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Protein ubiquitylation is maintained by a dynamic balance of the conjugation
and deconjugation of ubiquitin. It remains unclear how deubiquitylation-
stabilized substrates are directed for degradation. Branched ubiquitin chains
promote substrate degradation through the proteasome. TRIP12 and UBRS are
HECT-type E3 ubiquitin ligases, which are specific for lysine 29 (K29) and lysine
48 (K48) linkages, respectively. Here, we show that the deubiquitylase (DUB)
OTUDS is cooperatively modified by TRIP12 and UBRS, resulting in conjugation
of K29/K48 branched ubiquitin chains and accelerated proteasomal degra-
dation. TRIP12-OTUDS antagonism regulates TNF-a-induced NF-kB signaling,.
Mechanistically, OTUDS5 readily cleaves K48 linkages, but does not affect K29
linkages. Consequently, K29 linkages overcome OTUD5 DUB activity to facil-
itate UBR5-dependent K48-linked chain branching. This mechanism is applic-
able to other OTUD5-associated TRIP12 substrates. Thus, the combination of
DUB-resistant and proteasome-targeting ubiquitin linkages promotes the
degradation of deubiquitylation-protected substrates, underscoring the role
of branched ubiquitin chains in shifting the ubiquitin conjugation/deconju-
gation equilibrium.

The ubiquitin-proteasome system regulates numerous cellular func-
tions. Ubiquitin moieties are linked through the N-terminus, one of the
seven lysine (K) residues, or certain serine/threonine residues, to form
polyubiquitin chains. The functional diversity of different ubiquitin
linkages is referred to as the ubiquitin code, which regulates protein
degradation, inflammatory signaling, and endocytosis’.

Heterotypic ubiquitin chains, which consist of two or more
ubiquitin linkage types, serve as important biological signals, adding
complexity to the ubiquitin code’. Among them, branched ubiquitin
chains, in which one ubiquitin moiety is modified with two or more
ubiquitin molecules through different linkages, function as a priority
signal for proteasome-mediated protein degradation**. K11/K48

branched ubiquitin chains are generated by anaphase-promoting
complex/cyclosome (APC/C) or by UBR5/UBR4, and regulate cell
cycle progression, gene transcription, and quality control of mis-
folded proteins®*’. K63-linked ubiquitin chains are further modified
with either K48-linked or K48/K1l-linked chains to assemble K48/
K63-linked®’ or K11/K48/K63-linked® branched chains, respectively;
these convert nonproteolytic K63-linked chains into proteasomal
degradation signals. K29/K48 branched ubiquitin chains are assem-
bled during ERAD pathways’, PROTAC-induced targeted
degradation', or ubiquitin-fusion degradation (UFD)"** to promote
proteasomal degradation. Defects in enzymes involved in the reg-
ulation of branched ubiquitin chains cause diseases®”, underscoring
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the biological
ubiquitin code.

Several mechanisms have been proposed to explain how bran-
ched ubiquitin chains promote proteasomal degradation. The most
prevalent view is that ubiquitin chain branching increases ubiquitin
signal density irrespective of linkage type and enhances proteasome
recruitment™. Indeed, substrates modified with either K11/K48 or K11/
K48/K63 branched chains preferentially associate with the
proteasome®®, Additionally, branched ubiquitin chains containing K48
linkages are preferentially recognized by the proteasome-associating
deubiquitylase UCH37, which debranches K48 linkages for proteaso-
mal degradation°. Branched chains also promote association with
the p97 segregase/unfoldase®”. Another mechanism is that a pre-
viously formed ubiquitin chain serves as a foundation for K48-linked
branching, contributing to efficient K48-linked chain assembly®°.

These studies indicate that branched ubiquitin chains containing
K48 linkages serve as superior signals for proteasomal degradation,
irrespective of linkage types. However, the specific roles of each link-
age type within a branched chain remain poorly characterized. For
example, the K29 linkage is the fourth-most abundant linkage type in
mammalian cells® and, most K29 linkages lie within heterotypic
chains containing K48 linkages®. Nonetheless, the specific function of
K29 linkages within the branched chains remains unknown. Given that
homotypic ubiquitin linkages have specific functions and dictate spe-
cific signaling pathways, it remains to be studied whether, and how,
cognate linkage types within branched ubiquitin chains exert specific
functions to promote protein degradation.

Ubiquitylation is reversibly regulated by deubiquitylases (DUBs),
adding plasticity and robustness to the ubiquitin system?®. DUBs fall
into seven classes according to their catalytic domains: USP, OTU, MJD,
UCH, JAMM, MINDY, and ZUFSP families?. Among them, OTU-family
DUBs often exhibit ubiquitin linkage-type specificity?’. DUBs associate
with client proteins and prevent excessive ubiquitylation, protecting
them from proteasomal degradation. Given their catalytic nature, it is
unclear how deubiquitylation-protected proteins, e.g., DUBs and DUB-
associated proteins, are destined for proteasomal degradation when
cells need to decrease their protein levels.

In this work, we use proteomics screening to identify substrates
ubiquitylated by TRIP12, the HECT-type E3 ubiquitin ligase that spe-
cifically assembles K29-linked ubiquitin chains and adds K29 branched
linkages off the K48-linked chains'®, and identify the OTU-family DUB,
OTUDS. We find that OTUDS is cooperatively modified by TRIP12 and
UBRS to assemble K29/K48 branched ubiquitin chains. TRIP12 and
OTUDS reciprocally regulate NF-kB signaling. We further explore the
interplay between these three enzymes to understand how branched
chains promote substrate degradation. Notably, OTUDS5 readily
cleaves K48 linkages but weakly cleaves K29 linkages. Consequently,
OTUDS DUB activity counteracts UBR5 but TRIP12 overcomes the
deubiquitylation, facilitating branched chain formation and OTUDS
proteasomal degradation. Certain other TRIP12 substrates associated
with OTUDS are also targeted for degradation by TRIP12 and UBRS,
similarly. Our results indicate that a combination of DUB-resistant and
proteasome-destined ubiquitin codes efficiently target DUB-protected
substrates for proteasomal degradation. These findings highlight an
important role for two specific ubiquitin linkages that together, act as a
robust degradation signal for DUB-protected proteasomal substrates.

importance of this emergent type of the

Results

TRIP12 promotes OTUDS ubiquitylation and degradation
Although candidate approaches have identified substrates modified
with branched ubiquitin chains®, there is no versatile methodology to
systematically identify these proteins. In this study, we focused on
TRIP12. Because K29 linkages lie mostly within K29/K48 heterotypic
chains?®, we hypothesized that TRIP12 substrates may be modified with
K29/K48 branched chains. Moreover, these expected proteasomal

substrates enable proteome-wide screening of candidate proteins
using quantitative proteomics from cell lysates. Thus, we used tandem-
mass-tag (TMT)-based quantitative proteomics to identify proteins
accumulated after TRIP12 knockdown. We obtained 35 candidate
proteins accumulated under TRIP12 knockdown in HT1080 cells
(Fig. 1a and Supplementary Data 1). Gene ontology analysis revealed
the enrichment of proteins related to chromatin regulation and
RNAPII-mediated transcription (supplementary Fig. 1a), consistent
with previously known roles of TRIP12?*. Among the candidates, we
focused on OTUDS because endogenous OTUDS was accumulated
after TRIP12 knockdown using two independent siRNAs (Fig. 1b).
Consistently, a downstream target of OTUDS, UBRS, was also slightly
accumulated (Supplementary Data 1). We confirmed that OTUDS
protein accumulation upon TRIP12 knockdown was not attributable to
their mRNA levels (Fig. 1c); although OTUDS mRNA levels were mar-
ginally increased under TRIP12 knockdown (1.3-fold) (Fig. 1c), it was
unlikely to cause OTUDS5 protein accumulation (-5-fold) (Fig. 1b).

OTUDS5 belongs to the OTU family of deubiquitylases®. OTUD5
regulates several pathways, including NF-kB signaling pathways and
transcriptional regulation through chromatin modification”. OTUD5
also regulates DNA damage response and immune signaling through
association with UBR5**?, OTUDS preferentially cleaves K48- and K63-
linked chains®®; however, its deubiquitylation specificity toward long
or complex ubiquitin chains has not been well-characterized. The
relationship between OTUDS and TRIP12 is also unknown.

We subsequently analyzed the half-life of OTUDS protein. TRIP12
knockdown massively slowed OTUDS turnover (Fig. 1d). TRIP12 inter-
acted with OTUDS during co-immunoprecipitation (Fig. 1e). We sub-
sequently investigated whether TRIP12 promoted ubiquitylation of
OTUDS in cell and in vitro. Using TUBE2 (tandem ubiquitin-binding
entity 2), which serves as a pan-ubiquitin chain binder when four
repeats of the UBAL domains from HR23A are tandemly fused®, we
found that OTUDS pan-ubiquitylation was enhanced by the expression
of wild-type, but not catalytically inactive (C1959A), TRIP12 (Fig. 1f). On
the other hand, TRIP12 did not affect ubiquitylation of other tested
OTU family deubiquitylases such as OTUD3 or OTUD4 (supplementary
Fig. 1b). We also confirmed that TRIP12 knockdown decreased ubi-
quitylation of endogenous OTUD5 under proteasomal inhibition
(Fig. 1g). In an in vitro ubiquitylation assay using purified OTUDS and
TRIP12 proteins (supplementary Fig. 1c), OTUDS was ubiquitylated by
TRIP12 (Fig. 1h). Collectively, these results indicate that TRIP12 inter-
acts with OTUDS and promotes its ubiquitylation and degradation.

TRIP12 and UBRS cooperatively assemble K29/K48 branched
ubiquitin chains
We explored whether OTUDS was modified by TRIP12 with K29-linked
chains. OTUD5 was immunopurified after an in vitro ubiquitylation
reaction with TRIP12, then subjected to mass spectrometric quantifi-
cation using parallel reaction monitoring (Ub-AQUA/PRM)*°. We found
that OTUDS was specifically modified with K29-linked chains by TRIP12
(Fig. 2a). K29 specificity was confirmed using single-lysine ubiquitin
mutants in the same in vitro ubiquitylation assay (Fig. 2b). To analyze
modification with K29-linked chains in cells, we used GST-fused
TRABID-NZF1 as a K29 binder. TRABID-NZF1 is specific for K29 and
K33 linkages®**', but OTUDS is not modified with K33-linked chains;
we, therefore, used it as a K29 binder here. As shown in Fig. 2c, OTUD5
modification with K29-linked chains was massively increased by wild-
type TRIP12 but not by catalytically inactive TRIP12 (Fig. 2c).

We subsequently quantified ubiquitin chain linkages conjugated
to OTUDS, immunopurified from cells. OTUDS5 was modified with 69%
of K48 linkages and 19% of K29 linkages, both of which increased in the
presence of TRIP12 (Fig. 2d). Because TRIP12 specifically assembles
K29-linked chains', the results raised the possibility that another E3(s)
assembled K48-linked chains. Previous studies report that OTUDS
interacts with UBRS, a HECT-type K48-linkage specific E3, in the
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Fig. 1| TRIP12 promotes ubiquitylation and degradation of OTUDS. a TMT-
based quantitative proteomics. HT1080 cells were transfected either with scram-
bled siRNA or siTRIP12 for 72 h. Total lysates were subjected to TMT analysis (two
biological replicates). b HT1080 cells were transfected with either scrambled siRNA
(Scr) or two independent siRNAs targeting TRIP12 for 72 h, and endogenous OTUDS
was analyzed by western blotting. The right panel shows quantification of band
intensities (OTUD5/Actin). Two-sided ANOVA, three biological replicates. c mRNA
expression levels were analyzed by quantitative RT-qPCR using HT1080 cells 72 h
after the knockdown. Two-sided ANOVA, four biological replicates.

d Cycloheximide (CHX) chase assay was performed using HEK293T cells trans-
fected with the indicated siRNAs for 72 h and treated with CHX for O, 7, or 14 h. The
lower panel shows quantification of band intensities (OTUDS5/Actin, two biological
replicates). e HEK293T cells were transfected with the indicated expression vectors

(2.5 pg FLAG-TRIP12 and/or 5 pg HA-OTUDS) for 48 h, and co-immunoprecipitation
was performed using anti-FLAG antibody. f TRIP12 promotes OTUDS ubiquitylation
in cells. HEK293T cells were transfected with the indicated expression plasmids for
48 h, and treated with MG132 (20 pM, 2 h) before cell lysis. Ubiquitylated proteins
were enriched using TUBE2-conjugated agarose from cell lysates. The ubiquitylated
OTUDS was stained using anti-OTUDS antibody. g Ubiquitylation of endogenous
OTUDS is regulated by TRIP12. HT1080 cells were transfected with either scrambled
or TRIP12 siRNAs for 72 h, and treated with 20 pM MG132 for 2 h before cell lysis.
h TRIP12 ubiquitylates OTUDS in vitro. OTUDS (1 pg) was subjected to an in vitro
ubiquitylation reaction with E1 (100 ng), E2 (100 ng UBCH5c or UBCH?7), ubiquitin
(10 pg), and TRIP12 (1 pg). OTUDS was immunopurified after the reaction, and
ubiquitylated OTUDS was analyzed using anti-ubiquitin antibody. Source data are
provided as a Source Data file.

regulation of DNA damage response and NF-kB signaling”~* There-
fore, we conducted a TMT analysis to identify UBRS-regulated sub-
strates. Surprisingly, OTUDS was identified as a protein accumulated
after UBRS knockdown (Fig. 2e and Supplementary Data 2). Endo-
genous OTUDS turnover was consistently delayed by UBRS knock-
down (Fig. 2f), suggesting that OTUDS degradation was regulated by
both TRIP12 and UBRS.

These results implied that TRIP12 and UBRS cooperatively
assembled K29/K48 branched ubiquitin chains. UBRS has been shown
to participate in the formation of K48/K63’ or K11/K48®> branched
ubiquitin chains by specifically assembling K48 linkages. Therefore, we
verified cooperative actions of TRIP12 and UBRS5 in OTUDS5 pan-
ubiquitylation using TUBE2. UBR5-dependent ubiquitylation of OTUDS
was almost completely diminished with TRIP12 knockdown (Fig. 2g,
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lanes 2 and 4), whereas TRIP12-dependent ubiquitylation was partially
decreased by UBRS5 knockdown (Fig. 2h, lanes 2 and 4, and supple-
mentary Fig. 1d). These results showed that UBRS5 action is dependent
on TRIP12.

We analyzed OTUDS modifications with K29- or K48-linked chains
using K29 binder (TRABID-NZF1) or K48-TUBE, respectively®. UBRS
expression promoted both K29- and K48-linked ubiquitylation of

OTUDS, which was almost completely diminished by TRIP12 knockdown
(Fig. 2i, lanes 2, 4, 6, and 8). However, the TRIP12-dependent K29-linked
ubiquitylation of OTUDS5 was partially decreased by UBRS knockdown,
whereas TRIP12-dependent increase of K48-linked chains was massively
diminished by UBRS knockdown (Fig. 2j, lanes 2, 4, 6, and 8).

To investigate whether endogenous OTUD5 was modified with
K29/K48 branched ubiquitin chains, we immunopurified endogenous
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Fig. 2 | TRIP12 and UBRS cooperatively assemble K29/K48 branched ubiquitin
chains. a TRIP12 assembles K29-linked ubiquitin chains onto OTUDS in vitro.
OTUDS ubiquitylated in vitro using TRIP12 and UBCH7 (as in Fig. 1h) was subjected
to PRM-based absolute quantification. Two biological replicates were used. b An
in vitro ubiquitylation assay was performed as in Fig. 1h using single-lysine mutant
ubiquitin and UBCH?7. ¢ TRIP12 promotes K29-linked ubiquitylation of OTUDS in
cells. HEK293T cells were transfected as indicated, for 48 h, and treated with MG132
(20 puM, 2 h) before cell lysis. Proteins modified with K29-linked chains were enri-
ched using K29-binder. d Absolute quantification of ubiquitin linkages conjugated
on OTUDS. HEK293T cells were transfected with FLAG-HA-OTUDS and HA-TRIP12,
and OTUDS was immunopurified. e TMT-based quantitative proteomics from
control or UBRS knockdown HT1080 cells. Two biological replicates were used.
fHT1080 cells were transfected with the indicated siRNAs for 72 h, and CHX chase
assay was performed. g-j OTUDS was cooperatively modified with K29- and K48-
linked ubiquitin chains. HEK293T cells were transfected with the indicated siRNAs

for 72 h and expression plasmids for 48 h, respectively, and treated with MG132 (20
M, 2 h) before cell lysis. Cell lysates were subjected to ubiquitin pulldown using
either TUBE2, TRABID-NZF1, or K48TUBE as indicated. k Endogenous OTUD5 was
immunoprecipitated from HT1080 cells and subjected to UbiCRest analysis. The
ubiquitin chains were analyzed using Ub-AQUA/PRM. High-molecular-weight
(HMW, >150 kDa) and low-molecular-weight (LMW, 75-150 kDa) polyubiquitylated
OTUDS were separated by SDS-PAGE. Two biological replicates. 1 Both TRIP12 and
UBRS are required for the degradation of endogenous OTUDS. HT1080 cells were
transfected with the indicated siRNAs for 72 h. Cell lysates were subjected to wes-
tern blotting. The right panel shows quantification of band intensities (OTUDS/
Actin, three biological replicates). m Schematic model. TRIP12 and UBR5 coop-
eratively assemble K29/K48 branched ubiquitin chains onto OTUDS. The K29/K48
branched chains are indispensable for efficient degradation of OTUDS. Source data
are provided as a Source Data file.

OTUDS using anti-OTUDS antibody; the conjugated ubiquitin chains
were then cleaved by the engineered K48-specific DUB OTUBI**. The
reciprocal experiment to specifically cleave K29 linkages was techni-
cally challenging at this stage because K29/K33-linkage-specific TRABID
can also cleave other linkages such as K63 linkage in vitro*. We found
that, after the immunopurification and OTUBI* treatment, pan-
ubiquitylation was partially retained (Fig. 2k). Mass spectrometric
quantification confirmed that OTUBI* treatment reduced K48 linkage
abundance (Fig. 2k). After OTUB1* treatment, the abundance of high-
molecular-weight K29 linkages was decreased, whereas that of low-
molecular-weight K29 linkages was almost retained (Fig. 2k) This sug-
gests a model in which most of the K29 linkages lie in the proximal side
of the chains from which K48 linkages branch off, whereas a portion of
the K48 linkages is further modified by K29 linkages. Collectively, these
results suggest that OTUDS is modified with K29 linkages by TRIP12 and
then with K48 linkages by UBRS, resulting in the conjugation of K29/
K48 branched ubiquitin chains in which the majority of K48-linkages
are added to the distal sides of K29-linked chains.

We investigated whether TRIP12 and UBRS5 cooperatively regu-
lated the degradation of endogenous OTUDS. Knockdown of either
TRIP12 or UBR5 accumulated OTUDS (Fig. 2 and supplementary
Fig. 1e). Importantly, simultaneous knockdown of TRIP12 and UBRS5 did
not show further OTUD5 accumulation (Fig. 21, lane 5). This indicates
that both TRIP12 and UBRS are required for OTUDS degradation; that
is, TRIP12 or UBRS alone are insufficient for degradation. This supports
the cooperative ubiquitylation model (Fig. 2m).

TRIP12-0OTUDS antagonism regulates NF-kB signaling

We investigated whether TRIP12 antagonizes OTUDS cellular function.
RNA sequencing was performed to identify pathways altered by TRIP12
or OTUDS or double knockdown (Fig. 3a and Supplementary Data 3).
We hypothesized that changes in gene expression caused by OTUD5
accumulation under TRIP12 knockdown, may be canceled by simulta-
neous knockdown of OTUDS. Therefore, we isolated genes whose
expression levels were 1) downregulated <0.67-fold by TRIP12 knock-
down compared to scramble and 2) recovered to >1.5-fold by TRIP12/
OTUDS double knockdown compared with TRIP12 single knockdown
(Fig. 3b). Gene ontology analysis revealed that the GO term “inflam-
matory response” was accumulated in such a gene set (Fig. 3c). How-
ever, GO terms related to PI3-kinase and ERK/MAPK cascade were
accumulated in a gene set changed by TRIP12 single knockdown
(Fig. 3¢). These results suggested that TRIP1I2-OTUDS5 antagonism may
regulate the NF-kB inflammatory signaling pathway.

We also conducted RNA-sequencing of TRIP12, UBRS, or HOIP (a
control, as HOIP and HOIL-1L generate M1- and Ser/Thr-linked het-
erotypic ubiquitin chains®) knockdown cells (supplementary Fig. 2a—c
and Supplementary Data 3). Genes up/down-regulated in these
knockdown cells were only partially overlapped, consistent with the
notion that they regulate several biological pathways (e.g., TRIP12

regulates cell cycle progression and chromatin remodeling®, while
UBRS regulates DNA replication and protein quality control’*’).

Next, we investigated whether TRIP12 regulated TNF-a-induced
NF-kB signaling. TNF-« treatment promoted phosphorylated I-kB, IKK,
and p65 with a concomitant decrease in the total I-kB level (Fig. 3d,
lanes 1-6). With TRIP12 knockdown, these TNF-a responses were
down-regulated (Fig. 3d, lanes 7-12). The results indicate that TRIP12 is
an enhancer of TNF-a-induced NF-kB signaling.

We next verified TRIP12-OTUDS antagonism in TNF-a-induced
NF-kB signaling. TNF-a-induced phospho-I-kB elevation was
decreased or increased by TRIP12 or OTUDS knockdowns, respectively
(Fig. 3e, lanes 4-9). Such elevation of phospho-I-kB under OTUDS
knockdown was partially canceled by the simultaneous knockdown of
TRIP12 and OTUDS (Fig. 3e, lanes 10-12), with concomitant accumu-
lation of OTUDS (compare lanes 7-9 and 10-12 in anti-OTUDS5 loading
(++)). Consistently, the expression of NF-kB target genes (IL6, IL11,
ADAMS, and IRAK2 (supplementary Fig. 2d)) in presence of TNF-a was
reciprocally regulated by TRIP12 and OTUDS (Fig. 3f).

To identify OTUDS target(s) during NF-kB activation, we analyzed
FLAG-OTUDS associated protein identified by LC-MS. Among the
putative interactants related to ‘signaling’ in KEGG pathways (Supple-
mentary Data 4), we focused on TRAF2 because 1) TRAF2 modification
with K63-linked chains serves as a hub for downstream NF-kB signaling
pathways® and 2) OTUDS5 deubiquitylates the Ké3-ubiquitylated
TRAF3, another TRAF-family protein®. Indeed, we found that TRAF2
associated with OTUDS in cells (Fig. 3g). We explored whether OTUDS
regulated deubiquitylation of TRAF2. We found that Ké63-
ubiquitylation of TRAF2 was increased by OTUDS5 knockdown and
decreased by TRIP12 knockdown (Fig. 3h). It cannot be ruled out that
OTUDS may also cleave K48 linkages modified on TRAF2 or on other
substrates. Collectively, these results suggest a model in which TRIP12
regulates the steady-state level of OTUDS protein, whose accumulation
under TRIP12 depletion represses TNF-a-induced NF-kB signaling
partly through TRAF2-deubiquitylation (Fig. 3i).

OTUDS efficiently cleaves K48 linkages but not K29 linkages
The data presented thus far indicate that OTUDS is cooperatively
modified by K29-specific TRIP12 and K48-specific UBRS, resulting in
the conjugation of K29/K48-linked branched ubiquitin chains, and the
biological importance of TRIP12-OTUDS5 antagonism is observed in
TNF-a-induced NF-kB signaling. Nonetheless, how branched ubiquitin
chains consisting of K29 and K48 linkages promote substrate degra-
dation remains unclear. Therefore, we further explored the interplay of
TRIP12, UBRS, and OTUDS in the regulation of branched ubiquitin
chain assembly.

We hypothesized that OTUD5 DUB activity may counteract TRIP12
and/or UBRS. To test this, we first analyzed the ubiquitin chain linkage
preference of OTUDS DUB activity. Diubiquitins of eight linkage types
were subjected to an in vitro deubiquitylation assay with OTUDS.
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or K63-linked tetra-ubiquitin. Again, OTUDS readily cleaved K48- or
K63-linked tetraubiquitin and, to a lesser extent, Kll-linked tetra-
ubiquitin but exhibited minimal activity toward K29-linked tetra-
ubiquitin (Fig. 4b, d (i)).

We subsequently analyzed whether OTUDS deubiquitylates K29/
K48-linked branched ubiquitin chains. To imitate the architecture of

Nature Communications | (2025)16:2496


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57873-9

Fig. 3| TRIP12-OTUDS antagonism regulates NF-kB signaling. a RNA-sequencing
analysis. HT1080 cells were transfected with the indicated siRNAs for 72 h and total
RNAs were isolated. Three biological replicates were used. b Protein-coding genes
whose expression levels are down-regulated (<0.67-fold) by TRIP12 knockdown
(siTRIP12 vs. scramble) and restored (>1.5-fold) by OTUD5 double knockdown
(siTRIP12+siOTUDS vs. siTRIP12). ¢ Gene ontology (GO) analysis of genes isolated in
(b). The Pvalue stands for the adjusted P-value, which is corrected by the Benjamini-
Hochberg method. For gene ontology analysis using DAVID, the raw P values, which
were one-sided and not adjusted, were used. d NF-kB signal transduction is down-
regulated in TRIP12 knockdown cells. HT1080 cells transfected with the indicated
siRNAs for 72 h were treated with TNF-a for the indicated duration, and total lysates
were subjected to western blotting. e NF-kB signaling is antagonistically regulated
by TRIP12 and OTUDS. Cells were treated as in (d). In the lowest panel, total cell
lysates (20 pg) were loaded to detect OTUDS and OTUDS band intensities were

quantified. f Expression of NF-kB target genes is antagonistically regulated by
TRIP12 and OTUDS. HT1080 cells were treated with 0.1 ng/mL TNF-« for 3 h, and
RT-qPCR was performed. Four biological replicates were used. g HEK293T cells
were transfected with FLAG-HA-OTUDS plasmids for 48 h, and immunoprecipita-
tion was performed using an anti-FLAG antibody. The association of endogenous
TRAF2 with FLAG-HA-OTUDS was detected. h K63 ubiquitylation of TRAF2 in
response to TNF-a stimulation is antagonistically regulated by TRIP12 and OTUDS.
HT1080 cells were treated with TNF-a as indicated, and cell lysates were subjected
to K63TUBE pulldown to enrich proteins modified with K63-linked ubiquitin chains.
i Schematic model. TRIP12 and UBRS down-regulate the steady-state protein level
of OTUDS. Accumulation of OTUDS under TRIP12/UBRS deficiency repressed TNF-
o-induced NF-kB signaling partly, through deubiquitylation of TRAF2. Source data
are provided as a Source Data file.

branched ubiquitin chains conjugated to OTUDS, i.e., distal K48 lin-
kages branching off the proximal K29 linkages, we inserted mono-
ubiquitins into the four K48 residues within a K29-linked
tetraubiquitin, resulting in a K29/K48-linked branched octamer (Fig. 4c¢
and supplementary Fig. 3a-f). When cleaved by OTUBI*, octa-ubiquitin
separated into Ub4 and Ubl, confirming the architecture with K48
linkages inserted into K29-Ub4 (supplementary Fig. 4a). Using these
ubiquitin chains, we conducted a timecourse deubiquitylation assay
with OTUDS. Using the K29/K48-linked branched octamer as a sub-
strate, we found that Ub5 and Ub4 were accumulated after the clea-
vage (Fig. 4d (iii)). Staining with a K48-linkage-specific antibody
revealed that the Ub5, but not Ub4 and shorter chains, contained K48
linkages (Fig. 4d (iv)). This suggests that K29-linked Ub4 with a single
K48 branched/mixed linkage is partially resistant to OTUDS DUB
activity (Fig. 4d (v)). We also conducted a similar DUB assay with the
titration of different amounts of OTUDS (supplementary Fig. 4b),
confirming the results shown in Fig. 4d.

To gain insight into architecture that may repress OTUDS5 DUB
activity, we investigated whether the cleavage of a K48 linkage is
repressed when it is either branched with the K29-linkage or tandemly-
mixed at the distal or proximal side of the K29 linkages (Fig. 4e and
supplementary Figs. 4c-e and 5a-c). We observed a modest, but
reproducible repression of OTUDS5 DUB activity towards K48 linkages
in all three types of K29 mixed linkages, i.e., K29/K48 branched Ub3,
K29/K48 tandemly-mixed Ub3, and K48/K29 tandemly-mixed Ub3
(Fig. 4e and supplementary Fig. 4c-d). We subjected equal amounts of
(Fig. 4e) or equimolar (supplementary Fig. 4e) OTUDS to the DUB
assays to obtain consistent results. Although a precise understanding
of the underlying mechanism depends on detailed structural analyses,
our results suggest that the K29 linkage is not only resistant by itself to
OTUDS, but also modestly stabilizes the mixed/branched K48 linkage.

Collectively, these results indicate that OTUDS5 readily cleaves K48
linkages but only weakly cleaves K29 linkages, supporting the pro-
posed model where OTUDS counteracts the assembly of K48-linked
ubiquitin chains conjugated by UBRS.

OTUDS counteracts UBR5-mediated K48 ubiquitylation, over-
come by TRIP12

To investigate whether OTUDS counteracted ubiquitin chain assembly,
we conducted an in vitro ubiquitylation/deubiquitylation assay using
wild-type or catalytically inactive (C224R) OTUDS (OTUDS5-C224R). We
purified FLAG-HA-OTUDS5 protein from cells treated with the E1
inhibitor TAK-243, preventing contamination of ubiquitylated forms of
OTUDS. We introduced a Cys-to-Arg point mutation (C224R) based on
a previous report that Cys-to-Ser mutation, but not Cys-to-Arg,
increases interaction with ubiquitin®’. We analyzed the elongation of
free ubiquitin chains assembled either by UBRS5 or TRIP12, to assess the
activity of these E3s, irrespective of substrate properties. We found
that TRIP12-dependent polyubiquitin chain formation was unaltered
irrespective of co-incubation with wild-type or C224R OTUDS (Fig. 5a,

right panel). However, UBR5-dependent polyubiquitylation was less
efficient when co-incubated with wild-type OTUDS than with C224R
OTUDS (Fig. 5a, left panel), leaving oligo-ubiquitylated species (~15 to
37 kDa). Notably, most of the mono-ubiquitin remained non-reacted in
our assay. The data indicate that UBRS5-dependent ubiquitin chain
assembly is counteracted by OTUDS.

Next, we investigated whether OTUDS DUB activity counteracted
OTUDS ubiquitylation by TRIP12 or UBRS. After in vitro ubiquitylation/
deubiquitylation of wild-type or C224R OTUDS5 with TRIP12/UBRS,
OTUDS was purified using anti-HA immunoprecipitation. Notably,
UBRS ubiquitylation of wild-type OTUDS was less effective than that of
C224R OTUDS (Fig. 5b (i)). However, wild-type and C224R OTUDS were
ubiquitylated by TRIP12 at similar levels (Fig. 5b (ii)). To validate ubi-
quitin linkage specificity, we subjected this reaction to mass spectro-
metric quantification. As shown in Fig. 5c (i), assembly of K48 linkages
onto OTUDS by UBRS was approximately 6-fold more abundant on the
C224R mutant than on the wild-type OTUD5 (Fig. 5¢ (i)). However,
efficiency of K29-linkage formation by TRIP12 was similar in both wild-
type and C224R OTUDS (Fig. 5c (ii)). These results reveal that OTUDS5
DUB activity counteracts UBRS5-dependent K48-linked chain assembly
conjugated to OTUDS, whereas K29-linked chain formation by TRIP12
is resistant to OTUDS.

Based on results thus far, we postulated the following model:
while K48-linked ubiquitylation by UBRS is restricted by OTUDS,
TRIP12 assembles K29-linked chains, which are resistant to OTUDS5
DUB activity. UBRS then adds K48 branched linkages off the K29-linked
chains, more efficiently than de novo chain assembly.

UBRS has a UBA domain, which may mediate K48 branched ubi-
quitylation off the Kil-linked® or Ké63-linked chains’. Therefore, we
investigated whether the UBR5 UBA associated with K29-linked diu-
biquitin. Although UBR5 UBA did not exhibit a clear linkage-type
specificity, it associated with K29-linked diubiquitin with the highest
affinity among other linkage types except for the K27 linkage (extre-
mely low abundant”, may not contribute to OTUD5 proteasomal
degradation) (Fig. 5d (i) and (ii)). UBR5 UBA associated with longer
K29-linked chains more strongly (Fig. 5d (iii)).

We next investigated whether UBR5 assembled branched K48-
linked chains off the K29-linked chains in vitro. For this, OTUDS was
modified with K29-linked diubiquitin using a SUE1 strategy*’. We first
confirmed successful OTUDS modification with monoubiquitin at its
N-terminus, using the SUEl sequence (supplementary Fig. 6a),
although the SUE1 sequence insertion within native ubiquitylation sites
did not work in our experiments. We then modified the OTUDS
N-terminus with K29-linked Ub2 (Fig. 5e). Wild-type OTUDS5 or K29Ub2-
modified OTUDS5 were subjected to UBR5-mediated K48-linked ubi-
quitylation in vitro. We found that K29Ub2-modified OTUDS5 was fur-
ther conjugated with K48-linked ubiquitin chains by UBR5 more
efficiently than wild-type OTUDS (Fig. 5f). This supports our model
where modification of K29-linked chains changes the equilibrium
between ubiquitylation by UBR5 and deubiquitylation by OTUDS.

Nature Communications | (2025)16:2496


https://davidbioinformatics.nih.gov/
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57873-9

a
M1 Ké K11 K27 K29 K33 K48 K63
(kDa)
M1
- oTUDS K6
50 100 — KI1
ar £ K27
25 S— — K29
20, e ) .'S 50 -o- K33
15 - —ases - - o S = Ke8
10. >
- - s [ Ub1 -+ K63
OTUD5: 0 2180 2180 2180 2180 2180 2180 218 0 2 18 (h)
b K11 Ub4 K63 Ub4 c
(kDa)
75 - 0TUDS o W w0 [OTUDS (I) e
50.
a7 Y : B ———
E1,UbcHSC, E3C:  purification n identification
25 Ub4 Ubé4 Ub K6/11/29/48/63 elongation by cation of the linkage type
20- Ub3 DUBs: exchange § by enzymes
e K6/11/48/63 cleavage  Chromatography ~ K29-Ub4 K29/K48-Ub4 cyclic K29-Ubd
15- Ub2 Ub2 (branched or mixed) ~ K29-Ub4
1 Ubt Ubt (")
OTUD5: 01/41/21 2 4 01/41/21 2 4 (h) major ?
Proximal reaction ’? S
K48 Ub4 Ub - —_—
kDa
(0= Ublinked | U2 (48R ?, K29/K48-Ub8
TS - oTUDS toK29 ¢
50 Ub linked —
E1, AMFR-E2G2: purification
37 tok4s K48 specific by cation
Ub4 K48R elongation exchange
;g Ub3 mutation K29-Ubd chromatography
AR — K29/K48-Ub8
154 Ub2 minor further
104 reaction elongation K29/K48-Ub15~
Ub1 by Ub K48R
OTUD5: 01/41/21 2 4 (and K29-Ub4)
(M) (i) (iii) (iv) (v)
K29 Ub4 K48 Ubd K29/K48 branch Ub8 K29/K48 branch (4h)
(kDa) (kDa) —
7 oTUDS I K29 K29
29 K48
Ubs
50. Ub7 50. K48
Ub6
37 Ub5 37 Ubs s e
S — Ub4 O "
2 25
2 e 2 i K48
K48
15 b2 15 K29
10. 10
Ub1 N W°
OTUD5: 0 1/4 12 1 2 4 0 14 12 1 2 4 0 14 12 1 2 4 (h) 1B:K48Ub
* K48 Ub2
ans K29/K48-Ub3 branch
e . . iii °
(i) (i) (iii) 4 K29/K48-Ub3 mix
K29/K48 K29/K48 K48/K29 K29/K48 K48/K29-Ub3 mi
K48Ub2 _up3branch -Upb3mix K29 Ub2 K48Ub2  _Up3mix -Ub3 branch - mx
(kDa) (kDa * P=0.0242
75 ush b - e — vt s lOTUDS 7T —— _—— Wt W |[-OTUDS ‘o * P=0.0245
100 ~ = 44 5 _*P=0.0487
50 50 5 J.ecc s P=0.1378
o . %/ A v *P=0.0002
Rl
25 25 8 .
- Ub3 s 3 .
20 2 .850 :
-Ub2
15 w2 15 §
10- 10 0]
Ub1 -Ub1 ©
0 T T T
OTUD5: 0 2 6 0 2 6 0 2 0 2 6 (h) 0 26 02 60 2 6 () 0 2 6 (h
K48 K29 e & K48 ¥ kag K26
Q- QB BT e ® %
W W N N\ N W W

Finally, we tested the ubiquitylation/deubiquitylation competi-
tion in living cells. We hypothesized that, if K29-linked ubiquitylation is
required to counteract OTUDS5 DUB activity, then degradation of cat-
alytically inactive OTUDS should bypass TRIP12 requirement. To test
this, wild-type or OTUD5-C224R were expressed in either control or
TRIP12-knockdown cells, and cycloheximide chase assay was per-
formed. As shown in Fig. 5g, the turnover of wild-type OTUD5 was

delayed by TRIP12 knockdown, as expected (Fig. 5g, lanes 1-2 and 5-6).
By contrast, OTUDS-C224R was degraded even in the TRIP12-
knockdown cells (Fig. 5g, lanes 3-4 and 7-8). Thus, degradation of
catalytically inactive OTUDS does not require TRIP12, suggesting that
K29-linked ubiquitylation is required to overcome OTUDS DUB activ-
ity. Supporting our model, the turnover of OTUDS5-C224R is dependent
on UBRS (supplementary Fig. 6b). Consistently, K48-ubiquitylation of
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Fig. 4 | OTUDS efficiently cleaves K48 linkages but not K29 linkages. a OTUDS5
efficiently cleaves K11-, K48-, and K63-linked diubiquitin. Diubiquitins (1.0 pg) of
eight linkage types were incubated with OTUDS (0.5 pg) for the indicated duration
in an in vitro deubiquitylation assay. The right panel shows quantification of band
intensities. b In vitro deubiquitylation assay as in (a) using the indicated tetra-
ubiquitin as substrates. c (i) A schematic workflow for the preparation of K29-Ub4.
Enzymatically synthesized Ub4 includes cyclic K29-Ub4 and K29/K48 branched/
mixed Ub4 as well as K29-Ub4. Enzymes were used to identify the linkage type of
Ub4, and fractions with a high purity of K29-Ub4 were collected. See also online
methods. (ii) A schematic workflow for the preparation of K29/K48-Ub8. K29/K48-
Ub8 was synthesized from K29-Ub4 and Ub (K48R). The byproduct K29/K48-Ub15-,

synthesized by the reaction between K29-Ub4, was removed using cation-exchange
chromatography. See also online methods. d In vitro deubiquitylation assay. (i, ii,
iii) Either K29-linked Ub4, K48-linked Ub4, or K29/K48-linked Ub8 (1.0 pg) was
incubated with OTUDS (0.5 pg) for the indicated duration. In (iv), the sample of
K29/K48-linked Ub8 incubated with OTUDS for 4 h was stained with anti-K48-
linkage antibody. (v), possible architectures of UbS in (iv). e In vitro deubiquityla-
tion assay as in (d) with the indicated architectures of Ub2 or Ub3. The graph (iii)
shows quantification of four independent experiments (Fig. 4e (i), (ii), and sup-
plementary Fig. 4c). Two-sided ANOVA was used. Source data are provided as a
Source Data file.

OTUD5-C224R in the presence of UBRS5 did not require TRIP12 (sup-
plementary Fig. 6c).

Collectively, these results indicate that TRIP12 conjugates K29-
linked ubiquitin chains onto OTUDS5, which is resistant to OTUDS DUB
activity; then UBRS associates with the K29-linked chains and assem-
bles branched K48-linked chains off the K29 linkages (Fig. 5h).

Proteomics analysis reveals that certain TRIP12/UBR5-co-regu-
lated substrates are protected by OTUDS5

We hypothesized that certain other substrates of TRIP12/UBRS may
also be regulated by similar mechanisms. Therefore, we attempted to
identify substrates regulated by both TRIP12 and UBRS5 and analyze
their protein turnover rates. Re-analyzing the TMT-based quantitative
proteomics data to identify substrates of either TRIP12 (Fig. 1) or UBRS
(Fig. 2), we found that certain proteins were enriched in both TRIP12-
and UBR5-knockdown cells (Fig. 6a (i) and (ii)). We analyzed endo-
genous protein levels of selected substrates identified in Fig. 6a and
found that their abundances were indeed co-regulated by TRIP12 and
UBRS (Fig. 6b). Gene ontology analysis revealed enrichment of pro-
teins related to snRNA regulation, transcription, and chromatin reg-
ulation in the siTRIP12/siUBRS5 overlapped proteins (supplementary
Fig. 7a-e and Supplementary Data 5).

To characterize TRIP12/UBRS substrates, we analyzed protein
turnover rates by applying TMT proteomics to HT1080 cells treated
with either vehicle or cycloheximide for 6 h (Fig. 6a (iii)). While typical
proteasomal substrates such as CDKNI1A (p21), HIF-1a, and MCL1 were
turned over at short timecourses, the substrates we found as TRIP12/
UBR5-co-regulated proteins, including OTUDS, were relatively long-
lived proteins (Fig. 6a (iii) and b).

We hypothesized that these long-lived substrates co-regulated by
TRIP12/UBR5 may be protected by OTUDS through deubiquitylation.
Indeed, we found that ARMC7 and ZGPAT, whose protein levels are co-
regulated by TRIP12 and UBRS5 (Fig. 6b), stably associated with OTUDS
in cells (Fig. 6¢). Moreover, FLAG-ARMC7? or FLAG-ZGPAT immuno-
complex, which contained OTUDS5 (supplementary Fig. 6d), exhibited
DUB activity toward K48-linked diubiquitin (Fig. 6d). However, their
DUB activity toward K29-linked diubiquitin was much weaker (Fig. 6d),
suggesting that K29-linked ubiquitin chains were relatively resistant to
DUB activity of ARMC7-OTUDS or ZGPAT-OTUDS5 complexes.

We further characterized ARMC? ubiquitylation and degradation.
K29- and K48-linked ubiquitylation of ARMC7 was induced by the
expression of wild-type, but not that of the catalytically inactive, TRIP12
(Fig. 6e). Moreover, TRIP12-dependent K48-linked ubiquitylation of
ARMC? was decreased by UBR5 knockdown (Fig. 6f). In contrast, K29-
linked ubiquitylation was retained after the knockdown but the size of
ubiquitylated ARMC7 decreased, presumably due to the absence of
K48 branched linkages (Fig. 6f). These results suggest that ARMC7 is
ubiquitylated and degraded by a mechanism similar to that for OTUDS.
Importantly, while the turnover of ARMC7 was delayed by TRIP12
knockdown (Fig. 6g, lanes 1-6), turnover of ARMC7 in the OTUD5
knockdown cells did not require TRIP12 (Fig. 6g, lanes 7-12). Therefore,
TRIP12-mediated K29-ubiquitylation is required to counteract OTUD5
DUB activity, similar to the OTUDS degradation mechanism.

Collectively, these results demonstrate the generality of the
OTUDS-TRIP12/UBRS5 antagonistic model in which the degradation of
both OTUDS5 and OTUDS5-associated proteins requires TRIP12-
mediated K29/K48 branched ubiquitin chains. With this mechanism,
deubiquitylation of K48 linkages is overcome by altering the ubiqui-
tylation/deubiquitylation equilibrium (Fig. 6h).

Discussion

Different ubiquitin linkages exert specific roles in regulating biological
pathways. Specific functions of ubiquitin linkages within heterotypic
chains are less understood compared to those in homotypic chains®. In
this study, we demonstrated a mechanism in which a combination of
DUB-resistant and proteasome-targeting ubiquitin linkages acts as a
ubiquitin code for substrate degradation. In this model, K29 linkages
play a critical role in proteasomal degradation as a “DUB-resistant
ubiquitin chain”, facilitating K48-linkage assembly. Supporting our
observation, an in vitro reconstitution analysis indicated that K29/K48
branched chains are a less effective proteasomal signal than the
homotypic K48-linked chains of the same length*’, implying that K29/
K48 branched chains may be involved in proteasomal degradation
under a cellular environment. We presume that K29/K48 branched
chains serve as a superior degradation signal under ubiquitylation/
deubiquitylation equilibrium. DUB degradation is the most exag-
gerated case as DUBs are likely to cleave ubiquitin chains conjugated
onto themselves. However, we speculate that such equilibrium is
common within cells. We have, therefore found a critical role for the
branched ubiquitin chains in shifting the equilibrium between ubi-
quitin conjugation and deconjugation. Considering reported functions
of branched ubiquitin chains in recruitment of the proteasome or
p97>" and efficient chain assembly®, identification of other linkage-
specific roles with regard to branched ubiquitin chains should be
studied further.

The present study revealed a sophisticated interplay between
TRIP12, UBRS, and OTUDS. TRIP12 exclusively assembles K29-linked
ubiquitin chains and adds K29-linked branches onto K48-linked
chains'®. UBRS is a K48-specific E3 and adds K48 branches to assem-
ble K11/K48- or K48/K63-linked branched chains*”*'. On the other
hand, OTUDS preferentially cleaves K11-, K48-, and K63-linked chains
but only scarcely acts toward K29 linkages. These properties of the
three enzymes constitute a complex “rock-paper-scissors™like
interplay.

OTUDS protects UBRS from self-ubiquitylation®®”, suggesting
that OTUDS antagonizes UBRS5-mediated K48 ubiquitylation. Thus,
OTUDS may regulate its own stability by antagonizing UBR5-mediated
ubiquitylation. This equilibrium favors ubiquitin chain assembly and
subsequent OTUDS5 degradation when TRIP12 interacts with OTUDS;
UBRS5 assembles K48-linked ubiquitin chains onto previously formed
K29-linked chains more efficiently than de novo ubiquitylation (Fig. 5),
presumably through ubiquitin interaction of the UBA domain (Fig. 5d
and ref. 7). Moreover, we found that mixing of K29-linkages (both
branched or tandemly-mixed) modestly represses the cleavage of K48-
linkages by OTUDS (Fig. 4). Thus, TRIP12-generated K29-linkage
besides protecting itself from OTUD5-mediated deubiquitylation, also
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1) facilitates UBR5-dependent assembly of K48-linked chains and 2)
modestly protects K48-linkages from disassembly as forms of mixed/
branched linkages. Collectively, we show how an interplay of three
enzymes with different ubiquitin linkage specificities fine-tunes sub-
strate degradation through editing of complex ubiquitin architectures.

Despite the important role demonstrated for K29/K48 branched
ubiquitin chains in substrate degradation, several questions remain

FLAG-HA “wT C224R WT C224R

siTRIP12

regarding the assembly and architecture of the branched chains.
First, whether TRIP12 constitutively associates with OTUDS is
unknown. Because UBRS5 appears to stably associate with OTUD5?*%,
and because TRIP12 possesses phosphorylation sites (https://www.
phosphosite.org), we presume that TRIPI2 may associate with
OTUDS under certain cellular conditions, triggering rapid OTUDS
degradation to fulfill cellular demand.
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Fig. 5 | OTUDS antagonizes UBR5-mediated K48 ubiquitylation, counteracted
by TRIP12. a OTUDS DUB activity counteracts UBRS- (not TRIP12-) ubiquitin chain
assembly. In vitro ubiquitylation/deubiquitylation was performed with 0.25 pg
OTUDS (wild-type or C224R) and UBRS or TRIP12 (3 h). b OTUDS ubiquitylation by
UBRS is counteracted by OTUDS DUB activity. OTUDS (wild-type or C224R) (0.25
Hg) was incubated (3 h) with (i) UBRS or (ii) TRIP12 for in vitro ubiquitylation/
deubiquitylation, as in (a). OTUDS was then immunopurified using anti-HA anti-
body, and ubiquitylated OTUDS visualized using anti-ubiquitin antibody.

¢ Ubiquitin chain linkages in (b) (0.25 pg OTUDS and 50 ng UBR5/TRIP12) (i and ii)
were quantified using PRM. Signature peptide abundance (fmol) for each linkage
type was obtained from two independent experiments. d (i) UBR5_UBA interaction
with ubiquitin chains. Diubiquitin chains (eight linkage types) were incubated with
recombinant Halo-UBR5_UBA fused protein; associated chains were analyzed by
western blotting. (i) Band intensities in (i) were quantified; UBR5_UBA pulldown to
input ratio is shown. (iii) Similar pulldown analysis using K29-linked Ub2, Ub3, and
Ub4. e Purified OTUDS-SUE1 (SUEL sequence fused at N-terminus) was incubated

with E1, UBE2E, and K29-Ub2 for in vitro ubiquitylation. OTUD5-SUEI modification
was visualized using western blotting or CBB. Asterisk indicates proteins unrelated
to OTUDS. f Unmodified OTUDS or OTUDS5-SUE1 modified with K29-Ub2 (e) was
immobilized on anti-HA affinity resin and subjected to in vitro ubiquitylation with
E1, UbcH7, Ub, or UBRS. After washing, resin-bound OTUDS was denatured and
subjected to western blotting using anti-UbK48 (Apu.2) antibody. g Turnover of
catalytically inactive OTUDS bypasses TRIP12 requirement. HEK293T cells were
transfected with siRNAs (72 h) and then with either WT or C224R OTUDS (48 h).
Cells were treated with cycloheximide (50 pg/mL, 14 h); total cell lysates were
subjected to western blotting. The lower panel shows quantification of band
intensities (anti-HA/Actin, two biological replicates). h Schematic model. OTUDS
deubiquitylates K48-linked ubiquitin chains conjugated by UBRS. K29-linked ubi-
quitin chains conjugated by TRIP12 are resistant to OTUDS5 DUB activity. UBRS
assembles branched K48-linked chains off previously formed K29-linked chains
(more efficient than de novo assembly of K48-linked chains). Source data are
provided as a Source Data file.

Second, our model suggests complex ubiquitin architectures
consisting of K29 and K48 linkages. The data on a catalytically-
inactive OTUDS (Fig. 5) suggest that the ubiquitylation of OTUDS by
TRIP12 and UBRS appears as if they act sequentially because OTUD5
DUB activity negates UBRS5 activity, which is different from typical
chain initiation (priming)-elongation model***. Since UBRS5 can sta-
bly associate with OTUD5?*, UBR5 may transiently ubiquitylate
OTUDS with K48-linked chains. However, they may be vulnerable
because of deubiquitylation by OTUDS. Consequently, ubiquitin
architectures with K29 linkages as foundation and K48 linkages as
branches may survive in cells due to E3s/DUBs competition and serve
as a productive signal for proteasomal degradation. Thus, we pre-
sume that the architectures of branched ubiquitin chains can differ
depending on the substrates and contexts.

We note that our UbiCRest analysis could not technically distin-
guish TRIP12 addition of branched K29-linkages onto the most prox-
imal ubiquitin moiety of the previously assembled K48-linked chains.
Given that TRIP12 (and UFD4") efficiently adds branched K29-
linkages off K48-linkages, TRIP12 may occasionally use remaining short
K48-linked chains for seeding K29-linkage assembly. Nonetheless, our
data collectively indicate that the majority of UBR5-mediated K48-
ubiquitylation depends on TRIP12 (Figs. 5h and 6h).

Given their catalytic nature, it is enigmatic how proteins protected
by deubiquitylation (e.g., DUB-associating proteins and DUBs them-
selves) are destined to proteasomal degradation. Conceivably, DUBs
can protect themselves from ubiquitylation. However, DUBs also need
to be turned over to fulfill cellular proteostatic maintenance. In addi-
tion, cells may need to decrease certain DUB protein levels in response
to cellular changes. Thus, inducing DUB degradation through ubiqui-
tylation can be viewed as a paradox. In this study, we identified an
elegant mechanism to counteract deubiquitylation that allows a DUB,
OTUDS, to be efficiently targeted for degradation. In previous studies,
certain DUBs such as BAP1 and USP4 were found to counteract their
self-ubiquitylation via their DUB activities; however, whether/how the
equilibrium favors DUB degradation remains unclear****. Collectively,
our results indicate that balancing mechanisms to ensure proper DUB
turnover may be more widespread than previously recognized. Addi-
tional studies are required to reveal whether other DUBs are regulated
by similar mechanisms.

The biological importance of the TRIP12-OTUDS interplay was
demonstrated in the regulation of NF-kB signaling. In response to TNF-
«, certain substrates including RIP1, TRAF2, and cIAP1 are modified
with K63-linked chains by enzymatic activity of clAP1, which recruits
LUBAC and induces a phosphorylation cascade that eventually acti-
vates NF-kB-mediated gene induction**. We showed that TRIP12
positively regulates TNF-a-induced NF-kB signaling. Because the
simultaneous knockdown of OTUDS partially restores NF-kB signaling
under TRIP12 knockdown, the TRIPI2-OTUDS antagonism may

account for the regulatory function of TRIP12 in NF-kB signaling. We
identified TRAF2 as a deubiquitylation substrate of OTUDS. However,
we could not rule out that other, unknown substrate(s) are also regu-
lated by OTUDS in response to TNF-a. In any event, TRIP12 regulates
NF-kB activity by limiting the steady-state OTUDS5 protein level before
TNF-a stimulation, unlike other E3s regulating NF-kB signaling such as
LUBAC, TRAFs, and clAP1, which are transiently activated to directly
ubiquitylate the NF-kB cascade regulators through K63- or Ml-linked
chains*®. Whether the TRIP12-OTUDS axis also regulates other path-
ways should be studied further.

We have shown the generality of the combinatorial ubiquitin code
with other TRIP12 substrates, suggesting that certain OTUDS5-
protected substrates are also regulated by DUB-resistant K29-linked
ubiquitin chains. The TRIP12 substrates we analyzed, ARMC7 and
ZGPAT, are not DUBs but associate with OTUDS and exhibit DUB
activity toward K48-linked chains, as multiprotein complexes. Notably,
while OTUDS cleaves several linkage types, OTUDS5 mutations found in
human patients with developmental disorders affect DUB activity
toward K48 linkage®. This finding implies the physiological impor-
tance of OTUDS in regulating the stability of associating proteins. We
also presume that TRIP12 may cooperate with E3s such as UBRS or
CUL2/CUL4" to regulate yet unknown substrates.

More generally, we presume that such a mechanism is potentially
applicable to other DUBs. In a previous analysis of linkage specificity of
~90 DUBs in vitro*, a majority of DUBs were found to prefer K48
linkages over K29 linkages (64 out of 73 DUBs prefer K48 over K29; 2
prefer K29 over K48; and 7 have similar preferences®). Although the
K48 and K63 residues lie in the flexible loop regions of ubiquitin, the
K29 residue lies within the a-helix structure. Therefore, the K29 linkage
is intrinsically more difficult to be accessed by the DUB catalytic cen-
ter, rendering it a DUB-resistant linkage. Considering these observa-
tions, we propose a role of the branched ubiquitin chains in promoting
the degradation of DUB-protected substrates under ubiquitylation/
deubiquitylation equilibrium.

Methods
Plasmids, siRNAs, and chemicals
Mammalian expression vectors for human TRIP12 and UBRS, and
Halo-UBR5(UBA), have been described previously’”’°. ARMC7 and
ZGPAT cDNA clones were obtained from Promega (Flexi ORF clones).
Escherichia coli expression vector for OTUB1* (an engineered OTUBI)
(#65441) and mammalian expression vector for OTUDS5 (#22610)
were obtained from Addgene®***. Site-directed mutagenesis was
performed using PrimeStar Max (Takara) to generate
FLAG-HA-OTUDS5_C224R, FLAG-TRIP12_C1959A, FLAG-ARMC7?,
HA-ARMC?7, and FLAG-ZGPAT.

Ambion Silencer Select siRNAs for TRIP12 (#1: s17810, #2: s17809),
OTUDS (s226854), UBRS (#1: s28026, #2: s60863), ARMC7 (s35975),
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HOIP (RNF31; s30108), and a scrambled siRNA (Silencer Select Nega-
tive Control #1: 4390843) were purchased from Thermo Fisher

Scientific.

PR619 (LifeSensors), MG132 (Santa Cruz Biotechnology), iodoa-
cetamide (Sigma-Aldrich), cycloheximide (Sigma-Aldrich), and pro-
tease inhibitor cocktails (Nacalai Tesque, 03969-34) were purchased

from the indicated manufacturers.

Antibodies
The following antibodies were used: anti-TRIP12 (Proteintech, 25303,

poneeay - _

CHX 0 7 14 0 7 14 0 714 0 7 14 (

1:1,000), anti-p-I-kB (Cell Signaling Technology, 9246 s, 1:1,000), anti-p-

IKK (Cell Signaling Technology, 2078 s, 1:1,000), anti-I-kB (Cell Signaling
Technology, 4812, 1:1,000), anti-p-p65 (Cell Signaling Technology,
3033, 1:1,000), anti-HA (Cell Signaling Technology, 3724 s, 1:1,000), anti-

FLAG (SIGMA, 7425, 1:1,000, or Cell Signaling Technology, 14793s,
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Fig. 6 | Degradation of OTUDS5-associated proteins is regulated by TRIP12.

a TMT-based quantitative proteomics using HT1080 cells. (i) siTRIP12 vs. scrambled
siRNA, (ii) siUBRS vs. scrambled siRNA, (iii) cycloheximide treatment for 6 h vs.
vehicle control. Ratio of protein expression (Log,) and P-values (-Log;c) from two
biological replicates are shown. b Validation of proteins co-regulated by TRIP12 and
UBRS. HT1080 cells were transfected with siRNAs for 72 h, and cell lysates were
subjected to western blotting. c ARMC7 and ZGPAT, substrates co-regulated by
TRIP12/UBRS, associate with OTUDS. HEK293T cells were transfected with the
indicated expression vectors, and co-immunoprecipitated. d ARMC7 or ZGPAT
complexes exhibit DUB activity in vitro. HEK293T cells were transfected with either
FLAG-ARMCY or FLAG-ZGPAT, together with HA-OTUDS, and the anti-FLAG
immunocomplexes were incubated for 6 h with either K48- or K29-linked diubi-
quitin in an in vitro deubiquitylation assay. The complexes preferentially cleave

K48-linked chains over K29-linked chains. OTUDS inclusion in the ARMC7 or ZGPAT
immunocomplex is shown in Fig. S3b. e ARMC?7 is modified with K29- and K48-
linked ubiquitin chains in a manner dependent on wild-type TRIP12. HEK293T cells
were transfected with the indicated plasmids (1 pg of HA-ARMC?7 and/or FLAG-
TRIP12) for 48 h, and treated with MG132 (20 pM, 2 h) before cell lysis. Cell lysates
were subjected to TUBE pulldown as indicated. f ARMC?7 is cooperatively modified
with TRIP12-dependent K29-linked chains and UBR5-dependent K48-linked chains.
HEK293T cells were treated as in (e). g TRIP12 is dispensable for the turnover of
endogenous ARMC7 when OTUDS is knocked down. HEK293T cells were trans-
fected with the indicated siRNAs for 72 h, and cycloheximide chase assay was
performed for O, 7, or 14 h. h Schematic model. Not only OTUDS itself, the degra-
dation of OTUDS-associated proteins are also regulated by the interplay of E3s
TRIP12/UBRS and DUB OTUDS. Source data are provided as a Source Data file.

1:1,000), anti-TRAF2 (Abcam, ab-126758, 1:1,000), anti-OTUDS (Cell
Signaling Technology, 20087, 1:1,000), anti-ARMC7 (NOVUS, NBP1-
82129, 1:1,000), anti-ZGPAT (Proteintech, 23203, 1:1,000), anti-GTF2B
(Proteintech, 16467, 1:1,000), anti-MEAF6 (Themo Fisher Scientific, PAS-
40704, 1:1,000), anti-ZBED1 (Proteintech, 26140, 1:1,000), anti-PRDM2
(Proteintech, 27718, 1:1,000), anti-NR2F2 (COUP-TFII) (Cell Signaling
Technology, 6434s, 1:1,000), anti-DHX32 (Proteintech, 68306-1-lg,
1:1,000), anti-Rad18 (Cell Signaling Technology, 9040 s, 1:1,000), anti—[3-
Actin (Santa Cruz Biotechnology, sc-47778, 1:1,000), anti-ubiquitin
(P4D1, Santa Cruz Biotechnology, sc-8017, 1:1,000), anti-OTUD3 (Pro-
teintech, 29622, 1:1000), anti-OTUD4 (Proteintech, 25070, 1:1000), anti-
UBR5 (Santa Cruz Biotechnology, sc-515494, 1:1000), and anti-
K48ubiquitin (Abcam, ab-140601, 1:1,000). For immunoprecipitation,
anti-FLAG (Sigma-Aldrich, M2, A2220), anti-HA (Sigma-Aldrich, A2095),
and anti-OTUDS (Cell Signaling Technology, 20087, 1:1,000) antibodies
were used.

Cell culture, treatment, and transfection
Human HEK293T and HT1080 cells were obtained from the American
Type Culture Collection (ATCC) and maintained (37 °C, 5% CO,) in
DMEM high-glucose medium (Sigma-Aldrich), supplemented with 10%
fetal bovine serum (FBS) (Sigma-Aldrich), penicillin-streptomycin
(100U/mL, Gibco, 15140148), sodium pyruvate (ImM, Gibco,
11360070), and MEM nonessential amino acids (1x, Gibco, 11140050).
Transfection was performed using Lipofectamine 3000 reagent
(Thermo Fisher Scientific) for plasmids and Lipofectamine RNAiMax
(Thermo Fisher Scientific) for siRNAs. Transfected cells were used for
experiments, 36-48 h (plasmids) or 72 h (siRNA) after transfection. For
cycloheximide chase analysis, cells were treated with 50 pg/mL of
cycloheximide for O, 7, or 14 h before cell lysis. For ubiquitylation
analysis, cells were treated with 20 pM of MG132 for 2 h, before cell
lysis. For TNF-a signaling analysis, cells were treated with 5, 20, or
40 ng/mL of TNF-a (R&D SYSTEMS, 210-TA) for 5, 10, or 20 min before
cell lysis.

Cell lysis, immunoprecipitation, and enrichment of

ubiquitin chains

K29-, K48-, or K63-linked ubiquitin chains and their conjugated pro-
teins were enriched using GST-TRABID-NZF1 (UBPBio, #J4470), FLAG
K48TUBE HF (LifeSensors, UM607), or FLAG K63TUBE (LifeSensors,
UM604), respectively. Cells were lysed in 1 mL of lysis buffer (10 mM
Tris-HCI (pH 7.5), 150 mM NaCl, 0.5 mM EDTA, 1% NP40, 0.5% Triton X-
100, and 10% glycerol) supplemented with 20 uM PR619, 10 mM
iodoacetamide, and a protease inhibitor cocktail and were sonicated
using Handy Sonic (TOMY Seiko). GST-tagged TRABID NZF (40 pg),
1 g of FLAG-tagged K48TUBE (LifeSensors, UM607), or 1 ug of FLAG-
tagged K63TUBE (LifeSensors, UM604) were added to cell lysates to
capture K29-, K48-, or K63-linked chains, respectively, and were pre-
cipitated using Glutathione Sepharose (GE Healthcare, 17-0756-01) or
anti-FLAG affinity resin.

For co-immunoprecipitation, cells were lysed in a lysis buffer
[10 mM Tris-HCI (pH 7.5), 150 mM NacCl, 0.5 mM EDTA, 1% NP-40, and
10% glycerol] supplemented with a protease inhibitor cocktail. Soluble
cell lysates were incubated with the indicated antibodies (4 °C, 4 h). For
immunoprecipitation under denaturing conditions, cells were lysed in
a urea-containing lysis buffer [10 mM Tris-HCI (pH, 7.5), 150 mM NaCl,
0.5mM EDTA, 1% NP-40, 10% glycerol, and 6 M urea] supplemented
with 20 pM MG132, 10 uM PR619, 10 mM iodoacetamide, and a pro-
tease inhibitor cocktail, and then extensively sonicated using Handy
Sonic. Soluble lysates were diluted 10-fold in lysis buffer before
immunoprecipitation.

Mass-spectrometric analyses

For absolute quantification of ubiquitin linkages (Ub-AQUA/PRM),
analytes were separated using short-run SDS-PAGE and the gel pieces
were washed in 50 mM AMBC/30% acetonitrile (ACN) for 2 h, in 50 mM
AMBC/50% ACN for 1h, and dehydrated in 100% ACN for 15 min. Pro-
teins were digested (37 °C, 16 h) with 20 ng/mL sequence-grade trypsin
(Promega) in 50 mM AMBC/5% ACN, pH 8.0. After trypsin digestion, a
mixture of AQUA peptides (25 fmol/injection) previously reported by
Ohtake et al.° was added to the extracted peptides; the concentrated
peptides were diluted with 20 pL of 0.1% trifluoroacetic acid (TFA)
containing 0.05% H,0,. For liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analysis, an Easy-nLC 1200 (Thermo Fisher
Scientific) was connected inline to an Orbitrap Fusion LUMOS (Thermo
Fisher Scientific) equipped with a nanoelectrospray ion source
(Thermo Fisher Scientific). Peptides were separated on a C18 analytical
column (lonOpticks, Aurora Series Emitter Column, AUR2-25075C18A
25cm x 75mm x 1.6 mm, FSC C18 with a nanoZero fitting) using a
55 min gradient (solvent A, 0.1% FA; and solvent B, 80% ACN/0.1% FA).
Targeted acquisition of MS/MS spectra was performed in the parallel
reaction monitoring mode, using the Xcalibur software 2.2. Peptides
were fragmented using higher-energy collisional dissociation (HCD)
with a normalized collision energy of 28. Data were processed using
the PinPoint software (Thermo Fisher Scientific). The MS2 fragment
ions used for quantification have been described elsewhere®.

For tandem mass tag (TMT) proteomics, peptides (25ug at
0.5ug/uL) from each sample were labeled with 0.25 mg of TMTpro
mass tag (TMT) labeling reagent (Thermo Fisher Scientific) for
60 min. Combined samples were then fractionated into eight frac-
tions using the High pH Reversed-Phase Peptide Fractionation Kit
(Thermo Fisher Scientific). An EASY-nLC 1200 was connected inline
to an Orbitrap Fusion Lumos equipped with a FAIMS-Pro ion mobility
interface (Thermo Fisher Scientific). Peptides were separated on an
analytical column (lonOpticks, same specifications as described
earlier) using a 4 h gradient (0-28% acetonitrile over 240 min). Pep-
tide ionization was performed using a Nanospray Flex lon Source
(Thermo Fisher Scientific), and FAIMS-Pro was set to three phases
(40, -60, and —80 CV). Raw files were analyzed using Sequest HT in
Proteome Discoverer 2.4 (Thermo Fisher Scientific). TMT-based
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protein quantification was performed using the Reporter lon Quan-
tifier node in Proteome Discoverer 2.4.

RNA isolation, quantitative PCR, and RNA-sequencing

Total RNA was extracted using an RNeasy Mini Kit (Qiagen, 74104);
reverse transcription was performed using total RNA (500 ng) and
PrimeScript RT Master Mix (Takara, RRO36A). Quantitative RT-PCR
assays were performed using the QuantStudio 3 Real-Time PCR system
(Applied Biosystems) with the TB Green Fast qPCR Mix (Takara,
RR430) or the PowerUp SYBR Green Master Mix for qPCR (Thermo
Fisher Scientific). Sequences of gene-specific primers were as follows:

Actin: [forward] 5-ATTGGCAATGAGCGGTTC-3, [reverse] 5-CG
TGGATGCCACAGGACT-3, TRIP12: [forward] 5-TTCAGATTGGTG
GACCTTCC-3, [reverse] 5-GGCTACAACTGGGTCGATGT-3’, OTUDS:
[forward] 5-GAGCTGCATGCTGAATTGGG-3, [reverse] 5-AGTCATTC
AGACTGGCGCAC-3, IL-6: [forward] 5-TACCCCCAAGGAGAAGATTC
C-3’ [reverse] 5-TTTTCTGCCAGTGCCTCTTT-3’, ADAMS: [forward] 5-
GAGGGTGAGCTACGTCCTTG-3, [reverse] 5-CAGCCGTATAGGTCTC
TGTGT-3,, IRAK2: [forward] 5-GAAATCAGGTGTCCCATTCCAG-3,
[reverse] 5-TGGGGAGGTCGCTTCTCAA-3’, IL-11: [forward] 5-CT
GGGCTAGGGCATGAACTG-3, [reverse] 5-CTGGGACTCCAAGTGCAA
GA-3’, TBP: [forward] 5-GAGCCAAGAGTGAAGAACAGTC-3, [reverse]
5-GCTCCCCACCATATTCTGAATCT-3'.

RNA sequencing was performed by Macrogen using a Nova-Seq
6000 (lllumina). A library was prepared using the TruSeq stranded
mRNA LT Sample Prep Kit (Illumina). Gene ontology analyses were
performed using the DAVID functional annotation tool (https://
davidbioinformatics.nih.gov/home.jsp).

In vitro ubiquitylation assay

Full-length FLAG-HA-OTUDS was purified from 293 T cells treated with
10 uM MLN7243 for 2h before cell lysis, using anti-FLAG antibody
(Sigma-Aldrich, M2) and was eluted using 200 ng/pL of FLAG peptide
(Sigma-Aldrich). FLAG-TRIP12 and FLAG-UBR5 were purified from
293 T cells using anti-FLAG antibody (Sigma-Aldrich, M2) and eluted
using 200 ng/pL of FLAG peptide. Recombinant E1 (Sigma-Aldrich),
UbcH5c (UBE2D3) (Boston Biochem), UBCH7 (Boston Biochem), and
wild-type ubiquitin (LifeSensors) were obtained from indicated suppli-
ers. In vitro ubiquitylation assays and in vitro ubiquitylation/deubiqui-
tylation competition assays were performed (37 °C, 4 h or the indicated
number of hours) with 5 pg ubiquitin, 50 ng E1, and 50 ng UBCH? or
UbcH5¢ (UBE2D3) as indicated, along with the indicated amount of
TRIP12, UBRS, or OTUDS, in a 20 pL reaction [reaction buffer: 50 mM
Tris-HCI (pH 7.5), 5mM MgCl,, 2 mM ATP, and 0.5 mM DTT].

For OTUD5 modification with K29-linked ubiquitin using
site-directed ubiquitylation*°, full-length SUEI-FLAG-HA-OTUDS
(SUE1 sequence inserted into the N-terminus) was purified from
293 T cells using anti-FLAG antibody and eluted with 200 ng/mL
FLAG peptide. In vitro ubiquitylation was performed (37 °C, 0-72 h)
with 400 ng E1, 300 ng UBE2E1 (K136R), 50 ng OTUDS, 480 ng K29-
linked diubiquitin, or 240 ng or 120 ng ubiquitin in 7 pL reaction
buffer [SO mM Tris-HCI (pH 8.0), 15 mM MgCl,, 0.6 mM DTT, 5 mM
ATP]. Ubiquitin modification was detected by western blotting using
anti-OTUDS antibody or CBB stain (BIO CRAFT).

DUB (deubiquitylation) assay and UbiCRest

For the Ubi-CRest assay, OTUDS was immunoprecipitated from
HT1080 cells using an anti-OTUDS5 antibody under nondenaturing
conditions [10 mM Tris-HCI (pH 7.5), 150 mM NaCl, 0.5 mM EDTA, 0.5%
Triton X-100, 1% NP-40, 10% glycerol, 10 mM iodoacetamide, and
20 uM PR-619) to preserve ubiquitin chain conformation. Beads were
washed thrice with lysis buffer, twice with buffer A [SO mM Tris-HCI (pH
7.5), 100 mM NacCl, and 10% glycerol], and once with 50 mM Tris-HCI
(pH 7.5). Purified OTUDS was incubated with 1 pg of OTUBI* [SO mM
Tris-HCI (pH 7.5) and 10 mM DTT] or buffer (2h, 37 °C) in a 10 pL

reaction volume. After the reaction, proteins were denatured with LDS
loading buffer (Thermo Fisher Scientific) and heated (70 °C, 10 min).

For in vitro deubiquitylation assays with OTUDS5, FLAG-HA-OTUD5
expressed in 293 T cells were purified using an anti-FLAG antibody.
Either Ub2, Ub4, or Ub8 (1.0 pg) was incubated with OTUDS (0.5 pg or
the indicated amount) (37 °C, 4 h or for the indicated duration) in the
reaction buffer [100 mM Hepes (pH 7.5), 5mM EGTA, 0.5% NP40,
10 mM EDTA, and 50 mM DTT].

Preparation of ubiquitin monomers and ubiquitin-related
enzymes

In this study, the pET26b, pET28a, and pCold-1 expression vectors
modified to produce N-terminal His¢-SUMO fusion proteins are refer-
red to as pET26b-SUMO, pET28a-SUMO, and pCold-SUMO expression
vectors, respectively. Ub-encoding gene was previously cloned into
the pET26b expression vector*’, and Ub gene mutations were gener-
ated by PCR. The gene encoding C-terminal Hisg-tagged E1 (residues 1-
1058) was previously cloned into the pGEX-6P-1 expression vector™.
The gene encoding AMFR-E2G2 (fusion of the RING domain of human
AMEFR (residues 227-298) and human E2G2 (residues 1-165)) was pre-
viously cloned into the pET28a-SUMO expression vector®. The gene
encoding human OTUBI (residues 2-271) was previously cloned into
the pET26b-SUMO expression vector®’. The gene encoding N-terminal
Hisg-tagged GST fusion AMSH-LP (residues 264-436) was previously
cloned into the pCold I expression vector*. The genes encoding
Cezanne (residues 53-446, E287K E288K), UbcH5c (residues 1-147), and
E3C (residues 693-1083) were previously cloned into the pCold-SUMO
expression vector’>. The genes encoding E2E1, Ubc9, and Sae2 were
PCR amplified from a human cDNA library (Clontech). The amplified
E2E1 and Ubc9 genes were cloned into the pET28a-SUMO expression
vector, and the K136R and K14R mutations were introduced into the
E2E1 and Ubc9 genes, respectively, by PCR. For the generation of the
chimeric E1(ChE1) gene, the gene encoding E1(41-957) was fused to the
5-terminus of the gene encoding Sae2 (450-549), and the A680T,
N728Y, F729I1, A788S, D853E, and T898S mutations were generated by
PCR**. The ChE1 gene was cloned into the pGEX-6P-1 expression vector
and the His,;o-tag was fused to the 3’-terminus of the ChE1 gene by PCR.
The codon-optimized gene encoding LotA (residues 1-276) was syn-
thesized (Integrated DNA Technologies) to improve its expression in E.
coli, and cloned into the pET28a-SUMO expression vector. Ubs and Ub-
related enzymes were overproduced in E. coli strain Rosetta 2 (DE3)
cells (Novagen) at 15°C. Cells overproducing Ubs were disrupted by
sonication and incubated (15 min, 70 °C). The supernatant was passed
over a Resource Q anion exchange column (Cytiva). Flow-through
fractions were further purified by HiLoad 16/600 Superdex 75 size
exclusion column (Cytiva). Cells overproducing Ub-related enzymes
were disrupted by sonication and purified by nickel-nitrilotriacetic acid
(Qiagen) and Resource Q. Purified samples were concentrated with
Amicon Ultra-15 (Millipore), and stored at —-80 °C until use.

Preparation of K29-Ub4 and K29/K48 branched Ub8

For synthesis of noncyclic K29-linked Ub tetramer (K29-Ub4), E1
(1 uM), UbcHS5c (50 pM), E3C (18 uM), OTUBI (5 uM), Cezanne (E287K,
E288K; 2.8 uM), AMSH-LP (5uM), and Ub (2.4 mM) were mixed in
elongation buffer [50 mM Tris-HCI (pH 9.0) containing ATP (10 mM),
MgCl, (10 mM), and DTT (0.6 mM)], and incubated (30 °C) (Fig. 4c and
Supplementary Fig. 3a). After 18 h, OTUBL1 (30 uM), Cezanne (E287K,
E288K; 2.8 uM), and AMSH-LP (5 uM) were added, followed by incu-
bation (2 h, 37 °C). The reaction solution contained cyclic K29-linked
Ub chains and a small amount of K48 linkage, in addition to noncyclic
K29-linked Ub chains. To purify noncyclic K29-Ub4, the reaction
solution was mixed with four volumes of 50 mM ammonium acetate
buffer (pH 4.5) and applied to a Resource S cation-exchange column
(Cytiva) pre-equilibrated with the same buffer. The synthesized Ub
chains were eluted using a linear gradient of 100-400 mM NaCl in
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50 mM ammonium acetate buffer (pH 4.5) (Supplementary Fig. 3b).
Fractions corresponding to the front, middle, and back parts of the
Ub4 peak were collected separately. The middle and back part- frac-
tions contained only Ub4, whereas the front part fraction contained a
small amount of Ub3 (Supplementary Fig. 3b). The presence of K48
linkage was confirmed by reaction with OTUBL (S5pM), a K48-
linkage-specific DUB. This assay showed that the front-part fraction
was slightly cleaved by OTUBI, whereas the middle- and back-part
fractions were barely cleaved (Supplementary Fig. 3b). Thus, the front-
part fraction contained K48 linkages, whereas the middle- and back-
part fractions contained less K48 linkage.

We subsequently tested whether K29-Ub4 was cyclic or noncyclic
using ChEl and Ubc9**. ChEl and Ubc9 specifically ubiquitinate the
second Lys residue of the I-K-Q-E tetrapeptide sequence. Thus,
noncyclic K29-Ub4 modifies EGFP with an additional IKQE sequence
(EGFP-IKQE), whereas cyclic K29-Ub4 does not (Supplementary
Fig. 3c). ChE1 (1 uM), Ubc9 (K14R; 15 pM), EGFP-IKQE (25 uM), and K29-
Ub4 (20 pM) were mixed in the elongation buffer and incubated (16 h,
37 °C). The reaction solution was analyzed by SDS-PAGE (Supplemen-
tary Fig. 3d). The front and middle part fractions of the Ub4 peak
modified the GFP-IKQE, whereas the back part fraction did not.
Therefore, the front- and middle-part fractions mainly contained
noncyclic K29-Ub4, whereas the back-part fraction contained cyclic
K29-Ub4. The middle part fraction of the Ub4 peak (noncyclic K29-
Ub4) was concentrated to ~150 pM and stored at —80 °C until use.

For K29/K48 branched Ub octamer (K29/K48-Ub8) synthesis,
noncyclic K29-Ub4 (25puM), E1 (1pM), AMFR-E2G2 (10 uM), and Ub
(K48R; 150 pM) were mixed in the elongation buffer and incubated
(20 h, 37 °C) (Fig. 4c (ii) and Supplementary Fig. 3e). Because the
elongation enzymes prefer the monomer Ub to the Ub chain, Ub
(K48R) modifies four K48 residues of K29-Ub4 in the major reaction to
synthesize K29/K48-Ub8. However, linking of K29-Ub4 to a K48 resi-
due of K29-Ub4 also occurs in the minor reaction. In addition, Ub
(K48R) and K29-Ub4 further modify other K48 residues of K29-Ub4,
forming a K29/K48 branched Ub chain with more than 15-mer Ub (K29/
K48-UblS5 ~). To purify K29/K48-Ub8, we mixed the reaction solution
with four volumes of 50 mM ammonium acetate buffer (pH 4.5) and
loaded them onto a Resource S cation exchange column pre-
equilibrated with the same buffer. The synthesized K29/K48 bran-
ched chains were eluted with a linear gradient of 100-500 mM NacCl in
50 mM ammonium acetate buffer (pH 4.5) (Supplementary Fig. 3f).
The fraction corresponding to the K29/K48-Ub8 peak was collected,
concentrated to ~50 pM, and stored at —80 °C until use.

Preparation of mixed and branched Ub3

To prepare the K29/K48 branched Ub trimer (K29/K48-Ub3 branch),
K29-Ub2 (Distal K29R K48R) was synthesized in the first reaction step
(supplementary Fig. 5a (i)): E1 (1.5 uM), UbcH5c¢ (75 uM), E3C (30 uM),
OTUBL (10 pM), Cezanne (E287K E288K; 1.2 uM), AMSH-LP (2 uM), Ub
(D77; 400 pM), and Ub (K29R K48R; 500 M) were mixed in elongation
buffer and incubated (30 °C). The K29R and D77 mutations were
introduced to prevent undesirable Ub chain elongation, and the K48R
mutation was introduced to restrict the K48 linkage position in the
second reaction step. After 18h of incubation, OTUB1 (10 pM),
Cezanne (E287K, E288K; 1.2 uM), and AMSH-LP (2 uM) were added and
further incubated (2 h, 30 °C). The synthesized K29-Ub2 (Distal K29R
K48R) was purified by Resource S cation exchange column. For
synthesis of K29/K48-Ub3 branch, E1 (3 pM), AMFR-E2G2 (15 pM), K29-
Ub2 (Distal K29R K48R; 50 pM), and Ub (K48R; 150 pM) were mixed in
the elongation buffer and incubated (18 h, 37 °C) in the second reac-
tion step (supplementary Fig. 5a (ii) and (iii)). The Ub monomer K48R
mutation was introduced to prevent undesirable Ub chain elongation.
The synthesized K29/K48-Ub3 was purified by Resource S cation
exchange column. The K29/K48 tandemly-mixed Ub3 (K29/K48-Ub3
mix) was prepared in the same way as the K29/K48-Ub3 branch, except

that Ub (K48R D77) and Ub (K29R) were used instead of the Ub (D77)
and Ub (K29R K48R) in the first reaction step (supplementary Fig. 5b).

To prepare the K48/K29 tandemly-mixed Ub3 (K48/K29-Ub3 mix),
K48-Ub2 (Proximal KI1IR K29R, Distal K11R K48R) was synthesized in
the first reaction step (supplementary Fig. 5c (i)): E1 (1 uM), AMFR-E2G2
(15 uM), Ub (K11R K48R; 1200 pM), and Ub (K11IR K29R D77; 1000 pM)
were mixed in the elongation buffer and incubated (18 h, 37 °C). K48R
and D77 mutations were introduced to prevent undesirable Ub chain
elongation, and the K29R mutation was introduced to restrict the K29
linkage position in the second reaction step (Supplementary Fig. 5c (ii)
and (iii)). The K29 chain elongation enzyme E3C, used in the second
reaction step, also elongates K6, K11, K48, and K63 chains™. Since LotA
and AMSH-LP are highly specific DUBs for K6 and K63 chains,
respectively, they can remove undesirable linkages synthesized by
E3C. However, Kl1l1-linkage-specific DUB Cezanne cannot be used to
cleave the K11 linkage in the second reaction step, because it exhibits
weak activity towards K48 chains®. Therefore, the K11IR mutation was
required to prevent the synthesis of the K11 linkage (supplementary
Fig. 5c (ii)). The synthesized K29-Ub2 (Proximal K11R K29R, Distal K11R
K48R) was purified by Resource S cation exchange column. For
synthesis of K48/K29-Ub3 mix, E1 (2uM), UbcH5c (50 pM), E3C
(20 pM), AMSH-LP (4 pM), LotA (4 pM), K48-Ub2 (Proximal K11R K29R,
Distal K11R K48R; 200 uM), and Ub (K1IR K29R K48R; 500 uM) were
mixed in the elongation buffer and incubated (18 h, 30 °C) (Supple-
mentary Fig. 5c (ii) and (iii)). The Ub monomer K29R mutation was
introduced to prevent undesirable Ub chain elongation. K11R and
K48R mutations of the Ub monomer were introduced to prevent
elongation of the K11 and K48 linkages because OTUBI and Cezanne
cannot be used in the second step. The synthesized K48/K29-Ub3 mix
was purified by Resource S cation exchange column.

Statistics and reproducibility

Statistical analysis was performed using GraphPad Prism 7. Two-tailed,
one-way ANOVA test was used for biological replicates; data represent
means from biological replicates. Sample size (n) for each experiment
is indicated in the respective legends. For TMT-based proteomics
screening, the P-value is calculated using two-sided, one-way ANOVA
without adjustment (two biological replicates). For RNA-sequencing
analysis, the raw P values, which were two-sided and not adjusted, were
used (three biological replicates). For gene ontology analysis using
DAVID, the raw P values, which were one-sided and not adjusted, were
used. Gel blot images of Figs. 1e-h; 2b, f-j; 3d, e, h; 4a, b, d; 53, b, d-f,
6b-g are representative of at least two independent experiments with
similar results.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw datasets for RNA-sequencing analyses have been deposited to
the GEO with the accession numbers GSE273273 and GSE286567. The
proteomics datasets have been deposited to PRIDE with the accession
code PXD054556. Source data are provided with this paper.
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