstrate the binding of several UIM-containing proteins toward branched ubiquitin
chains.

Generation and characterization of branched triUb probes.

Branched triUb probes were generated using a semisynthetic approach as shown in Figure
1A. A recombinantly generated HA-tagged Ubq_75-MESNA was reacted with a linker
molecule (NCL)3° and subsequently deprotected to generate the HA-Ub1.75-NC species.
In parallel, a mutant Ub;_75-MESNA containing cysteines introduced at two selected
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lysine positions was reacted with propargylamine (PA) to generate Ub4_75-PA. Ligating
HA-Ub;.75-NC with Ub4.75-PA yielded the desired branched triUb probes. The branched
triUb probes (K11/K48, K11/K63, and K48/K63) were generated by using the acceptor
ubiquitin containing any two of the three cysteine residues (K11C, K48C and K63C) in
Ub1.75-PA (Figure 1A). The resulting branched triUb probes are named triUb-NC(1,1)-PA2
probes, abbreviated as branched triUb-PA, with (1,1) indicating branching of the ubiquitin
chain. This follows a previously described nomenclature32, in which NC represents the
non-cleavable linkage and the number indicates the position of the linkage with 1 indicating
the position between two ubiquitins and 2 indicating the position at the C-terminus of the
proximal Ub. The branched triUb-PA probes showed good purity in SDS-PAGE analysis
(Figure S1A). Mass spectrometry analysis of intermediates and final triUb-PA probes
showed correct molecular weight (Figure S1 B and C) and site of conjugation (Figure S2).
Three diubiquitin probes, namely diUb-NC1-PA2, of different linkages (K11, K48 and K63)
were also generated as previously described32.

Similarly, hybrid branched triUb probes without a warhead were generated by reacting
Ub4.75-NC with an enzymatically generated diUb containing a cysteine introduced in the
proximal ubiquitin at position 11 or 63 (Figure 1B). The resulting hybrid probe contains one
non-cleavable linkage and one native isopeptide bond, thus named triUb-NC(1,0) following
the above described nomenclature and abbreviated as triUb-(1,0), with 0 indicating a native
bond in one of the two branches. The three branched triUbs were confirmed by SDS-PAGE
and mass spectrometry (Figure S3).

We first assessed the branched triUb-PA probes in a DUB labeling assay. A successful
labeling will demonstrate binding of the branched triUb-PA probes to DUBs and a normal
reactivity of the warhead introduced at the C-terminus of the acceptor ubiquitin. Two OTU
family DUBSs, i.e. OTUD2 and OTUD3, with known linkage specificity#?41 were chosen to
test labeling activity of triUb-PA probes. Recombinantly expressed and purified full-length
OTUD2 (OTUD2-FL) and OTUD3 catalytic domain (OTUD3-CDs;._»75) were incubated
with branched triUb-PA probes and the labeling was analyzed using SDS-PAGE and
Coomassie blue staining (Figure S4). A comparison was made by using the corresponding
diUb-PA probes and a monoUb-PA probe. OTUD2-FL showed labeling by the K11/K48-
and K11/K63-triUb-PA probes but not the K48/K63-triUb-PA probe (Figure S4A). The
labeling of OTUD2-FL by K11/K48-triUb-PA probe is the strongest among the three
branched triUb probes. It is comparable to the K11-diUb-PA probe labeling but stronger
than the K48-diUb-PA probe. A similar trend was observed for OTUD3-CD except that a
weak but discernable labeling was detected for the K48/K63-triUb-PA probe (Figure S4B).
These results support that the novel branched triUb-PA probes are functional in interacting
with and covalently trapping DUBS, and the specific linkages in the branched triUb probes
may influence the efficiency of DUB labeling. Notably, our branched triUb DUB probes
allow the assessment of a new mode of DUB action in processing branched ubiquitin chains.
Our results suggest that the removal of the whole branched ubiquitin chain moiety, which
we termed “destemming”, is biochemically feasible. This DUB activity is distinct from the
debranching activity previously known for several DUBs38.
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We further assessed the branched triUb-PA probes in labeling DUBs in HEK-293T cell
lysate. Western blotting analyses using anti-HA antibody showed a number of discrete
bands in all three triUb-PA probes (Figure 2). Despite some common bands being

detected comparing the three branched triUb-PA probes, several uniquely labeled bands

are discernable. A more drastic difference was observed when comparing the labeling bands
by the branched triUb-PA and corresponding diUb-PA probes (Figure 2). These observations
suggest that the branched tri-Ub-PA probe can effectively capture DUBs through its PA
warhead in cell lysates.

Pulldown and proteomics analysis using branched triUb-PA probes.

In order to identify cellular proteins that interact with the branched triUb-PA probes either
through non-covalent binding or through activity-based covalent trapping, we developed a
workflow for IP-MS/MS and label-free quantification (LFQ) analysis using the triUb-PA
probes and HEK-293T cell lysates. Anti-HA magnetic beads were used for the pulldown and
the captured proteins were subjected to trypsin digestion and subsequent nanoLC-MS/MS
analysis on an Orbitrap mass spectrometer. A control pulldown was performed using empty
beads in parallel. Mono- and di-Ub-PA probes were subjected to the pulldown and MS
analysis as comparisons. The proteomics data were processed using MaxQuant (Figure

S5) and subsequently analyzed using a multi-sample ANOVA test to group significantly
enriched proteins. The results were visualized in a heatmap with hierarchical clustering of
protein hits reflecting a Z-score normalization of log,(LFQ) value of a captured protein by
the ubiquitin probes used in the parallel pulldown (Figures 3A and S6).

As shown in Figure 3A, the pulled down proteins were clustered into twelve individual
groups. Clusters present in branched triUb-PA probe pulldowns were further subjected to
Gene Ontology (GO) analysis (Figures 3B and S6). Notably, proteins in cluster 1 bind

all three branched triUb-PA probes, with stronger binding to the K11/K63- and K48/K63-
triUb-PA probes as judged by the LFQ values. Interestingly, components of the BRCA1-A
complex (Abraxas/F175A, BRCC36/BRCC3, BABAM2/BRE, UIMC1/Rap80 and BABAL/
MERIT40) are among the cluster 1 proteins. Proteins in cluster 2 bind strongly to the K11/
K63-triUb-PA probe, but not the K11/K48- and K48/K63-triUb-PA probes and the diUb-PA
probes. The proteins in this cluster are found in the GO families of RNA binding and
regulation of translation. Cluster 5 proteins were enriched in K11/K48 and K11/K63-triUb-
PA probes. Proteins in clusters 8 and 9 were found to bind to the K11/K48-triUb-PA probe
much stronger than the other two branched triUb-PA probes and the corresponding K11-
and K48-diUb-PA probes. Cluster 10 contained outer mitochondrial membrane (OMM)

and inner mitochondrial membrane (IMM) proteins enriched in K48/K63-triUb-PA and
K11-diUb-PA probe pulldowns. We also found proteins that bind more strongly to the
diUb-PA probes than the branched triUb probes. For example, proteins in the cluster 6 bind
K48- and K63-diUb-PA probes much stronger than any of the branched triUb-PA probes.
Some pulled-down proteins, such as cluster 7, are rather promiscuous in binding to the
mono-, di- and branched triUb probes.
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Proteins contain different ubiquitin-binding domains or catalytic cores.

With the large number of proteins pulled down by the branched triUb-PA probes, we

were particularly interested in proteins that contain ubiquitin-binding domain or catalytic
core. These proteins most likely recognize and bind the ubiquitin moieties in the probes.
We classified these proteins into three categories based on the nature of the ubiquitin-
binding elements. First, we identified a number of proteins that contain at least one of

the well characterized UBDs such as UIM and UBA (Figure 4A). Second, proteins in the
ubiquitin-conjugating machineries including E2 ubiquitin-conjugating enzymes and HECT
E3 ubiquitin ligases were also found among the pulled down proteins (Figure 4A). Third,
we identified a number of DUBs that likely recognize the ubiquitin moiety and are trapped
covalently by the PA warhead in the probes (Figure 4B). There are also many proteins
among the pulled down proteins that do not contain any of the above three elements, which
were likely pulled down indirectly in a protein complex, as exemplified by the several
proteins in the BRCA1-A complex.

We focused our attention to several proteins that contain multiple UIMs, which are known
to recognize and bind mono and di-Ub structures. We reasoned that the presence of multiple
UIMs in the same protein may provide an opportunity to identify proteins capable of
binding to the more complex branched ubiquitin chain structures. Three proteins caught
our attention, UIMC1/Rap80, AN13A and USP37. These proteins contain 2, 4, and 3
UIMs in their sequence respectively (Figure S7). Our LFQ analysis showed that UIMC1
was pulled down most efficiently by the K11/K63-triUb-PA probe followed by the K48/
K63-triUb-PA and K63-diUb-PA probes. Notably, AN13A was pulled down most strongly
by the K11/K63-triUb-PA probe, compared to other branched triUb-PA and corresponding
di-Ub-PA probes. Because neither UIMC1 nor AN13A possess ubiquitin conjugating and
deconjugating activities, it is possible that the UIM domains in their sequences contributed
to the binding to the branched Ub probes.

We also noted that sequestosome-1 (SQSTM1 or p62) was among the pulled down proteins.
SQSTM1 was pulled down more strongly by the branched triUb-PA probes and the K11-
diUb-PA probes. Although SQSTM1 only contains a single UBA at its C-terminal region#2,
it is known to form an oligomeric structure*3, which may contribute to the overall preference
for the branched triUb structure. Werner helicase-interacting protein 1 (WRNIP1/WRIP1)
share a similar profile with a preference in binding to the branched triUb-PA probes.
Interesting, WRNIP1 also contains a single ubiquitin-binding zinc finger domain (UBZ) and
likely form an oligomeric structure®445,

Biochemical characterization of binding of UIM-containing proteins to branched triUbs.

We expressed and purified UIMC1v6.128 and AN13A479.504 that contain the UIM domains.
To assess their binding to the various branched triUb structures, Bio-layer Interferometry
(BLI) was used to compare the three branched triUbs as well as mono- and di-Ubs

of different linkages. We also expressed and purified the UIM-containing segment of
USP37700-g51 given the observation that it contains three UIMs in its C-terminal region
despite a weaker pulldown by the branched triUb-PA probes. For BLI measurement, the
UIM-containing recombinant proteins were immobilized onto the biosensor through an
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anti-His-tag antibody with the various Ub species as analytes. The measurement was done
in duplicates. We first compared the binding of the K63-diUb containing a native linkage
versus the chemically linked K63-diUb (K63 diUb-NC1) to UIMC174.12g. Our data showed
a similar binding affinity indicating that the thioether linkage introduced between the
ubiquitin moieties has no adverse effect on their binding to UIMs (Figure S8).

Next, we determined the Ky of UIMC176.128, AN13A479.504 and USP377q0.g51 binding to
the K11/K48-, K11/K63- and K63/K48-triUb-(1,0) in comparison to the K11-, K48- and
K63-diUbs respectively. UIMC174.12g showed the highest binding affinity for the K11/63-
triUb-(1,0) with a Kq of 1.04 uM, followed by K63-diUb (Kq of 2.17 uM), K11-diUb

(Kq of 2.92 uM) and K63/48-triUb (Kq of 2.43 uM) (Table 1; Figures 5 and S9). No
significant binding was observed for K11/48-triUb-(1,0) in a single analyte concentration
binding assessment at 2 pM. AN13A479.504 Showed preference for K11/63-triUb(1,0) and
K63 diUb with a K4 of 0.43 uM and 0.25 pM respectively, followed by K63/K48-triUb-(1,0)
and K11-diUb (Kq of 0.74 uM and 1.28 uM respectively) and K11/48-triUb-(1,0) (Kq of
7.83 uM) (Table 1; Figures 5 and S10). USP377¢0.g51 binds branched triUb with a K of
2.71 pM for K63/K48-triUb-(1,0) and 3.36 uM for K11/K63-triUb-(1,0) in comparison to

a Kq of 4.97 UM and 8.89 uM for K63-diUb and K11-diUb respectively (Table 1; Figures

5 and S11). No significant binding to USP37-gq.g51 Was observed for K11/48-triUb-(1,0)

in a single analyte concentration binding assessment at 2 uM. For all three UIM-containing
proteins, no significant binding was observed for K48-diUb in a single analyte concentration
binding assessment at 2 uM.

Deubiquitinases and ubiquitination pathway enzymes enriched in branched triUb-PA probe

pulldowns.

We observed a number of DUBs in the pulldown and most DUBs except BRCC3 were

only identified in pulldown using Ub probes but not in the control pulldown (Figures

4B and S12). Spiderplot analysis of captured DUBs showed that several DUBs, USP4,
USP38, USP40, OTUD4, OTUD5, VCPIP1 and UCHL3, were captured more efficiently by
branched K11/K63 triUb-PA probe than the corresponding K11-diUb and K63-diUb probes
and the monoUb probe (Figure S12). No DUBs were determined to be particularly specific
for K11/K48-triUb-PA or K48/K63-triUb-PA. Although numerous DUBs were enriched

by triUb-PA probes, most also showed comparable enrichment with diUb-PA probes. We
cannot rule out that some pulled-down DUBs may noncovalently bind to the triUb probes
given that a mild wash condition was used in the pulldown. Notably, several ubiquitin
conjugating enzymes, particularly UBE2N, UBE2E2 and UBE2D3, were identified to be
enriched by K11/K63-triUb-PA probes (Figure 4A). In addition, a HECT E3 ligase HUWE1
was also found enriched in diUb and triUb-PA probe pulldowns (Figure 4A).

Discussion

Prior proteomics work using cleavage-resistant, triazole-linked diubiquitin probes without an
activity-based warhead was successful in identifying DUBs and ubiquitin-binding proteins
specific to individual ubiquitin chain linkages3%:6. Several DUBs were pulled down by
diUb probes of specific linkage types and a number of Ub-binding proteins known to bind
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to K6, K48 and K63 linkages were also identified. Although previous studies have shown
the presence of branched ubiquitin chains in cells and demonstrated their specific roles in
cellular processes including proteasomal protein degradation, mitotic regulation and NF-xB
signaling1:1547 our understanding of how reader and eraser proteins recognize and process
branched polyubiquitin chains of different linkages and topologies is still very limited. In
this study we prepared triUb probes that resist DUB cleavage and allow identification of
ubiquitin-binding proteins that potentially recognize branched triUb chains (K11/K63, K11/
K48, and K48/K63). The presence of a terminal alkyne warhead in the branched triUb
probes allows for covalent trapping of DUBSs capable of processing the branched polyUb
chain through “destemming”, in which the branched polyUb chain is removed en bloc by
DUBs.

In a cell lysate-based pulldown experiment using the branched triUb probes of different
linkages, we captured various ubiquitin-binding proteins, DUBs and ubiquitin conjugating
enzymes. Notably, a cluster of proteins pulled down by the K11/K63 and K48/K63 branched
triUb probes are involved in DNA damage response (Figure 6). Particularly, proteins from
the BRCAL1-A complex are among the proteins captured by the K11/K63-triUb probes.
Quantitative analysis of the pulled-down proteins from cell lysate using MaxQuant LFQ
revealed stronger pulldown of these proteins by the branched triUb probes than the
corresponding diUb probes. This raised an interesting possibility of the involvement of
branched ubiquitin chains in cellular DNA damage response. To date there has been no
direct evidence of branched ubiquitin chains functioning in DNA repair or damage response.
Nonetheless, it was suggested that mixed K11/K63-Ub chains may exist in DNA double-
strand break repair and the DUB activity of Cezanne counteracts its formation*8. Our finding
points to a potential role of the branched polyUb chain in DNA damage response that
requires future investigation.

The role of branched ubiquitin chains has been found to more efficiently target substrate
for proteasomal degradation compared to homotypic polyUb chainsl447. The proteasome
function is fine-tuned by the opposing activities of ubiquitin ligases and DUBs. The DUBs
act to limit substrate’s dwell time and activate substrate entry into the 20S core particle.
Notably proteasome-associated DUBs, USP14 and UCHLS5, were enriched by branched
probes in our pulldown-mass spectrometry experiments (Figure 4B). Recent studies have
shown that UCHLS in association with RPN13 plays a significant role in debranching

K48 chains from K11/K48 branched chains and promoting substrate clearance through

the proteasome?9-21, The rate of UCHL5 cleavage of K48 branchpoints was shown to be
equivalent to the commitment step in proteasomal degradation and introducing a UCHLS5
active site mutant slowed down the degradation process2%-21, We reason that the cleavage of
branched polyubiquitin chains en bloc may provide an efficient way of removing branched
polyubiquitin chains from the target protein. DUBs capable of destemming branched
ubiquitin chains can quickly remove ubiquitin chains from substrate proteins in order to
recycle ubiquitin and shuttle substrate into the core particle in the 20S proteasome?®.

Compared to proteasome-mediated protein degradation, cellular degradation through the
autophagy lysosomal pathway (ALP) and the roles of linear and branched ubiquitin chains
in this process are less well understood. Recently, K29/K48-branched ubiquitination of
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Class 111 PI3-kinase complex (VPS34) was shown to modulate autophagosome formation
and maturation®C. Interestingly, in our study, the branched triUb probes pulled down
autophagosome receptor SQSTM1/p62 and OMM proteins more efficiently than the
corresponding diUb probes (Figure 6). SQSTM1/p62 is an autophagy receptor and has been
shown to bind and aggregate on K63-linked polyubiquitin chain through its UBA domain®?.
SQSTM1 was preferentially pulled down by K48/K63-triUb and K11/K48-triUb probes as
revealed by quantitative LFQ analysis (Figure 4A). Although the involvement of branched
ubiquitin chains in mitophagy, a specific type of selective autophagy, has been suggested®?,
direct evidence is still lacking. OMM proteins are known to be polyubiquitinated and
targeted to phagophore via ubiquitin binding receptor proteins like SQSTML1 in response

to mitochondrial depolarization in a PINK1/Parkin-dependent ubiquitination cascade®3.
Our findings suggest the possible participation of branched ubiquitin chains in mitophagy
through the involvement of SQSTM1 recognizing branched polyubiquitin chains and
facilitating the degradation of mitochondria by autophagy lysosomal process.

Of the ubiquitin binding proteins enriched in branched triUb probe pulldowns, three of the
tUIM-containing proteins, UIMC1, AN13A and USP37, were found with varying affinities
for branched ubiquitin chains. BLI results indicate that the UIMC174.12g binds K11/K63-
triUb with two-fold higher affinity than the K63- and K11-diUb. UIMC1 contains two UIMs
in an extended a-helix, thus it is likely that the binding of UIMC1 to K11/K63-triUb and
K63-diUb share a common binding mode. The slight higher affinity for K11/K63-triUb
could be due to the UIMC1 tUIM’s ability to bind K11-diUb. Alternatively, the addition

of K11 ubiquitin branch stabilizes the K63-diUb conformation that favors its binding by
UIMCZ1’s tUIM. Given the known role of UIMC1/Rap80 in binding polyubiquitin chains
at DNA damage sites to recruit BRCA1 for DNA damage repair response®, our results
suggest branched polyubiquitin chains may enhance the binding of UIMC1/Rap80 to the
polyubiquitin structure in DNA damage response.

Notably, ankyrin repeat domain-containing protein 13A (AN13A) showed a preference

for the K11/K63 branched triUb over the other two types of branched triUbs and

over the corresponding K11- and K63-diUbs in our cell lysate pulldown LFQ analysis.
Relatively little is known about AN13A’s function, except one report of AN13A

promoting ubiquitination-mediated EGF receptor endocytosis, possibly through K63-linked
polyubigquitination®®. There was no report of AN13A binding to branched ubiquitin chains.
Strikingly, AN13A contains four UIMs, which are located at its C-terminal region (a.a.
483-590). Although the information of branched Ub chains’ role in endocytosis of cell
surface receptors is very limited, mass spectrometry analysis, combined with Ub Lys mutant
analysis, suggested the existence of K11/K63 branched ubiquitin chains on the ubiquitinated
MHC I complex in endocytosis and an important role of this chain type in MHC I receptor
internalization®6, When testing the binding of the UIM-containing region of AN13A
(AN13A479.594) to the branched triUb and diUb, we observed more promiscuous binding

to the various Ub structures. This may reflect the difference of the relative positioning

and orientation of UIMs in isolated UIM-containing sequence from that in the full-length
protein. As a result, a truncated protein sequence containing UIMs may not fully recapitulate
the ubiquitin chain-binding preference of the full-length protein. Further investigation will
be needed to understand the ubiquitin structure preference of the full-length AN13A in
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receptor endocytosis. Availability of the branched polyubiquitin probes will facilitate future
investigation into the roles of the poorly understood branched ubiquitin chains through
identification of specific reader and eraser proteins and characterization of their mode of
recognition and processing of branched ubiquitin chains using biochemical and biophysical
methods.

Conclusions

Methods

Using a semisynthetic approach, we generated a new class of branched triubiquitin probes
with a C-terminal alkyne warhead installed on the acceptor ubiquitin. The thioether
linkage in the branched ubiquitin chain mimics the native isopeptide linkage as judged by
comparable binding affinity to a known UIM-containing protein UIMC1/Rap80. Pulldown
using these branched triubiquitin probes coupled with quantitative mass spectrometry
analysis identified proteins and complexes in several biological pathways, including

DNA damage response, autophagy and receptor endocytosis. BLI binding experiment
using recombinant UIM domain-containing segment of identified ubiquitin reader proteins
confirmed binding to branched triubiquitin chains with moderate to high affinities. The
availability of this new class of branched triUb probes will enable future studies into the
ubiquitin-binding domains and catalytic cores potentially responsible for branched ubiquitin
chain recognition and the functional significance of branched ubiquitin chains in biological
processes.

Generation of triUb-NC(1,1)-PA2

Generation of branched triUb probes followed a similar method to prepare diUb-NC1-PA2
probes (see Supplemental Methods) with a different stoichiometry of 2 eq. of HA-Ub4_75-
NC incubated with 1 eq. of K11C/K48C-Ub;_75-PA, K11C/K63C-Ub;_75-PA, or K48C/
K63C-Ub1_75-PA. The reaction mixture was incubated with 1 mM TCEP and purified in a
HiTrap SP FF column to remove excess monoubiquitin. The di-and tri-ubiquitin fractions
were combined and purified using a Superdex 75 10/300 size exclusion column.

Generation of triUb-NC(1,0)

Enzymatically generated diubiquitin following a reported method®’ (see Supplementary
Method) containing a free Cys at the desired branch point was reacted with 3 molar
equivalents of HA-Uby_75-NC species at room temperature for 16 hrs in a ligation buffer
containing 50 mM HEPES (pH 7.8), 100 mM NaCl, 1 mM EDTA to generate hybrid
triubiquitin branched chains. The reaction mixture was purified using a Superdex 75 10/300
column in 50 mM HEPES (pH 7.5), 100 mM NaCl, 1 mM DTT.

Pulldown using HEK-293T cell lysates

Design of pulldown experiment was based on prior literature reports using non-cleavable
diubiquitin probes3946. For each pulldown, 5 pg HA-Ub-PA, 9.4 ug diUb-NC1-PA2 or 14.4
ug triub-NC(1,1)-PA2 probes were incubated with 2 mg HEK-293T cell lysate for 2 hrs

at room temperature. The probe-treated lysate was either processed immediately or stored
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in —80 °C with 1X protease inhibitor cocktail from Millipore Sigma. The probe-treated
lysate was diluted 10-fold with a buffer containing 50mM Tris-HCI, pH 7.5, 150mM NacCl,
5mM EDTA supplemented with 0.1% Tween-20 and protease inhibitor cocktail. Then, 100
uL of anti-HA magnetic beads were added to the solution and rotated at 4 °C overnight.
Unbound proteins were aspirated and anti-HA beads were washed three times with ice-cold
phosphate-buffered saline (PBS) buffer (pH 7.4) with 0.05% Tween-20 before a one-time
wash with ice-cold PBS buffer. Bead-bound samples were incubated with 100 pL of 50 mM
NaOH solution for 10 min at 37 °C and eluted, followed by two additional 50 uL washes.
The elution and wash solutions were combined.

Proteomics using nanoLC-MS/MS Orbitrap

The eluate was adjusted to pH 8.0 using a 1M Tris (pH 8.0) solution and reduced with

10 mM DTT at 60 °C for 1 hr. The sample was then subsequently alkylated with 40

mM iodoacetamide at room temperature for 30 min (protected from light). The alkylation
reaction was quenched by addition of 10 mM DTT prior to digestion with 1:50 mass ratio

of trypsin protease to total protein at 37 °C for 18 hrs. Tryptic digestion was quenched

and acidified by 0.1% trifluoroacetic acid. Digested peptide samples were then desalted
using Thermo Fisher 100 pL precast C18 resin Zip-tip and lyophilized prior to liquid
chromatography-mass spectrometry (LC-MS/MS) analysis. The lyophilized tryptic digests
were dissolved in 0.1% formic acid in diH,O prior to LC-MS/MS (15 cm x 75 pm)

reverse phase nano-LC (Thermo Fisher Scientific, Waltham, MA) analysis using Orbitrap Q-
Exactive (positive polarity mode, collision induced dissociation) (Thermo Fisher Scientific,
Waltham, MA) with a nano-electrospray ion source. A linear gradient from 5% to 60%
acetonitrile in 0.1% formic acid water solution was used to separate peptides for 150 min at
a constant flow of 200 nL/min. The system was set to operate in a data-dependent mode with
MS/MS scan of the six most abundant peaks from a full MS scan. Full scans were acquired
between 300 to 1800 m/z with a resolution of 60,000.

Biolayer Interferometry binding assay

Anti-Penta-His sensors were utilized on a ForteBio BLItz system. The baseline was
established for 30 s using an assay buffer containing 50 mM HEPES (pH 7.5), 100 mM
NaCl, 1 mM DTT, 0.25% Tween20, and 0.16 mg/mL bovine serum albumin (BSA). The
ligand, 5 uM His-tagged UIM- containing proteins, was loaded to the sensor for 60 seconds,
then fresh buffer was used for 30 seconds to remove excess ligand that did not bind. The
initial baseline for the binding measurement was performed with fresh buffer for 60 seconds,
then the ubiquitin species as analyte on the drop holder was used for the association step

for 60 seconds (120 s was used for slow binding analytes). The dissociation step with fresh
buffer, proceeded for 60 seconds before the regeneration procedure, which consisted of three
iterations of 5 second incubation with 100 mM glycine (pH 3.0), then 5 second incubation
with fresh assay buffer.

Using the ForteBio software, sensorgram was subtracted with a blank run obtained using
the assay buffer and step-corrected. The BLI binding response at the end of the association
phase (mean = SD) was plotted against the analyte concentration. Ky was calculated using
the binding-saturation/one-site binding model on GraphPad Prism 7.
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Figure 2.

Western blot analysis of labeling of DUBs in HEK-293T cell lysates using HA-tagged
branched triUb-PA probes in comparison to HA-tagged mono- and diUb-PA probes. The
K11, K48 and K63 linkages in the branched triUb and diUb probes are denoted by the
numerals.
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Figure 3.
Pulldown analysis of branched triUb probes in comparison to mono- and di-Ub probes.

A. Analysis of HEK-293T cell lysate pulldown using triUb-NC(1,1)-PA2 probes. B. GO

enrichment terms of selected clusters (includes biological pathway and cellular component).
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Figure 4.
Analysis of identified ubiquitin-binding proteins along with corresponding domains from

SMART domain analysis. A. Enriched ubiquitin-binding proteins including ubiquitin-
conjugating enzymes and ubiquitin ligases. B. Enriched DUBs from USP, UCH and OTU
families.
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Figure5.
BLI traces of branched triUb binding to UIM domains of UIMC1, AN13A and USP37

immobilized onto the BLI sensor tip surface. BLI traces averaged from two repeats are
shown for concentration series of (A) UIMC17¢.12g binding K11/K63 triUb(1,0); (B)
AN13A479.594 binding K11/K63 triUb(1,0); (C) USP3779¢.gs1 binding K63/K48 triub(1,0).
The Ky of binding was determined by fitting the maximum BLI binding observed versus the
concentration of triUb species used in the BLI binding experiment for (D) UIMC174.128, (E)
AN13A479_594 and (F) USP37700_851.
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Figure 6.
Illustration of representative proteins identified by each of the three triUb-PA probes and the

associated biological pathways. Each side of the triangle reflects enrichment by each of the
triUb probes. Inner triangle illustrates enriched protein complexes and associated biological
pathways. Outer triangle contains selected proteins enriched by each of the probe. SRP and
DDR refer to signal recognition particle and DNA damage response respectively.
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Binding constant of UIMC1, AN13A and USP37 UIMs interacting with diUb and branched triUb determined

Table 1.
by BLI.
Probe UIMCl76128 ANI13As9504 USP37700.851
Kq (M) Kg (M) Kg (M)

K11-diUb 2.92 +0.46 1.28+0.21 8.89 £ 0.83
K63-diUb 2.17+£0.23 0.25+£0.03 497 +1.07
K11/K48-triub-(1,0) - 7.83+£1.89 -

K63/K48-triUb-(1,0) 243 +0.62 0.74 £ 0.69 2.71+0.52
K11/K63-triub-(1,0) 1.04 £0.10 0.43£0.03 3.36 £0.89

--- indicates no significant binding observed.
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