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Ubiquitin is a versatile posttranslational modification, which
is covalently attached to protein targets either as a single
moiety or as a ubiquitin chain. In contrast to K48 and K63-
linked chains, which have been extensively studied, the regu-
lation and function of most atypical ubiquitin chains are only
starting to emerge. The deubiquitinase TRABID/ZRANB1 is
tuned for the recognition and cleavage of K29 and K33-linked
chains. Yet, substrates of TRABID and the cellular functions of
these atypical ubiquitin signals remain unclear. We determined
the interactome of two TRABID constructs rendered catalytic
dead either through a point mutation in the catalytic cysteine
residue or through removal of the OTU catalytic domain. We
identified 50 proteins trapped by both constructs and which
therefore represent candidate substrates of TRABID. The E3
ubiquitin ligase HECTD1 was then validated as a substrate of
TRABID and used UbiCREST and Ub-AQUA proteomics to
show that HECTD1 preferentially assembles K29- and K48-
linked ubiquitin chains. Further in vitro autoubiquitination
assays using ubiquitin mutants established that while HECTD1
can assemble short homotypic K29 and K48-linked chains, it
requires branching at K29/K48 in order to achieve its full
ubiquitin ligase activity. We next used transient knockdown
and genetic knockout of TRABID in mammalian cells in order
to determine the functional relationship between TRABID and
HECTD1. This revealed that upon TRABID depletion,
HECTD1 is readily degraded. Thus, this study identifies
HECTD1 as a mammalian E3 ligase that assembles branched
K29/K48 chains and also establishes TRABID-HECTD1 as a
DUB/E3 pair regulating K29 linkages.

Ubiquitin is a small and highly conserved protein modifier,
which has emerged as a complex yet specific posttranslational
modification regulating protein fate and function. The role of
ubiquitin is central to proteostasis by serving as the key signal
for the degradation of proteins or organelles whether it be
through the ubiquitin proteasome system (UPS) or autophagy
(1–3). Ubiquitin is added to lysine residues on protein targets
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through the sequential activity of E1-activating enzymes, E2-
conjugating enzymes, and E3 ubiquitin ligases, as a single
moiety or as a ubiquitin chain (4, 5). These distinct signals
mediate specific and diverse downstream cellular processes.
For example, while addition of a single ubiquitin molecule on a
protein substrate can regulate its trafficking, poly-
ubiquitination regulates a plethora of cellular processes
including cell cycle progression, DNA repair, and inflamma-
tion (6–9). Polyubiquitin chains are assembled through an
isopeptide bond between the C terminus of Gly76 of a donor
ubiquitin and the α-amino group of any of the seven lysines
(K6, K11, K27, K29, K33, K48, and K63) or the N-terminus
(i.e., linear ubiquitin, Met-1) of an acceptor ubiquitin. Protein
ubiquitination also occurs on noncanonical attachment sites
within substrates, including on serine, threonine, and cysteine
residues (10–12).

Some deubiquitinases (DUB), in particular those from the
ovarian tumor (OTU) family, and E3 ubiquitin ligases such as
members of the homologous to the E6-AP carboxyl terminus
(HECT) family have shown specificity for particular ubiquitin
chains. This, combined with the difference in the three-
dimensional structure of these ubiquitin polymers, further
suggests that they represent distinct signals (13). All ubiquitin
linkage types have been identified in yeast (14) and mamma-
lian cells (15). While homotypic K48-linked polyubiquitin
chains target proteins for degradation by the UPS, cargoes
modified with K63-linked chains are recognized as part of the
autophagic response (16–18). Nevertheless, the role and
function of polyubiquitin chains beyond those assembled
through homotypic (i.e., assembled through one lysine only)
such as K48 and K63 linkages are only starting to emerge
(19–21). More recently, polyubiquitin has been found to exist
as heterotypic and also branched chains. For example,
branched K11/K48-linked chains increase the degradation rate
of mitotic cyclins by the UPS, while branched K48/K63 chains
regulate NF-kB gene activation through recognition by TAB2,
a subunit of the TAK1 complex (22, 23).

TRABID (also known as ZRANB1) belongs to OTU DUB
family (24). It contains three highly conserved Npl14 zinc
finger domains (3xNZF), which function as ubiquitin binding
domains (UBD), and the OTU catalytic domain responsible for
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the hydrolysis of ubiquitin polymers (24–26). The expansion of
the ubiquitin toolbox through, for example, the chemical
synthesis of ubiquitin dimers, has been instrumental in
determining TRABID’s specificity for K29-linked ubiquitin
chains (27). Further analysis using the full set of eight ubiquitin
dimers revealed that in addition to K29-linked ubiquitin di-
mers, TRABID also cleaves K33-linked ubiquitin chains and
that the activity toward K29 and K33-linked dimers is greater
than for K63-linked diubiquitin (28). The discovery of the
AnkUBD as a novel UBD abutting the N-terminus of TRABID
OTU domain revealed that it is required for full DUB activity
and to some extent specificity too. These findings as well as
recent studies, which identified TRABID’s NZF 1 as the min-
imal UBD required for the recognition of K29- and K33-linked
diubiquitin, establish TRABID as a unique DUB highly tuned
for the recognition and processing of these atypical ubiquitin
chains (29–31).

TRABID has been proposed to regulate the Wnt/β-catenin/
Tcf signaling pathway through APC (Adenomatous Polyposis
Coli), the epithelial to mesenchymal transition (EMT) through
Twist, as well as the innate immune response, with these
studies implicating the deubiquitination of K63-linked chains
as potential mechanism (32–35). More recently, TRABID was
shown to process K29 and K33-linked chains on UVRAG, a
Beclin 1 complex component, thereby inhibiting autophagy
and increasing hepatocellular cellular carcinoma growth (36).
Another interesting finding came through phenotypic studies
of Trabid KO mice, which revealed that in dendrocytes, Tra-
bid loss of function led to proteasomal degradation of the
histone demethylase Jmjd2 (37). This in turn decreased
expression of proinflammatory cytokines interleukin 12 and 23
and dampened inflammatory T-cell responses. The histone
methyltransferase EZH2 also appears to be a target of TRABID
DUB activity, and TRABID depletion has been shown to
decrease EZH2 levels (38). These studies highlight a role for
TRABID in transcriptional regulation as well as novel cross
talk between protein ubiquitination and epigenetics mecha-
nisms although the types and composition of ubiquitin chains
involved remain to be determined.

Proteomics studies have been useful in identifying TRABID
candidate interactors including components of the striatin-
interacting phosphatase and inase (STRIPAK) complex and
the E3 ubiquitin ligases HECTD1 and HERC2 (33, 39). Yet
whether these proteins represent substrates of TRABID DUB
activity rather than interactors has remained unclear. In this
study, we aimed to further expand on our understanding of
TRABID as well as the atypical ubiquitin chains that it regu-
lates. We first used two catalytic dead TRABID constructs, a
single point mutation in the catalytic OTU domain (TRA-
BIDC443S) and a construct lacking the OTU domain entirely
(TRABID ΔOTU), to specifically trap ubiquitinated substrates.
By comparing the interactome of these two constructs, we
identified NZF- and OTU-specific TRABID interactors,
including several E3 ubiquitin ligases as candidate interactors
and potential substrates of TRABID DUB activity. We vali-
dated HECTD1 as a substrate of TRABID activity and used
in vitro autoubiquitination assays, ubiquitin chain restriction
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analysis (UbiCREST) and ubiquitin-absolute QUAntification
(Ub-AQUA) to show that the catalytic HECT domain of
HECTD1 preferentially assembles K29- and K48-linked ubiq-
uitin chains. Interestingly, our data indicate that although
UBE3C and HECTD1 both use K29 and K48 linkages to
assemble ubiquitin chains, the topology of the chains is
different. Indeed, we found that to achieve its full activity,
HECTD1 assembles ubiquitin chains, which contain branched
K29/K48 linkages. Finally, we explored the functional rela-
tionship between TRABID and HECTD1 using transient
siRNA knockdown as well as CRISPR/Cas9 TRABID KO in
mammalians cells and mice. Loss-of-function and rescue as-
says showed that TRABID stabilizes HECTD1 protein levels,
further establishing this novel and functional DUB-E3 pair as
key regulators of K29-linked polyubiquitination.

Results

Interactome studies of two catalytic dead TRABID constructs
differentiate between OTU-specific interactors and candidate
substrates

TRABID is highly tuned for recognizing and processing K29
and K33 ubiquitin linkages. Yet, most cellular mechanisms
reported to date have implicated a K63-specific DUB activity.
To explore this further, we analyzed the interactome of two
catalytic dead TRABID constructs following transient expres-
sion in HEK293ET cells (Fig. 1, A–C). Both TRABIDC443S and
TRABID ΔOTU are catalytically inactive but can still effi-
ciently trap ubiquitin through the ubiquitin binding property
of the NZF domains (32, 33). To validate this, we used
immunoprecipitation assays and a cellular puncta formation
assay, which we previously used as a readout to visualize
polyubiquitin trapped by catalytic dead TRABID in cells
(Fig. S1, A–C) (28, 31, 32). Point mutations (TY to LV) in each
of the NZF domains reduced ubiquitin trapping as shown by a
reduced ubiquitin smear and complete loss of puncta forma-
tion (Fig. S1, B and C, respectively) (25, 32). Together, this data
confirms that loss of TRABID DUB activity results in the
trapping of ubiquitinated species, visualized as puncta in cells,
and this requires functional NZFs. Although a minimal
construct consisting of TRABID NZF 1 to 3 (AA1-200) should
in theory suffice to trap ubiquitin, such a construct was less
efficient in both our trapping immunoprecipitation and puncta
formation assays. This likely reflects the additional contribu-
tion of AnkUBD in enhancing ubiquitin trapping (28).

By comparing the interactome of TRABIDC443S to that of
TRABID ΔOTU, we aimed to differentiate between bona fide
substrates and interactors since it is the NZF domains, and not
the OTU domain, that mediate substrate recognition.
3xFLAG_empty vector (Ev), 3xFLAG_full-length-TRA-
BIDC443S and 3xFLAG_TRABID ΔOTU were transiently
expressed in HEK293ET cells, immunoprecipitated with FLAG
M2 magnetic beads, followed by LC-MS/MS analysis on an
Orbitrap (Fig. S1D). The initial list included 2225 proteins with
at least two unique peptides in either TRABID interactomes
and zero unique peptide in the empty vector control condition
(Table S1). Our working list included 23 proteins exclusive to
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3xFLAG_TRABID ΔOTU and 103 proteins exclusive to full-
length 3xFLAG_TRABIDC443S. Nearly all the components of
the STRIPAK complex including Striatin 3, CTTNBP2/
CTTNBP2L, SLMAP, and FAM40A/FAM40B were identified
in the 3xFLAG-full-length-TRABIDC443S, but not the
3xFLAG_TRABID ΔOTU condition. Although this kinase/
phosphatase complex had already been identified in the orig-
inal full-length TRABIDWT interactome, our data now show
that the interaction between STRIPAK and TRABID is pri-
marily mediated by the catalytic OTU domain rather than the
ubiquitin binding properties of TRABID NZF (Fig. 1, B and C)
(39).

We also identified 50 proteins common to both 3xFLAG_-
TRABID ΔOTU and 3xFLAG_ FL TRABIDC443S (Table S1)
and therefore reasoned that this list likely represented direct
substrates of TRABID DUB activity. DUBs often exist as part
of protein complexes, which can include other DUBs as well as
E3 ubiquitin ligases, and we found both classes of enzymes in
our candidate substratome list (Fig. 1, B and C; Table S1) (40).
The identification of the E3 ubiquitin ligase HECTD1 as a
candidate substrate of TRABID had been previously suggested
(33, 39). However, the nature of this interaction remained
puzzling given that HECTD1 has been suggested to assemble
K63-linked chains, while TRABID preferentially recognizes
and cleaves K29 and K33 linkages. Therefore, we further
explored the TRABID-HECTD1 interaction in order to
reconcile and also expand on these observations. First, we
determined whether the trapping of E3 ubiquitin ligases by
catalytic dead TRABID was dependent on ubiquitin. For this,
we immunoprecipitated the indicated endogenous HECT li-
gases from HEK293ET cells overexpressing 3xFLAG_TRABID
ΔOTU or 3xFLAG_TRABID ΔOTUTY>LV, a ubiquitin binding
deficient mutant (Figs. 1D and 2A). We chose HECTD1,
TRIP12, UBE3C, HERC2, since these had the highest number
of unique peptides identified in our pull-down LC/MS-MS
experiments. NEDD4 was used as negative control since it was
not identified in any of our interactome studies. Endogenous
HECTD1 and HERC2 could both be immunoprecipitated by
the trapping construct 3xFLAG_TRABID ΔOTU, and this
interaction required functional NZFs since the TY>LV mutant
abrogated these interactions (Fig. 1D). In contrast, we could
not validate TRIP12 and UBE3C as interactors/substrates
trapped by catalytic dead TRABID although this could reflect
the abundance and/or expression pattern of these E3s. For
instance, TRIP12 has been shown to primarily localize to the
nucleus, and its low recovery in our immunoprecipitation
assay could be due to the lysis buffer used.

HECTD1 is a substrate of TRABID DUB activity

We next used immunoprecipitation assays to show that FL
TRABIDC443S indeed traps higher-molecular-weight species
corresponding to ectopically expressed full-length mouse
Hectd1 (Fig. 1E, lane 8, Hectd1HMW). In contrast, in the
condition where TRABID is active (Fig. 1E, lane 5), or if cat-
alytic dead FL mouse Hectd1C2587G is used (Fig. 1E, lane 9),
Hectd1HMW species were markedly reduced. This suggests that
catalytic dead TRABID traps higher-molecular-weight species
of Hectd1 and that these species are dependent upon the
ubiquitin ligase activity of Hectd1. We obtained similar data
when switching 3xFLAG and EGFP tags around (Fig. S1E).
Conjointly, this indicates that TRABID regulates Hectd1
autoubiquitination in cells. Importantly, these observations
held true for endogenous HECTD1 (Fig. 2). By using deletion
constructs in immunoprecipitation experiments, we found that
TRABID NZF 1 to 3 is required for its interaction with
endogenous HECTD1 (Fig. 2, A and B). In fact, with increased
exposure of the membrane, we were able to detect endogenous
HECTD1HMW species trapped by TRABID ΔOTU, FL-TRA-
BIDC443S, and to a lesser extent TRABID NZF 1 to 3 (Fig. 2C,
lanes 2, 4, 6). Importantly, HECTD1HMW could not be trapped
by the corresponding NZF TY>LV mutants, nor by active/
wild-type TRABID (Fig. 2C, lanes 3, 5, 7 and 8). Further
mapping using 3xFLAG-tagged and EGFP-tagged TRABID
NZF constructs narrowed down the minimal domains involved
as NZF 1 + 2 (Fig. 2D-F). Since individual TRABID NZF
constructs expressed better when GFP tagged, we repeated the
immunoprecipitation assay shown in Figure 2E with these
constructs and identified NZF 1 has the minimal domain
mediating interaction with endogenous HECTD1 (Fig. 2F, lane
3). This is important since TRABID NZF 1 is a K29/K33-
specific UBD (29–31).

Although we attempted to validate the interaction between
endogenous TRABID and endogenous HECTD1, none of the
four TRABID antibodies that we tried could detect endoge-
nous TRABID (Data not shown). As an alternative approach,
we further validated this interaction using recombinantly
expressed GST-tagged TRABID NZF 1 to 3 as bait (Fig. 3A).
GST-TRABID NZF 1 to 3, but not its ubiquitin binding defi-
cient mutant GST-TRABID NZF 1 to 3TY>LV nor GST alone,
could enrich for high-molecular-weight ubiquitin chains as
well as endogenous HECTD1 (Fig. 3A, lane 3). Since HERC2
was also found to potentially interact with catalytic dead
TRABID, we further validated the IP data shown in Figure 1D
more stringently, by including an IgG control IP. Rabbit IgG,
HECTD1 or HERC2 antibodies were coupled to magnetic
Dynabeads and used in immunoprecipitation assays using ly-
sates from HEK293ET overexpressing either 3xFLAG_FL
TRABIDC443S or an empty vector control (Fig. 3B). Although
immunoprecipitation of endogenous HECTD1 led to a clear
detection of 3xFLAG_FL TRABIDC443S, we observed a similar
signal between the IgG control IP and the endogenous HERC2
IP. This is perhaps not surprising given that the membrane had
to be overexposed in Figure 1D to enable HERC2 detection.
GST-TRABID NZF 1 to 3 pull-down showed a faint signal for
HERC2 further suggestive of a very weak interaction (Fig. 3A).

HECTD1 assembles K29 and K48-linked ubiquitin chains

DUBs and E3s have been shown to function as enzyme pairs,
either regulating a particular cellular process, each other’s
stability, and/or activity (40). For example: the DUB BRCC36
together with the RING E3 ligase BRCA1 regulates the DNA
damage response; the RBR E3 ligase Parkin and the DUB
J. Biol. Chem. (2021) 296 100246 3
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Figure 1. TRABID catalytic dead interactomes reveal OTU-dependent and independent interactors. A, domain organization of the catalytic dead
TRABID constructs used in this proteomics study, TRABID ΔOTU and Full-Length (FL) TRABIDC443S. Key features include the three Npl14-zinc finger (NZF)
ubiquitin binding domains (25, 32), the AnkUBD (28) and the OTU catalytic domain (24). B, pCMV-3xFLAG_EV, TRABID ΔOTU, or FL TRABIDC443S was
transiently expressed in HEK293ET. Following immunoprecipitation (IP) with FLAG M2 magnetic beads, samples were subjected to SDS-PAGE and gel slices
were cut and analyzed on an Orbitrap velos (IP experiments were n = 1 for each of the three plasmids). A selection of candidates TRABID interactors is
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vector condition were shortlisted for further analysis (n = 208). We also included in this list seven proteins that did not meet this criterion, on the basis that
these were part of the STRIPAK complex (STRN, STRN3, Zinedin), or that they were E3 ligases (HERC2, MYCBP2, UBR4, UBE3A), bringing the working list to

Lys29-specific DUB-E3 pair

4 J. Biol. Chem. (2021) 296 100246



Lys29-specific DUB-E3 pair
USP30 contribute to mitophagy; the DUB Ubp2 can impede
yeast growth by antagonizing the function of the HECT E3
Rsp5; the DUB FAM/USP9x interacts with and stabilizes
SMURF1 and this impacts on cell motility (41–43). Therefore,
we further explored the molecular basis for the TRABID-
HECTD1 interaction and hypothesized that HECTD1 could
assemble ubiquitin chains that are subject to TRABID DUB
activity. This implied that HECTD1 was modified, perhaps
through autoubiquitination, with K29- and/or K33-linked
chains given these are preferentially recognized by TRABID
NZF 1 (29–31).

Determining the type and composition of ubiquitin chains
on protein targets in cells has proved to be challenging.
Therefore, we exploited the property of C-terminal HECT
domains to autoubiquitinate in vitro in the absence of a sub-
strate as a proxy for determining HECTD1 ubiquitin ligase
specificity (Fig. 4) (44, 45). We previously identified UBE2D1,
2, and 3 as HECTD1’s cognate E2s, while UBE2L3 showed
little if any cooperativity for polyubiquitin chain assembly (46).
We now further expand this analysis to a set of E2s including
UBE2H3, UBE2R1, UBE2E1, UBE2L6, and UBE2C (Fig. 4A).
Although UBE2L3, UBE2L6, and UBE2C seemed competent in
priming GST-HECTD1CD with one ubiquitin molecule as
shown by the monoubiquitinated GST-HECTD1CD signal,
there was weak HECTD1 ligase activity as indicated by a faint
ubiquitin smear (Fig. 4A, lanes 10–12). This suggests that in
contrast to UBE2Ds, which can initiate and elongate ubiquitin
chains on HECTD1 (Fig. 4A, lanes 6–8), UBE2L3, UBE2L6,
and UBE2C can only prime HECTD1 with a single ubiquitin
moiety. In contrast, UBE2H3 and UBE2R1 showed no coop-
eration with HECTD1 ligase activity as (Fig. 4A, lanes 4 and 5).
Specific E2-E3 cooperativity has been reported for other HECT
ligases (47). The best example for E2-E3 cooperativity in cells
is in the context of mitosis where UBE2C assembles short
chains on mitotic cyclins prior to their elongation with K11-
linked chains via UBE2S (48–50). A recent report further
addressed the molecular basis for E2-E3 cooperativity in the
context of ERAD RING E3 ligases Doa10 and Hrd1, which
have distinct preferences for Ubc6 and 7 for priming, but not
for chain elongation (51).

Some E2 conjugating enzymes have also been shown to
drive ubiquitin transfer onto free lysine residues indepen-
dently of E3 activity, and this is particularly relevant for
substrates that contain a ubiquitin binding domain (52, 53).
For instance, UBE2D3�Ub reacts with free lysine and cysteine
n = 215 (Table S1). We applied a cutoff of at least two unique peptides to gener
a candidate substrate list common to TRABID ΔOTU or FL TRABIDC443S (n = 50)
for both catalytic dead TRABID constructs. Given the role of the NZF domains
substrates of TRABID DUB activity. D, validation of HECTD1 as TRABID interacto
expressed in HEK293ET cells. Twenty-four hours following transfection, cell ly
bodies for the indicated HECT ligases. IP samples and input were analyzed by
interactome and was used as negative control. TRIP12 could barely be detected
membrane had to be overexposed in order to detect 3xFLAG TRABID ΔOTU
between ectopically expressed TRABID and HECTD1. pCMV-3xFLAG_Ev, FL TR
pEGFP-Ev, pEGFP-FL mouse Hectd1WT, or pEGFP-FL mouse Hectd1C2587G as
plasmids. Note the enrichment of higher-molecular-weight species of Hect
coexpressed (IP FLAG/WB GFP, lane 8 versus 5). Hectd1HMW is markedly reduced
8). TRABID catalytic dead traps high-molecular-weight ubiquitin species (IP FLAG
(IP FLAG/WB Ubiquitin, lane 8 versus 9). This suggests that TRABID DUB activit
mHectd1 and GFP-tagged FL TRABID yielded similar observation (Fig. S1E).
residues, whereas UBE2L3�Ub only reacts with cysteines
(54). Although this mechanism of E3-independent ubiquitin
transfer is more relevant for RING E3 ligases, we nevertheless
validated that the activity we observed in our assay was due to
the catalytic HECT domain specifically. Indeed, a point mu-
tation in the catalytic cysteine residue (C2579G or C2579A)
abrogated HECTD1 ligase activity (Fig. 4B). To further
ascertain that the observed HECTD1 ligase activity represents
autoubiquitination, we next tested whether it occurred in cis
or trans. For this, we tested whether wild-type His6-
HECTD1CD could ubiquitinate catalytic dead GST-
HECTD1CD (C2579G or C2579A). However, we found that GST-
HECTD1CD catalytic mutants were not polyubiquitinated in
the presence of active His6-HECTD1CD (Fig. 4C, Anti-GST
blot, lanes 5 and 6). This indicates that autoubiquitination
of HECTD1CD occurs in cis.

We next used in vitro autoubiquitination assays and ubiq-
uitin mutants to determine the type of ubiquitin chains pref-
erentially synthesized by HECTD1 (Fig. 4D). Ubiquitin, either
methylated at all Lys (i.e., UbMet) or mutated at all lysine
residues into arginine (UbK0), was used as control to reveal
multi-monoubiquitination events on GST-HECTD1CD. In
contrast to ubiquitin WT, which showed the full extent of
ubiquitin chains synthesized by HECTD1 (Fig. 4D, lane 6),
both UbMet and UbK0 showed distinct bands indicative of
multi-monoubiquitination (Fig. 4D, lanes 4 and 5, respec-
tively). Ubiquitination assays with ubiquitin Konly mutants,
which have all, but the indicated lysine mutated to arginine,
were then used to reveal HECTD1 specificity in terms of the
linkages utilized to assemble ubiquitin chains. Using ubiquitin
K27only, K33only, or K63only mutants led to autoubiquitination
patterns similar to the multi-monoubiquitination controls. In
contrast, UbK29only and UbK48only showed ubiquitin smears
corresponding to polyubiquitinated HECTD1 (Fig. 4D, lanes
10 and 12). However, neither UbK29only nor UbK48only reca-
pitulated the full smear obtained with UbWT, suggesting that
HECTD1 might assemble mixed K29- and K48-linked ubiq-
uitin chains (Fig. 4D, lanes 10 and 12 versus 6).

To further validate the requirement for K29 and K48 link-
ages for ubiquitin chain assembly by HECTD1, autoubiquiti-
nation assays were carried out using K/R ubiquitin mutants,
which have only the indicated lysine residue mutated to argi-
nine. In the presence of UbK29R, ubiquitin chain formation was
markedly reduced (Fig. 4E, lane 7 versus 6). In contrast, UbK48R

had a marginal effect on the ubiquitin smear (Fig. 4E, lane 8
ate the OTU-specific list (n = 103), the TRABID ΔOTU-specific list (n = 23), and
. C, Venn diagram showing selected candidate interactors for each and also
in ubiquitin binding, the list common to both constructs likely represents
r. pCMV-3xFLAG_EV, TRABID ΔOTU, or FL TRABID ΔOTUTY>LV was transiently
sates were incubated with Dynabeads magnetic beads coupled with anti-
western blot using the indicated antibodies. NEDD4 was not found in our
, which is not surprising given its reported nuclear localization. Note that the
in the HERC2 IP. E, immunoprecipitation assays showing the interaction
ABIDWT, or FL TRABIDC443S was transiently expressed together with either
indicated. FLAG M2 beads were used to immunoprecipitate FLAG-tagged
d1 (Hectd1HMW) in the condition where catalytic dead TRABID has been
in the catalytic dead-Hectd1 condition (IP FLAG/WB Ubiquitin, lane 9 versus
/WB Ubiquitin; Lane 8 versus 5), unless catalytic dead Hectd1 is coexpressed
y regulates ubiquitin chains on Hectd1. Reciprocal IPs with FLAG-tagged FL
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Figure 2. Mapping of TRABID-HECTD1 interaction. A, domain organization of TRABID constructs used to map the interaction with HECTD1. The point
mutation C443S abrogates TRABID DUB activity while TY>LV mutations in each of the three NZFs abrogate their ability to bind ubiquitin. B, immuno-
precipitation assay using the indicated 3xFLAG-TRABID deletion constructs, showing that TRABID 1 to 200 (NZF 1–3) is key for its interaction with
endogenous HECTD1. Constructs were transiently expressed for 24 h in HEK293ET cells prior to immunoprecipitation with FLAG M2 beads, followed by
western blot analysis. C, immunoprecipitation assays performed as in B), using either catalytic dead-constructs (Lanes 2, 4, 6), their cognate triple NZF
mutant (TY>LV) (Lanes 3, 5, 7) or FL TRABIDWT (Lane 8). Note that HECTD1 higher-molecular-weight species (HECTD1HMW) could be detected in all con-
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Lys29-specific DUB-E3 pair

6 J. Biol. Chem. (2021) 296 100246



Anti-HECTD1

Anti-Ubiquitin

50

65

205 kDa

85

120

GST
GST-TRABID NZF 1-3

GST-TRABID NZF 1-3

Pull downInput

Anti-HERC2

Coomassie

A B

Anti-HECTD1

Anti-FLAG

Lane       1     2      3      4

GST
GST-TRABID NZF 1-3

GST-TRABID NZF 1-3
Lane       1    2   3

15

25
30

50

65

80
115

185 kDa

3xFLAG-Ev

3xFLAG-FL TRABID

+

- +

-

HERC2

IgG

HECTD1

+

-
-

+
+

- -

-
-

3xFLAG-Ev 3xFLAG-FL TRABID

+

-
-

+
+

- -

-
-IP

Anti-HECTD1

Anti-FLAG

10

30
25

205 kDa

205 kDa

Anti-HERC2

Anti- -Actin
50 kDa

85 kDa

185 kDa

185 kDa

Input

185 kDa

65 kDa

85 kDa

65 kDa

HERC2

Figure 3. TRABID NZFs are required for trapping ubiquitin and endogenous HECTD1. A, GST pull-down assays were carried using 20 μg of GST, GST-
TRABID NZF 1 to 3, or GST-TRABID NZF 1 to 3TY>LV. Loss of ubiquitin binding through TY>LV mutations abrogates binding with endogenous ubiquitin and
endogenous HECTD1. B, immunoprecipitation assays showing that endogenous HECTD1, but not HERC2, binds TRABID. This data also shows that HECTD1
and HERC2 do not interact, at least in this assay. Four micrograms of either HECTD1 or HERC2 antibody was coupled to Dynabeads magnetic beads and
incubated with lysates of HEK293T cells expressing either 3xFLAG-Ev or 3xFLAG-FL TRABIDC443S. Following four washes with lysate buffer, 2× LDS/100 mM
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Lys29-specific DUB-E3 pair
versus 6). This indicates that K29 rather than K48 is the likely
prime linkage used by HECTD1 to assemble the core of the
polyubiquitin chains we observed.

Quantitative linkage analysis of ubiquitin chains assembled
by HECTD1

To determine the linkage composition of ubiquitin chains
assembled by HECTD1 with more precision, we carried out
UbiCREST and ubiquitin-absolute QUAntification (Ubiquitin-
Constructs were transiently transfected as in B and C. Depending on whether on
we also tried GFP-tagged constructs, which improved the expression of indi
different level of expression of these constructs and also to show that NZF 1 is
reduction in signal in the TRABID NZF 1 to 3TY>LV (E, lane 3 versus 2; F, lane 2
AQUA) on in vitro autoubiquitinated GST-HECTD1CD (Fig. 5)
(15, 55–57). Polyubiquitinated GST-HECTD1CD was incubated
with the indicated linkage-specific DUBs for 5, 30, or 60 min,
prior to western blot analysis with an anti-ubiquitin antibody.
Polyubiquitinated GST-HECTD1CD was efficiently deubiquiti-
nated by the AnkOTU domain of TRABID, which suggests that
HECTD1 assembles chains through K29 and/or K33 linkages,
since these are the preferred TRABID substrates (Fig. 5A) (28).
Interestingly, remnant short ubiquitin chains of size similar to
e or two NZF were included, the construct expressed differently, hence why
vidual NZFs (F). High exposure of blots is provided to better visualize the
the minimal domain mediating HECTD1 interaction (F, lane 3). Note the clear
versus 1), which is in line with C (Lanes 3, 5, 7 versus 2, 4, 6, respectively).
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Lys29-specific DUB-E3 pair
those obtained with UbK29R (Fig. 4E, lane 7) were also detected
following incubation with TRABID AnkOTU (Fig. 5A, lanes
3–5 versus 1). In line with previous data, TRABID OTU
domain alone (i.e., lacking the AnkUBD) showed limited ac-
tivity (28). In order to further validate the linkage composition
of chains assembled by HECTD1, we used DUBs of known
specificity which have been particularly useful in order to
determine the linkage composition of ubiquitin chains. These
included the OTU DUBs OTUD7B/Cezanne (K11-specific),
OTUD3_CD (cleaves K6/K11 linkages), the JAMM family
member AMSH (K63-specific) and its more active AMSH*
(improved activity toward K63 chains), and the proteasomal
DUBs UCH37 (cleaves Met-1 and K48-specific linkages) and
USP14 (cleaves K6/11/48/K63) (31, 56, 58–62). None of these
DUBs were able to reduce the ubiquitin smear induced by
HECTD1 (Fig. 5A and Fig. S2, A and B). In contrast, OTUB1*,
which has been engineered to have increased DUB activity
compared with OTUB1, showed some activity toward autou-
biquitinated HECTD1 (Fig. 5A, OTUB1* lanes 3–5 versus 2;
Fig. S2C for His6-HECTD1CD). To explore the possibility that
these chains might be of mixed composition, through K29 and
K48 linkages, we incubated autoubiquitinated HECTD1CD with
both AnkOTU and OTUB1 (Fig. 5B). However, we observed
similar data than for the AnkOTU alone treatment (Fig. 5B,
lanes 5 and 6 versus 3). Although the remnant chains that
remained following AnkOTU treatment can be fully processed
by USP2, OTUB1* had no effect on these chains, which could
suggest that they might be branched and therefore resistant to
DUB cleavage (Fig. 5B for His6-HECTD1CD; Fig. S2D for GST-
HECTD1CD) (55).

Having established that TRABID NZF 1 to 3 is required for
binding HECTD1 in cells and that catalytic dead TRABID
traps polyubiquitinated HECTD1, we then validated this data
in the context of HECTD1’s newly identified ubiquitin ligase
activity using a pull-down approach (Fig. 5, C and D; Fig. S3).
For this, we used His6-HECTD1CD instead of GST-
HECTD1CD since this construct yielded longer poly-
ubiquitinated signals which were easier to visualize. Impor-
tantly, His6-tagged HECTD1CD displayed similar ligase activity
as the GST-tagged version, as shown by the marked reduction
in ubiquitin chain smear in the presence of UbK29R or
following UbiCREST assay with AnkOTU (Fig. 5C). Poly-
ubiquitinated His6-HECTD1CD, generated in vitro, could be
efficiently enriched for by GST-TRABID NZF 1 to 3 pull-down
but not GST alone (Fig. 5D, lane 14 versus 9). As expected,
there was no clear enrichment when using UbK0 in the
autoubiquitination reaction, further indicating that TRABID
NZF 1 to 3 does not bind monoubiquitin (Fig. 5D, lane 12) (29,
31, 32). The short ubiquitin species generated by His6-
HECTD1CD using UbK29R, as well as the short remnant chains
obtained following TRABID AnkOTU treatment, were not
efficiently enriched by TRABID NZF 1 to 3, suggesting that
these chains might contain linkages with low binding affinity
for NZF 1 to 3 (Fig. 5D, lanes 13 and 15).

To corroborate these findings, we next analyzed the chains
assembled by GST-HECTD1CD using Ubiquitin-AQUA
(Fig. 5, E–H, Fig. S4, and Table S2). This revealed that in the
8 J. Biol. Chem. (2021) 296 100246
presence of ubiquitin WT, K48-linked and K29-linked ubiq-
uitin chains are the preferred linkages used by HECTD1 to
assemble polyubiquitin, with 44% and 27.7%, respectively
(Fig. 5F). In agreement with our UbiCREST data, K29 linkages
almost entirely disappeared following incubation with TRA-
BID AnkOTU (Fig. 5G). We also analyzed the remnant ubiq-
uitin chains obtained with UbK29R, which revealed that in the
absence of K29, HECTD1 favors K6 to assemble short ubiq-
uitin chains (46.7% with UbK29R versus 5.1% with UbWT)
(Fig. 5H). Interestingly, the HECT ligase UBE3C assembles
ubiquitin chains through K29 (47%) and K48 (48%) linkages.
However, in the context of phosphorylation of ubiquitin at Ser
20, UBE3C utilizes K48 (79%) and K6 (6%) (63). This, together,
with our data using UbK29R, indicates that certain lysine resi-
dues on ubiquitin are prioritized by HECT ligases to assemble
chains (64). Linkage prioritization can be regulated by phos-
phorylation, in the case of UBE3C, and it will be interesting to
determine which posttranslational modifications on ubiquitin
might affect HECTD1 specificity and how.

HECTD1 and UBE3C assemble distinct K29-containing
ubiquitin chains

UBE3C was the first and until now the only HECT ligase
shown to assemble ubiquitin chains through both K29 and K48
linkages (45). We next set out to compare whether these E3s
might both use these linkages to assemble chains with the
same architecture. In vitro autoubiquitination reactions were
performed with either GST-HECTD1CD or GST-UBE3CCD

(catalytic HECT domain of HECTD1 and UBE3C, respectively)
followed by treatment with AnkOTU or OTUB1* (Fig. 6A,
Fig. S5, A–C). As previously shown, TRABID AnkOTU
treatment resulted in short remnant ubiquitin chains for
HECTD1 (Fig. 6A, lane 3 versus 1; Fig. S5C, lane 3 versus 1). In
contrast, the same treatment resolved the polyubiquitinated
smear produced by UBE3C down to the monoubiquitinated
species signal (Fig. 6A, lane 7 versus 5; Fig. S5C, lane 6 versus
4). Side-by-side comparison of HECTD1CD and UBE3CCD also
revealed that OTUB1* has a more pronounced effect on
UBE3C, reducing its ubiquitin smear down to the mono-
ubiquitination signal, compared with HECTD1CD where a
longer smear remained following OTUB1* treatment (Fig. 6A,
lane 4 versus 1 for HECTD1CD; lane 8 versus 5 for UBE3CCD).
The effect of OTUB1* on polyubiquitinated species was more
readily observed when probing these reactions with a K48-
specific antibody. In summary, this data suggests that
HECTD1 and UBE3C both use K29 and K48 to assemble
ubiquitin chains of different topologies. This is further
emphasized by the detection of free ubiquitin chains, in
particular dimers and trimers, which were readily detected
following TRABID AnkOTU treatment of UBE3C but not
HECTD1 (Fig. 6A, lower panel; Fig. S5C).
HECTD1 ligase activity assembles ubiquitin chains through
branched K29/K48 linkages

In order to determine whether branching was required as
part of HECTD1 ligase activity to assemble K29/K48 chains,
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Figure 4. HECTD1 catalytic HECT domain autoubiquitinates. A, in vitro autoubiquitination assay performed as previously described (46). GST-HECTD1CD

(Catalytic domain of humanHECTD1, boundaries AA2129-End) was incubated in the presence of E1 (UBE1), ubiquitin, and the indicated E2 conjugating enzymes.
Reactions without ATP, ubiquitin, or E2 were included as controls. Reactions were stopped after 3 h at 30 �C by the addition of 2X SDS/100mMDTT and analyzed
by western blotting using (Top panel) and anti-GST (Lower panel) antibodies. The ubiquitin smear observed reflects the autoubiquitination of GST-HECTD1CD and
was used as readout for ubiquitin ligase activity. B, autoubiquitination assays were carried out as in A, usingUBE2D1 and GST-HECTD1WT or the indicated catalytic
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CD cannot ubiquitinate catalytic deadGST-HECTD1CD (C2579A or
C2579G). Therefore, the observed autoubiquitination of GST-HECTD1WT occurs in cis. D, in vitro autoubiquitination carried out as in A using GST-HECTD1CD and
UBE2D1, for 3 h at 30 �C, but using Konly ubiquitin mutants (i.e., only the indicated lysine residue has not been mutated to arginine). In order to differentiate
betweenmulti-monoubiquitination events and polyubiquitination, UbMet and UbK0 were used as controls. Additional control samples included a no E1, no E2, or
no E3 reactions. Reactionswere stopped as inA and analyzed bywestern blotting using an anti-ubiquitin antibody. E, in vitro autoubiquitination carried out as inA
at 30 �C for 3 h, using GST-HECTD1CD, UBE2D1, wild-type ubiquitin, or the indicated UbK/R ubiquitinmutants (i.e., only the indicated lysine ismutated to arginine).
Reactions were stopped and analyzed as mentioned previously.
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(2 μM) or USP2 (1 μM) for 5 min, 30 min, or 60 min. UbiCREST reactions were terminated at the indicated time points by addition of 2X LDS/100 mM DTT,
resolved on a 4 to 12% SDS PAGE and analyzed by western blotting using an anti-ubiquitin antibody. Note that remnant ubiquitin smears (AnkOTU, lanes
3–5) are shorter than smears obtained with UbWT (Lane 2) but longer than those in the multi-monoubiquitination control reaction (Lane 1). B, double
UbiCREST assay. In vitro autoubiquitination assays were carried out as in A but with His6-HECTD1

CD and incubated with 1 μM of AnkOTU (Lane 3), 2 μM of
OTUB1* (Lane 4), or 2 μM of USP2 for 1 h at 30 �C (Lane 7), as indicated. AnkOTU and OTUB1* were also incubated at the same time and for 1 h (Lane 5) or
sequentially (i.e., AnkOTU was added for 5 min followed by OTUB1* for 1 h, lane 6). Reactions were stopped by addition of in 2X LDS/100 mM and analyzed

Lys29-specific DUB-E3 pair
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Lys29-specific DUB-E3 pair
we expressed and purified an untagged UbK29/K48only mutant
and used it in autoubiquitination assays (Fig. 6, B–D; Fig. S5D).
We first compared GST-HECTD1CD and GST-UBE3CCD in
their ability to assemble the full extent of ubiquitin chains that
is seen with UbWT, but in the presence of UbK29only, UbK48only,
or UbK29/K48only. UBE3C was able to use any of these Ub-only
mutants to produce a full smear (Fig. 6B, lanes 6–8 versus 5).
In contrast, when using either UbK29only or UbK48only,
HECTD1 could only assemble ubiquitin chains that were
shorter than those obtained with UbWT, in line with data
shown in Figure 4D (Fig. 6C, lanes 6 and 7 versus 5). Strikingly,
when using UbK29/K48only, GST-HECTD1CD was able to reca-
pitulate the full activity seen with UbWT (Fig. 6C, lane 8 versus
5). To show that this activity for HECTD1 reflects branching
rather than heterotypic mixed chains, we repeated the assay
and included a reaction that contained both UbK29only and
UbK48only (Fig. 6D). This produced a ubiquitin smear that was
reminiscent of what we obtained with either UbK29only or
UbK48only (Fig. 6D, lane 6 versus 3 and 4). Together, this data
strongly indicates that the full ligase activity of HECTD1 relies
on the ability to utilize K29 and K48 linkages on the same
ubiquitin molecule, at least in vitro. In contrast, while UBE3C
can use these same linkages to assemble chains, it does not
appear to be reliant on branching. This data also could imply
that the remnant chains observed following treatment with
AnkOTU or OTUB1* represent branching linkages that
cannot be efficiently processed by these DUBs.

Previous work established UBE3C’s preference for assem-
bling K29 ubiquitin chains within mixed/branched chains (29,
65–67). The viral OTU (vOTU) of the Crimean Congo hem-
orrhagic fever virus (CCHFV), which cleaves all but Met-1 and
K29-linked diubiquitin, has been useful to generate pure K29-
linked chains for crystallography studies (68). We therefore
used vOTU to test whether it could remove all but K29 link-
ages and provide further insights on the chains assembled by
HECTD1 and UBE3C (29, 31, 55, 68, 69). In our assay, high
concentration of vOTU fully resolved all the ubiquitin smears
of both E3s, indicating that vOTU has the potential to cleave
the remnant chains we previously observed in a similar fashion
to USP2 (Fig. S6A; Fig. 5A). We next used UbK29only chains to
titrate the concentration of vOTU so that it would not cleave
K29-linked chains (Fig. S6B, lanes 4 and 11) (63). At this lower
concentration, vOTU showed some weak activity toward the
chains produced by HECTD1 and UBE3C when using UbK29/
K48only (Fig. S6C). However, high-molecular-weight species
could still be detected with the K48-specific antibody indi-
cating incomplete digestion of this linkage by vOTU (Fig. S6C,
by western blot using a ubiquitin (P4D1) antibody or an anti-UbK48-specific an
remnant ubiquitin signal that is obtained following AnkOTU treatment alone (
autoubiquitination assays were carried out in the presence of ATP, UBE1, UBE2D
to show multi-monoubiquitination), or UbK29R was used, as indicated. Autoubiq
of TRABID AnkOTU for 1 h at 30 �C, stopped by the addition of 2xLDS/100 mM
GST pull-down of His6-HECTD1

CD either unmodified (Lanes 1, 6, 11), or modified
or long chains (Lanes 4, 9, 14). Reactions showing remnant chains, which remai
pull-down was carried out as previously described (26). Briefly, GST or GST-TRA
were washed in pull-down buffer + BSA and then added to each of the in vitro
washed with pull-down buffer five times. Beads were finally resuspended in 2X
ubiquitin antibody and also by silver stain to monitor protein loading (Fig. S3
proteomics for UbWT (F), UbWT followed by TRABID AnkOTU incubation (G), or
upper panel, lane 4 versus 3; lane 10 versus 9). In summary of
this data, treatment with vOTU did not provide further in-
sights on the assembly of K29/K48 chains. In line with previ-
ous data obtained using UbWT, free K48-linked ubiquitin
chains were also released following AnkOTU treatment of
polyubiquitinated UBE3CCD, when using UbK29/K48only (Fig. 6A
for UbWT; Fig. S6C, lane 11 for UbK29/K48only).

Having shown that the catalytic domain of HECTD1 pref-
erentially assembles ubiquitin chains through branching at
K29 and K48, we next attempted to replicate this in cells in the
context of full-length endogenous HECTD1. For this, we used
3xFLAG_FL TRABIDC443S to trap endogenous HECTD1HMW

species. Following immunoprecipitation using an anti-
HECTD1 antibody coupled to Dynabeads, samples were left
untreated or were incubated with either AnkOTU or OTUB1*
for 1 h at 30 �C prior to western blot analysis (Fig. 7A). The
HECTD1HMW species that could be enriched for in the control
reaction (Fig. 7A, lane 1) were readily processed by AnkOTU
but not OTUB1* (Fig. 7A, lane 2 versus 3 and 1). We also
probed these reactions with a monoclonal anti-ubiquitin
antibody, which confirmed that the ubiquitin chains trapped
by the TRABID catalytic dead constructs were also sensitive to
TRABID DUB activity, but not to OTUB1* activity (Fig. 7A,
lane 1 versus 2 and 3). This is in line with TRABID’s preference
for binding and processing K29 and not K48 linkages.

To determine whether the observations made for GST-
HECTD1CD hold true in the context of full-length Hectd1, we
next assessed the ubiquitin ligase activity of HA-tagged full-
length mouse Hectd1. HA-FL mHectd1 was expressed and pu-
rified from HEK293ET and used in in vitro autoubiquitination
assays (Fig. 7B). Indeed, we found that HA-full-length
mHectd1WT but not the catalytic dead mutant (C2587G) pro-
ducedhigh-molecular-weight ubiquitinated species,which could
be resolved following incubationwith TRABIDAnkOTU. In line
with our previous data, UbK29R did not support full Hectd1
autoubiquitination activity. Together, this data indicates that the
HECT domain of HECTD1, whether it be in isolation or in the
context of the full-length protein, primarily assembles K29-
linked ubiquitin chains, which are likely branched at K48.

TRABID stabilizes HECTD1 levels

Some E3 ligases have been shown to pair up with DUBs,
which enables them to regulate each other’s activity and sta-
bility (40). Therefore, having established that HECTD1 is a
novel E3 ligase assembling UbK29 and UbK48 chains, and a
substrate of TRABID DUB activity, we next evaluated the
functional relationship of this E3/DUB pair. Individual
tibody. Note that the double UbiCREST does not lead to a reduction in the
Lane 3). Similar data was obtained with GST-HECTD1CD (Fig. S2D). C, in vitro
1, and His6-HECTD1

CD for 3 h at 30 �C. Ubiquitin wild type, UbK0 (i.e., control
uitinated His6-HECTD1

CD obtained with UbWT was incubated with of 2.5 μM
DTT and analyzed by western blotting using an anti-ubiquitin antibody. D,
with multi-monoubiquitination (Lanes 2, 7, 12), short chains (Lanes 3, 8, 12),
n following TRABID AnkOTU treatment (Lanes 5, 10, 15), are also shown. GST
BIDNZF 1–3 was coupled to glutathione magnetic beads for 1 h at RT. Beads
ubiquitin reactions. Following overnight incubation on at 4 �C beads were

LDS/100 mM samples buffer and analyzed by western blotting using an anti-
). Autoubiquitination assays shown in E were analyzed by Ubiquitin-AQUA
UbK29R (H) (Fig. S4; Table S2).
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Lys29-specific DUB-E3 pair
TRABID siRNAs were first validated for their ability to deplete
pEGFP-FL TRABID (Fig. S7), prior to assessing their effect on
endogenous HECTD1 protein levels in HEK293ET cells
(Fig. 8). All TRABID siRNAs tested led to a decrease in
endogenous HECTD1 protein levels (Fig. 8A). To further
validate this, we recapitulated this data in HEK293T and
MDCK CRISPR/Cas9 TRABID KO clones (Fig. 8, B and C,
respectively). Importantly, this decrease in HECTD1 protein
with OTUB1* yielded virtually no such free chains, in line with its K48 DUB act
through K29 and K48 had the same topology, we expressed and purified a Ub
either GST-UBE3CCD (B) or GST-HECTD1CD (C). Note the ability for UBE3C to asse
used (Lanes 6 and 7 versus 5). In contrast, HECTD1 could only assemble long c
and 5 versus 7 and 6). D, to further establish that these represent branched ra
reaction containing both UbK29only and UbK48only proteins. This reaction has t
chains assembled were comparable with those obtained with either of the UbK

(Lane 6 versus 4 and 3).
levels could be rescued by re-expression of pEGFP-TRA-
BIDWT but not pEGFP-Empty vector alone, indicating that
TRABID directly regulates HECTD1 levels (Fig. 8D). We
extended these observations to Trabid KO mice (Trabid−/−),
which showed a marked reduction in Hectd1 levels in the
mouse gut epithelium, as well as liver and spleen tissues,
compared with littermate controls (Fig. 8, E and F). Finally, we
used a cycloheximide chase assay to study the steady-state
ivity (Lane 8 versus 7). To establish whether the ubiquitin chains assembled
K29/K48only mutant in E.coli and carried out in vitro autoubiquitination using
mble long chains irrespective of whether UbWT or the UbK29only or UbK48only is
hains in the presence of ubiquitin with both K29 and K48 available (Lanes 8
ther than mixed chains, we repeated the reactions shown in C alongside a
he potential to form heterotypic, but not branched, linkages. However, the
29only and UbK48only mutant alone, indicating the requirement for branching
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Figure 8. TRABID stabilizes HECTD1 protein levels. A, HEK293ET were transiently transfected with 20 pmol of the indicated siRNA (TRABID SMARTpool
siRNA, SMARTpool individual #6, #7, #8, #9, or individual siRNA from previous studies, as indicated) (32, 97). A nontargeting (NT) siRNA and HECTD1 siRNA
were used as controls. Cell lysates were analyzed by western blot and probed for endogenous HECTD1. The housekeeping protein β-Actin and total β-
Catenin were used as controls. CRISPR/Cas9 TRABID KO clones (exon 1 and 5 targeted) were analyzed for HECTD1 protein levels in HEK293T (B) and MDCK
cells (C). D, loss of HECTD1 protein levels in HEK293T TRABID KO cells is rescued following the stable re-expression of pEGFP full-length TRABID, but not an
empty pEGFP-Ev. GSK3β and β-Actin were used as loading controls. E, mouse gut epithelia were analyzed for Hectd1 protein levels in three Trabid−/− or
wild-type C57 mouse littermates. E-cadherin and Gsk3β were used as loading controls. F, the effect of Trabid depletion on Hectd1 levels was also observed
in the liver and spleen tissues of those animals. G, cycloheximide chase in HEK293ET cells transfected with either a nontargeting siRNA or TRABID
SMARTpool siRNA for 72 h followed by CHX addition (10 μg/ml). Samples were collected at the indicated time points post CHX addition and analyzed by
western blot using HECTD1 and β-Actin antibodies.

Lys29-specific DUB-E3 pair
level of HECTD1 upon TRABID depletion. This revealed that
HECTD1 is readily turned over in the absence of TRABID,
indicating that TRABID association with HECTD1 is required
for its stability (Fig. 8G).
14 J. Biol. Chem. (2021) 296 100246
Discussion

We previously established that the OTU deubiquitinase
TRABID preferentially cleaves K29 and K33-linked diubiquitin
(28). This, together with studies defining the biochemical



Lys29-specific DUB-E3 pair
properties of TRABID NZF 1, indicates that TRABID is highly
tuned for the recognition and processing of these atypical
linkages (29–31). Yet, the roles of TRABID DUB activity to-
ward K29 and K33 linkages have remained elusive.

Proteomics studies of full-length TRABID wild type as well
as of the catalytic dead trapping mutant TRABIDC443S have
identified a number of candidate interactors and potential
substrates including the E3 ubiquitin ligase HECTD1 (33, 39).
Interestingly, most of the proposed mechanisms have been in
the context of TRABID DUB activity toward K63-linked
ubiquitin chains. Indeed, TRABID can clearly also process
K63 linkages as shown in vitro on hexameric K63-linked
ubiquitin chains and also in cells through the deubiquitina-
tion of APC (28, 33).

We first defined two catalytic dead TRABID constructs to
identify putative TRABID substrates and also to determine the
contribution of the OTU domain with regard to previously
reported TRABID interactors. We reasoned that the overlap of
candidate hits between TRABIDC443S and TRABID ΔOTU
would implicate NZF interactors and therefore should identify
likely substrates of TRABID DUB activity. In contrast, OTU-
specific interactors (found in TRABIDC443S but not TRABID
ΔOTU) might instead represent modulators/regulators of the
OTU domain. The kinase/phosphatase STRIPAK complex was
previously identified in a proteomics study of TRABIDWT, and
our data now show that this interaction is likely mediated by
the OTU domain of TRABID (39, 70). This raises the possi-
bility that despite its main role as a catalytic domain that
mediates docking of ubiquitin chains for subsequent cleavage
through a highly conserved catalytic triad, the OTU domain
may have additional functions that are yet to be identified. As
predicted, we were able to identify proteins (n = 50) common
to the interactomes of both TRABIDC443S and TRABID
ΔOTU. We hypothesized that this list would primarily include
candidate TRABID substrates likely to be modified with K29-
or K33-linked chains.

We validated HECTD1 as a direct substrate of TRABID
DUB activity and showed that the NZF 1 of TRABID is the
minimal domain that mediates binding to HECTD1. This
implied that HECTD1 would be modified with either K29 and/
or K33-linked chains in cells, given NZF 1’s affinity for these
linkages (29, 31). This is interesting in light of previous studies
identifying HECTD1 as a ligase assembling K63-linked poly-
ubiquitin chains on APC and HSP90, in the context of Wnt
signaling and cell secretion, respectively (32, 33, 71). HECTD1
has also been proposed to regulate K48-linked poly-
ubiquitination on ACF7 in the context of EMT (72). Further,
K48-linked polyubiquitin chains assembled by HECTD1 have
also been implicated in the estrogen-dependent recruitment of
transcriptional coactivator/corepressor (73). Therefore, we
next aimed to reconcile TRABID’s preferred DUB activity to-
ward K29 and K33 ubiquitin linkages, with the reported
specificity of HECTD1 ligase activity for assembling K48 and
K63-linked ubiquitin chains.

In contrast to RING E3 ligases, for which linkage specificity
is dictated by E2-conjugating enzymes, the HECT domain
plays a key role in determining the type of ubiquitin chain
assembled. Therefore, we next determined HECTD1 ubiquitin
ligase activity using in vitro autoubiquitination assays,
UbiCREST, and Ubiquitin-AQUA. Biochemical activity assays
showed that, in vitro at least, HECTD1 preferentially assem-
bles K29 and K48-linked chains. Seminal work by the Pickart
laboratory on HECT ligase specificity established that UBE3C
can assemble mixed K29/K48 signals, and this has been further
validated using TRABID NZF 1 to pull down ubiquitinated
species from cells (29, 45, 65, 74, 75). Together, this led to the
proposed model that K29-linked ubiquitin canonically exists as
heterotypic and/or branched signals also containing K48-
linkages. Although AIP4 (ITCH in human) and SMURF1 E3
ligases have been proposed to assemble K29 linkages on Deltex
and Axin, respectively, the exact architecture of these chains
remains unclear. This is also rather surprising given that
NEDD4 family members predominantly generate K63-linked
ubiquitin chains (76, 77).

Excitingly, our data shows that full HECTD1 ligase activity
requires both K29 and K48 linkages, indicating the presence of
branched linkages. Our findings also suggest that while
HECTD1 and UBE3C can both use K29 and K48 linkages, the
architecture of the chains assembled by either ligase is likely to
be different, with HECTD1 being more reliant on branching
compared with UBE3C. It will be important to combine recent
approaches such as Ub middle-down MS/MS, UbProT, and
Ub-clipping to further determine the architecture of these
K29/K48 ubiquitin chains (78–80). For instance, middle-down
MS/MS has been useful to quantify the abundance of branched
and mixed linkages in cells while Ub-clipping has started to
unravel ubiquitin chain architecture in the context of
mitophagy (74, 80).

Branched chains were first proposed for K29-K48 in the
context of the ubiquitin fusion degradation (UFD) pathway in
yeast. Further studies revealed that K29-linked polyubiquitin
chains assembled by Ufd4 are further modified with short K48
chains by the E4 enzyme Ufd2p (81–83). The yeast
proteasome-associated ligase Hul5 (UBE3C in mammals) also
acts as an E4 enzyme, extending ubiquitin chains on substrates
bound to the proteasome (84). In the context of mammalian
cells, UBE3C ligase activity has been implicated in the poly-
ubiquitination of proteasomal receptor Rpn13 with K29/K48-
linked polyubiquitin, which serves as a mechanism to
decrease the recruitment of ubiquitinated substrates and
decongest the 19S proteasomal lid during proteotoxic stress
(66). Interestingly, heterotypic K29/K48-linked chains have
also been found to modify cytosolic ERAD clients, with the ER-
embedded E3 ligases TRC8 and UBE3C implicated in this
mechanism (67). These studies, along with other reports on
the function of branched K11/K48 and K48/K63 ubiquitin
chains regulating mitosis and NFkB signaling respectively,
have revealed yet another layer of complexity within the
ubiquitin system (21–23). Our data now shows that although
UBE3C and HECTD1 can assemble K29- and K48-linked
chains, the exact architecture and regulation of these more
complex ubiquitin chain types will need to be deciphered. In
particular, it will be important to identify substrates of
HECTD1 that are modified with these chains and also to
J. Biol. Chem. (2021) 296 100246 15
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determine the molecular functions of K29/K48 branched
ubiquitin signals in cells. Together, our data identify TRABID-
HECTD1 as the first DUB-E3 pair regulating K29-linked pol-
yubiquitin chains. Interestingly, a recent study has shown that
the proteasomal subunit RPN13 acts as an accessory protein to
enhance the activity of the DUB UCH37 toward K48-
containing, branched triubiquitin, and this could provide
new ways to further explore the assembly/disassembly of these
more complex ubiquitin chain types (85). The ability of some
E3s to form branched ubiquitin chains, combined with this
recent report of a debranching DUB activity, further exem-
plifies the versatility of protein ubiquitination.

Transient and genetic loss-of-function/rescue assays in
mammalian cells showed that TRABID-HECTD1 is a func-
tional DUB-E3 pair, with TRABID required to maintain
HECTD1 stability. This is also true in vivo where Hectd1
protein levels were markedly decreased in tissues from Trabid
KO mice. The list of validated DUB-E3 pairs is rapidly
expanding and is providing new insights on how the stability
or activity of these enzymes is regulated (86, 87). DUBs, for
instance, have been shown to be particularly important for
maintaining the stability of E3s, which can autoubiquitinate in
the absence of a substrate, including BCA2, NEDD4L, WWP2,
E6AP, Parkin, HRD1, and TRAF6 (88–94). For example, Hrd1
autoubiquitination has emerged as a key requirement for the
retrotranslocation of some ERAD substrates, while TRAF6
autoubiquitination is a key event in NFκB signaling (93, 94).

Currently, none of the putative cellular functions of
HECTD1 have been attributed to K29-linked poly-
ubiquitination. Future interactome and substratome studies
will be required to uncover the function of HECTD1 K29/K48
activity along with the molecular mechanisms involved.
Interestingly, both the yeast (Ufd4) and C. elegans (Hecd1)
ancestors of HECTD1 have been shown to function as UFD
ligases (95). Our data is in line with these studies given that the
UFD pathway implicates K29/K48 polyubiquitination. There-
fore, it will be interesting to further explore the role of
HECTD1 in the regulation of mutant ubiquitin UBB+1, which
remains the best characterized physiological UFD substrate in
human cells (96). Overall, our study conveys new insights into
the regulation of atypical ubiquitin chains and also expands
our understanding of DUB-E3 pairs.

Experimental procedures

Cell culture

COS-7, MDCK, HEK293T, and HEK293ET cells were
grown in DMEM (Dulbecco’s modified Eagles Medium) sup-
plemented with 10% fetal bovine serum (FBS) and 100 U/ml
penicillin, 100 mg/ml streptomycin at 37 �C in 5% CO2. Cells
were regularly checked for the presence of Mycoplasma using
the MycoAlert Mycoplasma Detection Kit (Lonza Group AG).

Transient siRNA knock down

TRABID siRNA used included ON TARGETplus SIRNA
SMARTpool and individual siRNA #6, #7, #8 and #9 from
Dharmacon (GE Healthcare, Dharmacon, Inc), individual
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siRNA for #1 and #2 (32), #1 and #5 (97). A nontargeting
siRNA and ON TARGETplus SIRNA pool or an individual
sequence for human HECTD1 were used as controls for
HECTD1 levels. Oligos were synthesized by Eurofins Scientific
(Luxembourg).

Trabid (Zranb1) knockout mice

Animal care and procedures were performed in accordance
with the standards set by theUnitedKingdomHomeOffice. Two
ES cells clones were purchased from EUCOMM and injected
into Blastocyst (TYR) and then injected into C57BL/6N (sub-
strain JM8A1.N3) at the MRC Laboratory of Molecular Biology,
Cambridge, in ES cells. To excise exon 3 and the neomycin
cassette ZranG11micewere crossed to P214 67deletormice (98).
To confirm the excision standard PCR was used with primers
ZrnaGNeoF1: CTCATGCTGGAGTTCTTCGC; H5R2: CAT-
ACAAGCAAGCAAAAGATTCA. Genotyping was done by a
standard PCR with primers H5F: GCTGTTCCAGTGGTCCT-
GAG; EX3R: TGGCTGCTAAGTCACCTTCC; LAR3: CAC
AACGGGTTC CTTCTGTTAGTCC.

CRISPR/Cas9 genome editing in cells

Trabid KO cells were generated as described (99). Briefly, the
design tool CRISPOR (crispor.tefor.net) was used to design
single-stranded oligomers for sgRNA targeting vectors. RNA-
encoding plasmid derivatives of pSpCas9(BB)2A-GFP (PX458)
were generated by hybridizing single-stranded oligomers with
their complementary strands in 2 mM Tris-HCl (pH 7.4),
10 mM NaCl, 200 mM EDTA at 95 �C for 5 min, and by
subsequently ligating the double-stranded oligomers into a BbsI
restriction site of PX458. HEK293T or MDCK cells were sorted
48 h posttransfection at a density of 1 cell/well in a 96-well
plate and grown for 14 to 20 days to isolate individual clones.
For genotyping, 2 to 5 × 104 cells were homogenized in 15 μl
MicroLYSIS-Plus (Microzone, Haywards Heath) and thermo-
cycled as specified by the manufacturers. 2 μl of supernatant
was used for PCR amplification, and the resulting PCR products
were purified using the QIAquick purification kit (Qiagen,
Hilden, Germany) and sequenced. Sequence chromatograms
were analyzed using TIDE webtool (https://tide.deskgen.com/)
and checked using MacVector software (MacVector Inc). Hu-
man gRNA and primers were used for HEK293T and dog
gRNA and primers were used for MDCK cells:

Human ZRANB1 Exon 1a (gRNA: CTAGAGTCTGGA-
CATATCAA; Forward: GTGGCTTCCCGTTAATCTCA;
Reverse: TCCAGTGCTGTGTCCTAG; Sequencing: CTTGA
GCCAGATCCTGAG); human ZRANB1 Exon 1b (gRNA:
TCAGAGTCCCGCTTCGTAGC; Forward: GTGTCGTGCC
CAAAGACCTA; Reverse: TACCTTTTCCCATCCCACGC;
Sequencing: GTACCCAGTGCTTATCCC); human ZRANB1
Exon 5 (gRNA: CTTGGAATTGGCTACACGTT; Forward:
AACCTTGGTTCTCCGCTTCC; Reverse: AAACAGAA
ACCATGGACGTGT; Sequencing: GGTTCTCCGCTTC
CTGTT).

Dog Zranb1 Exon 1a (gRNA: GAGTCCCGTTTCA-
TAGTAGG; Forward: TGGGATCCTTCTAGCACCGA;

http://crispor.tefor.net
https://tide.deskgen.com/
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Reverse: ACGCATAGTGGGAGTACAGC; Sequencing:
GTACCCAGTGCTTATCCC); dog Zranb1 Exon 1b (gRNA:
ATGAGCAAGACCGAGCTCGG; Forward: TGGGATCCT
TCTAGCACCGA; Reverse: ACGCATAGTGGGAGTACAGC;
Sequencing: GTACCCAGTGCTTATCCC); dogZranb1 Exon 5
(gRNA: TTTGGAATTGGCTACGCGTT; Forward: AGGCT
TGGAACAGTTCAGTGT; Reverse: CCCCATAGCTTCCA
AAGTAAAGG; Sequencing: GAGCCATAGATGTTTCAGC).

Plasmids

pGEX-6p1 (GE Healthcare Life Sciences) encoding UBE3C,
UBE2D1 (UBCH5A), UBE2D2 (UBCH5B), and UBE2D3
(UBCH5C) were contributed by Dr Thomas Mund (MRC
Laboratory of Molecular Biology). Human HECTD1 catalytic
domain (HECTD1CD) (AA2129-end)was amplifiedusing cDNA
from Normal Human Bronchio Epithelial cell line (NHBE) and
cloned using BamH1/Xho1 into pGEX-6p1 (GST-HECTD1CD)
or into pETM-11 usingNCO1/Xho1 (His6-HECTD1) (46). Full-
length HA-mouse-Hectd1 was a kind gift from Irene Zohn (71).
Mouse full-length Hectd1 was subcloned into pEGFP-C1
(Clontech) and pCMV-3Tag1-3xFLAG (Agilent).

Recombinant proteins

Expression and purification of TRABID Catalytic Domain
(CD) (AnkOTU) have been described previously (28). His6-
UBE1 (E-304), and DUBs including His6-Otubain-1 (OTUB1;
E-522B), His6-OTUD7B/Cezanne (E-562), OTUD3_CD (E-
574), AMSH/STABP (E-548B), USP2_CD (E-504), UCH37 (E-
327), and USP14 (E-544) were purchased from R&D Systems,
Inc. Bovine ubiquitin was purchased from Sigma-Aldrich-
Aldrich (U6253). vOTU was gene synthesized (204AA,
Mw = 23,241 g/mol) (56). AMSH* and OTUB1* have shown
improved activity over AMSH and OTUB1, respectively.
pOPINB-AMSH* was a gift from David Komander (Addgene
plasmid # 66712; http://n2t.net/addgene:66712; RRID:Addg-
ene_66712), pOPINB-OTUB1* was a gift from David
Komander (Addgene plasmid # 65441; http://n2t.net/
addgene:65441; RRID:Addgene_65441) (31).

Ubiquitin mutants including UbK0, UbMet, UbK/R, and
UbKonly, and the recombinant human UbcH (E2) enzyme set
protein (K-980B) were purchased from R&D Systems. GST-
HECTD1 and GST-UBE3C, GST-tagged UBE2D1, 2, and 3
were expressed in Escherichia coli BL21 DE3 (RIL) (Agilent
Technologies, Inc) and purified by affinity chromatography
followed by gel filtration (GST-HECTs). GST-UBE2Ds were
eluted with reduced glutathione prior to desalting with a
HiTrap Desalting column. To remove the GST tag, GST-
UBE2Ds were incubated overnight with PreScission protease
(GE Healthcare) (28, 46). Fractions were concentrated, quan-
tified using a NanoDrop 2000c, and 1 mg/ml stock was ali-
quoted, flash-frozen in liquid nitrogen, and stored at −80 �C.
UbK29/K48only was expressed in BL21 DE3 (RIL), purified by
perchloric acid extraction followed by ion exchange and gel
filtration using established protocols, and the mass was check
by liquid chromatography mass spectrometry using a 6545 LC/
QTOF (Agilent Technologies) (100).
Antibodies

Primary antibodies used were: anti-β-actin (Abcam Cam-
bridge, 8227 or Sigma-Aldrich, A5441), anti-β-Catenin (Cell
Signal, #9562), anti-E-Cadherin (Cell Signaling, #24E10), anti-
HA High Affinity (Roche, 3F10), anti-FLAG M2 mouse
monoclonal (Sigma-Aldrich, #A2220), anti-GST goat poly-
clonal (GE Healthcare, #27-4577-01), anti-GFP monoclonal
antibody (GF28R) (Thermo Fisher Scientific, MA5-15256),
anti-GSK3β (Cell Signaling, #27C10), anti-HECTD1 (Abcam,
Ab101992), anti-HERC2 (Abcam, Ab85832), anti-UBE3C
(Abcam, Ab180113), anti-TRIP12 (Abcam, Ab86220), anti-
NEDD4 (Abcam, Ab14592), anti-polyubiquitin (linkage-spe-
cific K48 antibody [1001C]; Abcam, Ab190061), anti-ubiquitin
rabbit polyclonal (MilliporeSigma-Aldrich; #07-375), anti-
ubiquitin mouse monoclonal (Enzo Lifesciences; P4D1; BML-
PW0930), and anti-His6-HRP (Sigma-Aldrich, #A7058).

Secondary antibodies used for ECL detection were goat anti-
rabbit IgG-HRP (sc-2054), donkey anti-goat IgG-HRP (sc-
2020), goat anti-mouse IgG-HRP (sc-2005), goat anti-rat
IgG-HRP (sc-2032) (All from Santa Cruz Biotechnology,
Inc). For near-infrared western blot detection, IRDye 680RD
donkey anti-goat secondary (P/N 925-68074), IRDye 800CW
goat anti-mouse secondary (P/N 925-32210), IRDye 680RD
goat anti-mouse secondary (P/N 925-68070), and IRDye
680RD goat anti-rabbit secondary (P/N 925-68071) were used
(All from LI-COR Biosciences).

Transfection

Transfections of plasmid DNA in HEK293T cells were
performed using either lipofectamine 2000 or poly-
ethylenimine (PEI, linear, MW 25000, Polysciences). Typically,
for 1 μg of plasmid DNA, 3 μl of a 1 mg/ml PEI solution was
used. For siRNA, HEK293ET cells were transfected with lip-
ofectamine 2000 as indicated by Thermo Fisher Scientific.

Immunoblotting

Cells were lysed in Triton Lysis Buffer (150 mM NaCl,
25 mM Tris pH 7,4, 1% Triton X-100 supplemented with
cOmplete EDTA-free protease inhibitor cocktail) or RIPA
(150 mM NaCl, 50 mM Tris pH 8, 1% NP40, 0.5% NaDoc,
0.1% SDS, supplemented with cOmplete EDTA-free protease
inhibitor cocktail) as indicated. Cell lysates were denatured in
4X LDS/100 mM DTT and resolved on 4 to 12% Bris-Tris or 3
to 8% Tris Acetate SDS-PAGE gels under reducing conditions
and transferred to a polyvinylidene difluoride membrane
(PVDF, 0.45 μM, Thermo Fisher Scientific) or Millipore
Immobilon FL for near-infrared fluorescence detection by LI-
COR Clx. Membranes were blocked in 5% (w/v) nonfat dried
skimmed milk powder in PBST (PBS, 0.1% Tween-20) for 1 h
at room temperature (RT). Membranes were then probed with
the appropriate primary antibodies in blocking buffer over-
night at 4 �C. Detection was performed by incubating mem-
branes with the appropriate horseradish peroxidase (HRP)-
conjugated or IRDye secondary antibodies in blocking buffer at
RT for 1 h. Enhanced chemiluminescence (ECL) (Thermo
Fisher Scientific) was used for anti-ubiquitin western blots, and
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images were acquired on a FUSION-SL imager (Vilber Lour-
mat, France). Alternatively, anti-GST blots were visualized on
a LI-COR Clx (46).

Western blot for mouse tissue analysis

For mice tissues analyses, small intestines were removed
immediately after cervical dislocation, opened longitudinally,
and washed with cold PBS. Remaining mucosa was removed
with Kimcare tissue (Kimberly-Clark). The epithelia were
separated from their underlying mucosa by scraping the small
intestines with a razor blade, flash-frozen in liquid nitrogen,
and stored at −80 �C for less than 24 months. Protein extracts
were prepared from mouse small intestine epithelium by
adding a small fragment of flash-frozen mouse gut directly into
NuPage LDS loading buffer containing 5% β-mercaptoethanol
and mechanically homogenizing on ice. Extracts were soni-
cated twice for 10 s on ice before western-blot analysis.

Immunoprecipitation

Cells were transfected with 500 ng of each plasmid per well
of a 6-well plate using Lipofectamine 2000 (Thermo Fisher
Scientific) in Opti-MEM using a 3:1 Lipofectamine 2000:DNA
ratio for 24 h to 48 h. Each well was lysed in 400 μl of Triton
Lysis Buffer for 15 min on ice. Lysates were cleared by
centrifugation at 13,000 rpm for 15 min at 4 �C. FLAG-tagged
proteins were captured using FLAG M2 magnetic beads
(Sigma-Aldrich) while GFP-tagged proteins were captured
with GFP-Trap_MA (ChromoTek GmbH, Germany) for 1 h at
RT, as per the manufacturer’s protocol. Beads were washed
four times in Triton Lysis Buffer and denatured at 95 �C for
5 min in 2X LDS/100 mM DTT. Samples were then resolved
on 4 to 12% Bis-Tris or 3 to 8% Tris Acetate SDS PAGE gels
and analyzed by western blotting. For immunoprecipitation of
endogenous HECT ligases, 2 μg of Dynabeads magnetic beads
protein G (Thermo Fisher Scientific, #10003D) was washed
three times in Triton Lysis Buffer prior to coupling with 4 μg
of anti-HECT antibody. Following 1 h incubation at RT on a
rotating wheel, anti-HECT-coupled magnetic beads were
washed three times in Triton Lysis Buffer and added to 390 μl
of lysis buffer, while 10 μl of each lysed sample was kept as
input controls. Following 1 h incubation at RT, beads were
washed four times in Triton Lysis Buffer, and both the input
and IP samples were denatured at 95 �C for 5 min in 2X LDS/
100 mM DTT. Samples were then resolved on 4 to 12% SDS
PAGE gels and analyzed by western blotting. Typically, the
input ran on a gel represented 2.5% of the initial 400 μl lysate,
and we ran half of the final denatured IP samples. HA-tagged
full-length HECTD1 was expressed and purified from
HEK293ET using PierceTM anti-HA Magnetic Beads (Thermo
Fisher Scientific, #88836) using standard procedures (28).

For ubiquitin trapping IP (Fig. S1B), 3xFLAG TRABID
constructs (500 ng/well of a 6-well plate) were transfected with
HA-ubiquitin (500 ng/well of a 6-well plate) with lipofect-
amine 2000 in HEK293ET cells. Twenty-four hours post
transfection, cells were harvested, lysed in Triton Lysis Buffer,
and FLAG-tagged proteins were captured using FLAG M2
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magnetic beads (Sigma-Aldrich). Input and IP samples were
analyzed by western blotting using anti-FLAG and anti-HA
antibodies, respectively.

To further validate TRABID-HECTD1 interaction, 250 ng
of pEGFP-tagged and 3xFLAG-tagged TRABID and Hectd1
plasmids were co-expressed for 24 h in 6-well plates, in
antibiotic-free DMEM/FBS. PEI was used for transfection.
Twenty-four hours post transfection, cells well rinsed with
PBS, lysed in Triton Lysis Buffer, and immunoprecipitation
assays were carried out as mentioned above.

Cycloheximide (CHX) chase

HEK293ET cells were transiently transfected with 20 pmol
of SMARTpool siRNA for 72 h prior to incubation with 10 μg/
ml of cycloheximide. Samples were collected at the indicated
time points and lysed in RIPA (supplemented with 1X EDTA-
free protease inhibitor tablets).

In vitro autoubiquitination assay

Autoubiquitination assays were carried out in 10 μl re-
actions containing 100 ng of His6-E1, 500 ng of indicated E2,
2.5 μg of His or GST-tagged HECT E3 ubiquitin ligase, 2.5 μg
of ubiquitin, in 1× ubiquitination assay buffer (25 mM Tris, pH
7.4, 20 mM NaCl, 10 mM MgCl2, 1 mM DTT, 1 mM ATP)
(46). Reactions were carried out at 30 �C for 3 h and stopped
by addition of 2X LDS Sample Buffer/100 mM DTT. Samples
were then analyzed by immunoblotting.

Ubiquitin chain restriction analysis (UbiCREST)

UbiCREST was carried out as described (55, 56). Briefly,
samples obtained from in vitro autoubiquitination were treated
for 20 min at RT with 2 mU of Apyrase (Sigma-Aldrich,
A2230) prior to incubation 1X DUB buffer (50 mM NaCl,
50 mM Tris, pH 7.4 and 50 mM DTT) with TRABID AnkOTU
(1 or 2.5 μM, as indicated), OTUB1/OTUB1* (2 μM),
OTUD7B/Cezanne (1 μM), AMSH/AMSH* (2 μM),
OTUD3_CD (2 μM), USP2_CD (1 μM), yUbp6 (1 μM), vOTU
(3 μM), UCH37 (200 nM), USP14 (1 μM). Reactions were
arrested by addition of 2X LDS/100 mM prior to western blot
analysis using the indicated antibodies.

UbiCREST assay of trapped endogenous polyubiquitinated
HECTD1 (HECTD1HMW)

Five micrograms of 3xFLAG-TRABID FL TRABIDC443S was
transiently transfected in one 10 cm dish of HEK293T cells
using PEI. Twenty-four hours post transfection, cells were
rinsed with PBS and lysed Triton Lysis Buffer (supplemented
with EDTA-free 1X protease inhibitor). Twenty microliters of
Dynabeads protein G magnetic beads slurry was rinsed with
lysis buffer and incubated for 2 h at RT with 4 μg of HECTD1
antibody, as per manufacturer’s recommendations. Following
coupling, beads were rinsed three times in lysis buffer and
incubated with the lysate from 3xFLAG-TRABID FL TRA-
BIDC443S-expressing HEK293T cells. Two hours after incuba-
tion, beads were captured using a magnet and washed four
times in lysis buffer and twice in 1X DUB buffer. Beads were
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finally incubated in a 10 μl reaction and incubated with
AnkOTU (1 μM) or OTUB1* (2 μM). A control reaction
without DUB treatment was also carried out. Samples were
incubated for 1 h at 30 �C upon which reactions were arrested
by addition of 2X LDS/100 mM DTT, resolved on a 3 to 8%
PAGE gel, and analyzed by western blotting.

GST pull-down

Autoubiquitination assays obtained with UbK0, UbWT, or
UbK29R and subjected to UbiCREST were used in GST pull-
down experiments. GST pull-down was carried out as
described previously (26). Briefly 20 μg of GST or GST-
TRABID NZF 1 to 3 (AA1-200) was incubated with 20 μl of
Glutathione Magnetic Agarose Beads (Thermo Fisher Scien-
tific) for 1 h at RT in 500 μl of pull-down buffer (PDB; 150 mM
NaCl, 25 mM Tris pH 7.4, 5 mM DTT and 0.1% NP-40), and
then washed four times with PDB. Washed beads were incu-
bated with each of the indicated in vitro autoubiquitination
assays in 500 μl of PDB supplemented with BSA (0.5 mg/ml)
overnight at 4 �C. Beads were washed five times in PDB, and
following the final wash beads were mixed with 2X LDS/
100 mM DTT. Samples were analyzed on a 4 to 12% SDS
PAGE followed by western blotting using anti-ubiquitin mouse
monoclonal (Enzo Lifesciences; P4D1) or by silver staining
(ProteoSilver, Sigma-Aldrich).

GST pull-down was also used to further validate the inter-
action between TRABID and HECTD1. Here 20 μg of GST,
GST-TRABID NZF 1 to 3, or GST-TRABID NZF 1 to 3TY>LV

was coupled to Glutathione Magnetic Agarose Beads for 1 h at
RT followed by washes with PDB. One 10 cm dish of
HEK293T cells was lysed in Triton Lysis Buffer supplemented
with EDTA-free protease inhibitor tablet (1X) for 20 min on
ice followed by centrifugation at 15,000 rpm for 15 min in a
refrigerated centrifuge. The cleared lysate was split into three
equal parts and incubated with the GST-coupled beads for 2 h
at RT in PDB supplemented with BSA (0.5 mg/ml). Beads were
washed five times in PDB and finally mixed with 2X LDS/
100 mM DTT prior to western blotting.

Interactome studies

Mass spectrometry

Twenty 175 cm2
flasks of subconfluent HEK293ET cells were

transfected with pCMV-3xFLAG_EV, pCMV-3xFLAG_Full-
length human TRABIDC443S or pCMV-3xFLAG_TRABID 1-
339/(=ΔOTU). Cells were lysed in Triton Lysis Buffer and
cleared by centrifugation for 20 min at 13,000 rpm at 4 �C.
Supernatant was incubated for 1 h at room temperature with
FLAG M2 magnetic beads (Sigma-Aldrich) followed by four
washes with 1 ml of lysis buffer. Beads were finally resuspended
in 2X LDS sample buffer/100 mM DTT and incubated at 95 �C
for 5 min. Denatured samples were then resolved on a 4 to 12%
Bis-Tris SDS polyacrylamide gel, and the gel was stained with
Imperial Protein Stain (Thermo Fisher Scientific). IP experi-
ments were n = 1 for each of the three plasmids.

Polyacrylamide gel slices (1–2 mm) containing the purified
proteins were prepared for mass spectrometric analysis by
manual in situ enzymatic digestion. Briefly, the excised protein
gel pieces were placed in a well of a 96-well microtiter plate
and destained with 50% v/v acetonitrile and 50 mM ammo-
nium bicarbonate, reduced with 10 mM DTT, and alkylated
with 55 mM iodoacetamide. After alkylation, proteins were
digested with 6 ng/μl Trypsin (Promega) overnight at 37 �C.
The resulting peptides were extracted in 2% v/v formic acid,
2% v/v acetonitrile. The digest was analyzed by nanoscale
capillary LC-MS/MS using a Ultimate U3000 HPLC (Ther-
moScientific Dionex) to deliver a flow of approximately 300 nl/
min. A C18 Acclaim PepMap100 5 μm, 100 μm × 20 mm
nanoViper (ThermoScientific Dionex), trapped the peptides
prior to separation on a C18 Acclaim PepMap100 3 μm,
75 μm × 250 mm nanoViper (ThermoScientific Dionex).
Peptides were eluted with a gradient of acetonitrile. The
analytical column outlet was directly interfaced via a nanoflow
electrospray ionization source, with a hybrid dual pressure
linear ion trap mass spectrometer (Orbitrap Velos, Thermo-
Scientific). Data-dependent analysis was carried out, using a
resolution of 30,000 for the full MS spectrum, followed by ten
MS/MS spectra in the linear ion trap. MS spectra were
collected over an m/z range of 300to 2000. MS/MS scans were
collected using a threshold energy of 35 for collision-induced
dissociation. LC-MS/MS data were then searched against a
protein database (UniProt KB, 2019. Swiss-Prot, 563,552 en-
tries. TrEMBL, 195,104,019 entries) using the Mascot search
engine program, version 2.4 (Matrix Science) (101). Database
search parameters were set with a precursor tolerance of
5 ppm and a fragment ion mass tolerance of 0.8 Da. Trypsin
specificity was set as C-terminal side of lysine and arginine
amino acid unless a proline residue was present on the
carboxyl side of the cleavage site. Two missed enzyme cleav-
ages were allowed, and variable modifications for oxidized
methionine, carbamidomethyl cysteine, pyroglutamic acid,
phosphorylated serine, threonine and tyrosine, along with
GlyGly and LeuArgGlyGly lysine were included. MS/MS data
were validated using the Scaffold program (Proteome Software
Inc) (102) with a 0.2% FDR calculated with peptide probabil-
ities estimated using ProteinProphet. All data were additionally
interrogated manually.
Data interrogation

From an initial list of 2225 proteins (95% protein threshold,
minimum of 2 unique peptides in any of the three conditions),
proteins with one or more unique peptide in the control IP
(3xFLAG-Empty vector) were removed, resulting in a working
list of 208 proteins. We also included in this list seven proteins
that did not fulfil the criterion above, but which were never-
theless included on the basis that these were part of either the
STRIPAK complex (STRN, STRN3, Zinedin) or E3 ligases
(HERC2, MYCBP2, UBR4, UBE3A) (Table S1). From this list
of 215 proteins, we then applied criteria of zero unique peptide
in the TRABID ΔOTU condition and at least two unique
peptides in the FL TRABIDC443S condition, which yielded 103
OTU-specific candidates. We applied criteria of zero unique
peptide in the TRABID FLC443S condition and at least two
J. Biol. Chem. (2021) 296 100246 19
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unique peptides in the TRABID ΔOTU condition, which
produced 23 TRABID ΔOTU-specific candidates. Finally, we
applied criteria of zero unique peptide in the empty vector
control IP and at least two unique peptides in TRABID FLC443S

and/or TRABID ΔOTU, which resulted in 50 candidate
substrates.

Ubiquitin-absolute QUAntification (ubiquitin-AQUA) analysis

GST-HECTD1CD was used in autoubiquitination assay to
generate polyubiquitinated GST-HECTD1CD using either
ubiquitin WT (UbWT) or UbK29R (R&D Systems). Reactions
were stopped after 3 h with addition of 2X LDS/100 mM DTT.
In order to analyze the ubiquitin chains left on GST-
HECTD1CD following cleavage of K29-linked ubiquitin
chains, autoubiquitination reaction with GST-HECTD1CD was
arrested after 3 h using 2 mU of Apyrase for 20 min at RT
prior to incubation with 2.5 μM of TRABID AnkOTU. Five
microliters of each reaction was resolved on a 4 to 12% Bis-
Tris PAGE gel and detected by western blot using an anti-
ubiquitin antibody. The remaining 30 μl was run on a 4 to 12%
Bis-Tris PAGE gel stained with Coomassie stain. Gel slices,
two areas per experimental condition (A/B/C1, A/B/C2),
corresponding to polyubiquitinated GST-HECTD1CD were cut
out of the gel (Fig. S4B), subjected to in-solution trypsin
digestion, and quantitatively analyzed by LC-MS/MS as re-
ported (57, 103–105). A heavy labeled peptide standard mix
representing all seven Lys-linkages (K6, K11, K27, K29, K33,
K38, and K63; Thermo Fisher Scientific/Sigma-Aldrich,
Table S2) was prepared and spiked into the digested peptide
samples at a final concentration of 10 fmol/μl) prior to LC-
MS/MS analysis in data-dependent analysis (DDA) mode.
For MS data analysis and quantification, a targeted proteomics
protocol adapted to MS/MS acquisition was used based on the
Skyline workflow and adapted for measuring the absolute
quantity of Ub-linkages (Ub-AQUA) (106). To this end, raw
MS files were processed through ProteoWizard to generate
mgf files that were searched using the Mascot search engine as
described above. Mascot data/files were used and imported
into the Skyline software (version 64 bit, 19.1.0.193) to
generate a ubiquitin-specific peptide library including all the
Ub linkages represented as Lys-GlyGly modifications as well as
heavy labeled standards. Raw MS files were then imported into
the Skyline software and matched against the Ub-peptide li-
brary. Single-ion chromatograms were extracted automatically,
representing the m/z of Ub derived tryptic peptides carrying
Lys-GlyGly modifications. To calculate the Ub-linkage abun-
dance, the heavy (standard) versus light (experiment) abun-
dance ratios determined based on the MS1 peak intensities
(Fig. S4A and Table S2).

Microscopy

COS-7 cells were transfected with the indicated pEGFP-
tagged TRABID plasmids (Fig. S1C) fixed and visualized as
previously described (28). For Fig. S7, HEK293ET cells were
transfected with pEGFP-full-length TRABIDWT (200 ng/well
of a 24-well plate) together with 20 pmol of the indicated
20 J. Biol. Chem. (2021) 296 100246
siRNA. Forty-eight hours following transfection, cells were
fixed with 4% paraformaldehyde and imaged on an EVOS Cell
Imaging System (Thermo Fisher Scientific).

Data availability

The mass spectrometry proteomics data have been depos-
ited to the ProteomeXchange Consortium via the PRIDE
partner repository with the data set identifier PXD022703
(107).

Acknowledgments—We are grateful to Dr Mark Skehel (MRC
Laboratory of Molecular Biology, Biological Mass Spectrometry and
Proteomics, Cambridge, UK) for mass spectrometry analysis of
TRABID interactomes, and Dr Roman Fischer from the Discovery
Proteomics Facility (University of Oxford) for advice on Ubiquitin-
AQUA. We acknowledge Dr Thomas Mund (MRC Laboratory of
Molecular Biology) for GST-UBE3C and GST-UBE2Ds, and Dr
Andrew McKenzie (MRC Laboratory of Molecular Biology) for
sharing Cre deletor mice. We would like to thank the MRC
Laboratory of Molecular Biology Biological Services Group for
animal husbandry, transgenic production, and genotyping.
Purified recombinant yeast Ubp6 was kindly provided by
Professor Michael Glickman (Technion-Israel Institute of
Technology).

Authors contributions—J. D. F. L. carried out most of the protein
expression and purification, in vitro autoubiquitination assays, and
cell-based assays; L. D. H. carried out protein expression and pu-
rification of key proteins and also carried out some in vitro assays;
J. L. P. carried out TRABID loss-of-function and rescue experiments
using CRISPR/Cas9, as well as analysis of Hectd1 level in Trabid
KO mouse; N. S. carried out key cell-based experiments in response
to the reviewers’ comments; N. V. provided support with transient
siRNA experiments and IPs; J. M. provided support for generating
Trabid−/− animals and mouse tissue extraction and analysis; G. B.
and S. D. carried out the quantitative analysis of ubiquitin chains by
ubiquitin-AQUA under the supervision of B. M. K; M. B. provided
guidance on the project and valuable resources for the project
including CRISPR/Cas9 KO and mouse work. J. D. F. L. designed
and managed the project with valuable input from M. B. J. D. F. L.
wrote the article with input from all the authors.

Funding and additional information—This work was supported by
a Royal Society Grant to J. D. F. L. (RG130469), an Alzheimer’s
Research UK pilot grant to J. D. F. L. (ARUK-PPG2015A-16), an
Alzheimer’s Research UK PhD studentship to L. D. H./J. D. F. L.
(ARUK-PhD2017-28), ARUK network grants and travel awards to
J. D. F. L., a start-up grant from the University of Bath to J. D. F. L.,
Cancer Research UK (Grant C7379/A15291 to M. B.), and the
Medical Research Council (Grant U105192713, to M. B.). N. V. was
funded through a University of Bath Research Studentship and N. S.
by a studentship from the MRC GW4 BioMed Doctoral Training
Partnership.

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: DUB, deubiquitinase;
E1, E1-activating enzyme; E2, E2-conjugating enzyme; E3, E3
ubiquitin ligase; HECT, homologous to the E6-AP carboxyl



Lys29-specific DUB-E3 pair
terminus (HECT) domain family; NZF, Np14 zinc finger; OTU,
ovarian tumor; Ub-AQUA, ubiquitin-absolute QUAntification;
UBD, ubiquitin binding domain; UbiCREST, ubiquitin chain re-
striction analysis.

References

1. Ciechanover, A., Heller, H., Elias, S., Haas, A. L., and Hershko, A. (1980)
ATP-dependent conjugation of reticulocyte proteins with the poly-
peptide required for protein degradation. Proc. Natl. Acad. Sci. U. S. A.
77, 1365–1368

2. Hershko, A., Ciechanover, A., and Rose, I. A. (1979) Resolution of the
ATP-dependent proteolytic system from reticulocytes: A component
that interacts with ATP. Proc. Natl. Acad. Sci. U. S. A. 76, 3107–3110

3. Takeshige, K., Baba, M., Tsuboi, S., Noda, T., and Ohsumi, Y. (1992)
Autophagy in yeast demonstrated with proteinase-deficient mutants and
conditions for its induction. J. Cell Biol. 119, 301–311

4. Ciechanover, A., Elias, S., Heller, H., and Hershko, A. (1982) Covalent
affinity purification of ubiquitin-activating enzyme. J. Biol. Chem. 257,
2537–2542

5. Hershko, A., Heller, H., Elias, S., and Ciechanover, A. (1983) Compo-
nents of ubiquitin-protein ligase system. Resolution, affinity purification,
and role in protein breakdown. J. Biol. Chem. 258, 8206–8214

6. Terrell, J., Shih, S., Dunn, R., and Hicke, L. (1998) A function for
monoubiquitination in the internalization of a G protein-coupled re-
ceptor. Mol. Cell 1, 193–202

7. Glotzer, M., Murray, A. W., and Kirschner, M. W. (1991) Cyclin is
degraded by the ubiquitin pathway. Nature 349, 132–138

8. Hofmann, R. M., and Pickart, C. M. (1999) Noncanonical MMS2-
encoded ubiquitin-conjugating enzyme functions in assembly of novel
polyubiquitin chains for DNA repair. Cell 96, 645–653

9. Wertz, I. E., O’Rourke, K. M., Zhou, H., Eby, M., Aravind, L., Seshagiri,
S., Wu, P., Wiesmann, C., Baker, R., Boone, D. L., Ma, A., Koonin, E. V.,
and Dixit, V. M. (2004) De-ubiquitination and ubiquitin ligase domains
of A20 downregulate NF-kappaB signalling. Nature 430, 694–699

10. Bhogaraju, S., Kalayil, S., Liu, Y., Bonn, F., Colby, T., Matic, I., and Dikic, I.
(2016) Phosphoribosylation of ubiquitin promotes serine ubiquitination
and impairs conventional ubiquitination. Cell 167, 1636–1649.e1613

11. Pao, K.-C., Stanley, M., Han, C., Lai, Y.-C., Murphy, P., Balk, K., Wood,
N. T., Corti, O., Corvol, J.-C., Muqit, M. M. K., and Virdee, S. (2016)
Probes of ubiquitin E3 ligases enable systematic dissection of Parkin
activation. Nat. Chem. Biol. 12, 324–331

12. McDowell, G. S., and Philpott, A. (2013) Non-canonical ubiquitylation:
Mechanisms and consequences. Int. J. Biochem. Cell Biol. 45, 1833–1842

13. Komander, D. (2009) The emerging complexity of protein ubiquitina-
tion. Biochem. Soc. Trans. 37, 937–953

14. Xu, P., Duong, D. M., Seyfried, N. T., Cheng, D., Xie, Y., Robert, J., Rush,
J., Hochstrasser, M., Finley, D., and Peng, J. (2009) Quantitative prote-
omics reveals the function of unconventional ubiquitin chains in pro-
teasomal degradation. Cell 137, 133–145

15. Phu, L., Izrael-Tomasevic, A., Matsumoto, M. L., Bustos, D., Dynek, J.
N., Fedorova, A. V., Bakalarski, C. E., Arnott, D., Deshayes, K., Dixit, V.
M., Kelley, R. F., Vucic, D., and Kirkpatrick, D. S. (2011) Improved
quantitative mass spectrometry methods for characterizing complex
ubiquitin signals. Mol. Cell. Proteomics 10, M110.003756

16. Chau, V., Tobias, J. W., Bachmair, A., Marriott, D., Ecker, D. J., Gonda,
D. K., and Varshavsky, A. (1989) A multiubiquitin chain is confined to
specific lysine in a targeted short-lived protein. Science 243, 1576–1583

17. Hochstrasser, M., Ellison, M. J., Chau, V., and Varshavsky, A. (1991) The
short-lived MAT alpha 2 transcriptional regulator is ubiquitinated
in vivo. Proc. Natl. Acad. Sci. U. S. A. 88, 4606–4610

18. Mukhopadhyay, D., and Riezman, H. (2007) Proteasome-independent
functions of ubiquitin in endocytosis and signaling. Science 315, 201–
205

19. Kulathu, Y., and Komander, D. (2012) Atypical ubiquitylation — the
unexplored world of polyubiquitin beyond Lys48 and Lys63 linkages.
Nat. Rev. Mol. Cell Biol. 13, 508–523
20. Yau, R., and Rape, M. (2016) The increasing complexity of the ubiquitin
code. Nat. Cell Biol. 18, 579–586

21. Haakonsen, D. L., and Rape, M. (2019) Branching out: Improved
signaling by heterotypic ubiquitin chains. Trends Cell Biol. 29, 704–716

22. Meyer, H.-J., and Rape, M. (2014) Enhanced protein degradation by
branched ubiquitin chains. Cell 157, 910–921

23. Ohtake, F., Saeki, Y., Ishido, S., Kanno, J., and Tanaka, K. (2016) The
K48-K63 branched ubiquitin chain regulates NF-κB signaling. Mol. Cell
64, 251–266

24. Evans, P. C., Smith, T. S., Lai, M. J., Williams, M. G., Burke, D. F.,
Heyninck, K., Kreike, M. M., Beyaert, R., Blundell, T. L., and Kilshaw, P.
J. (2003) A novel type of deubiquitinating enzyme. J. Biol. Chem. 278,
23180–23186

25. Alam, S. L., Sun, J., Payne, M., Welch, B. D., Blake, B. K., Davis, D. R.,
Meyer, H. H., Emr, S. D., and Sundquist, W. I. (2004) Ubiquitin in-
teractions of NZF zinc fingers. EMBO J. 23, 1411–1421

26. Komander, D., Reyes-Turcu, F., Licchesi, J. D., Odenwaelder, P., Wil-
kinson, K. D., and Barford, D. (2009) Molecular discrimination of
structurally equivalent Lys 63-linked and linear polyubiquitin chains.
EMBO Rep. 10, 466–473

27. Virdee, S., Ye, Y., Nguyen, D. P., Komander, D., and Chin, J. W. (2010)
Engineered diubiquitin synthesis reveals Lys29-isopeptide specificity of
an OTU deubiquitinase. Nat. Chem. Biol. 6, 750–757

28. Licchesi, J. D. F., Mieszczanek, J., Mevissen, T. E. T., Rutherford, T. J.,
Akutsu, M., Virdee, S., El Oualid, F., Chin, J. W., Ovaa, H., Bienz, M.,
and Komander, D. (2011) An ankyrin-repeat ubiquitin-binding domain
determines TRABID’s specificity for atypical ubiquitin chains. Nat.
Struct. Mol. Biol. 19, 62–71

29. Kristariyanto, Y. A., Abdul Rehman, S. A., Campbell, D. G., Morrice, N.
A., Johnson, C., Toth, R., and Kulathu, Y. (2015) K29-selective ubiquitin
binding domain reveals structural basis of specificity and heterotypic
nature of k29 polyubiquitin. Mol. Cell 58, 83–94

30. Kristariyanto, Y. A., Choi, S.-Y., Rehman, S. A. A., Ritorto, M. S.,
Campbell, D. G., Morrice, N. A., Toth, R., and Kulathu, Y. (2015) As-
sembly and structure of Lys33-linked polyubiquitin reveals distinct
conformations. Biochem. J. 467, 345–352

31. Michel, M. A., Elliott, P. R., Swatek, K. N., Simicek, M., Pruneda, J. N., Wag-
staff, J. L., Freund, S. M. V., and Komander, D. (2015) Assembly and specific
recognition of k29- and k33-linked polyubiquitin.Mol. Cell 58, 95–109

32. Tran, H., Hamada, F., Schwarz-Romond, T., and Bienz, M. (2008)
Trabid, a new positive regulator of Wnt-induced transcription with
preference for binding and cleaving K63-linked ubiquitin chains. Genes
Dev. 22, 528–542

33. Tran, H., Bustos, D., Yeh, R., Rubinfeld, B., Lam, C., Shriver, S., Zil-
berleyb, I., Lee, M. W., Phu, L., Sarkar, A. A., Zohn, I. E., Wertz, I. E.,
Kirkpatrick, D. S., and Polakis, P. (2013) HectD1 E3 ligase modifies
adenomatous polyposis coli (APC) with polyubiquitin to promote the
APC-axin interaction. J. Biol. Chem. 288, 3753–3767

34. Fernando, M. D. A., Kounatidis, I., and Ligoxygakis, P. (2014) Loss of
Trabid, a new negative regulator of the drosophila immune-deficiency
pathway at the level of TAK1, reduces life span. PLoS Genet. 10,
e1004117

35. Zhu, Y., Qu, C., Hong, X., Jia, Y., Lin, M., Luo, Y., Lin, F., Xie, X., Xie, X.,
Huang, J., Wu, Q., Qiu, X., Piao, D., Xing, Y., Yu, T., et al. (2019) Trabid
inhibits hepatocellular carcinomagrowth andmetastasis by cleavingRNF8-
induced K63 ubiquitination of Twist1. Cell Death Differ. 26, 306–320

36. Feng, X., Jia, Y., Zhang, Y., Ma, F., Zhu, Y., Hong, X., Zhou, Q., He, R.,
Zhang, H., Jin, J., Piao, D., Huang, H., Li, Q., Qiu, X., and Zhang, Z.
(2019) Ubiquitination of UVRAG by SMURF1 promotes autophago-
some maturation and inhibits hepatocellular carcinoma growth. Auto-
phagy 15, 1130–1149

37. Jin, J., Xie, X., Xiao, Y., Hu, H., Zou, Q., Cheng, X., and Sun, S.-C. (2016)
Epigenetic regulation of the expression of Il12 and Il23 and autoimmune
inflammation by the deubiquitinase Trabid. Nat. Immunol. 17, 259–268

38. Zhang, P., Xiao, Z., Wang, S., Zhang, M., Wei, Y., Hang, Q., Kim, J., Yao,
F., Rodriguez-Aguayo, C., Ton, B. N., Lee, M., Wang, Y., Zhou, Z., Zeng,
L., Hu, X., et al. (2018) ZRANB1 is an EZH2 deubiquitinase and a po-
tential therapeutic target in breast cancer. Cell Rep. 23, 823–837
J. Biol. Chem. (2021) 296 100246 21

http://refhub.elsevier.com/S0021-9258(21)00011-9/sref1
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref1
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref1
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref1
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref2
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref2
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref2
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref3
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref3
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref3
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref4
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref4
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref4
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref5
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref5
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref5
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref6
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref6
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref6
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref7
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref7
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref8
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref8
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref8
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref9
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref9
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref9
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref9
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref10
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref10
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref10
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref11
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref11
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref11
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref11
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref12
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref12
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref13
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref13
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref14
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref14
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref14
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref14
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref15
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref15
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref15
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref15
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref15
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref16
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref16
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref16
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref17
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref17
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref17
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref18
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref18
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref18
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref19
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref19
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref19
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref20
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref20
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref21
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref21
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref22
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref22
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref23
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref23
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref23
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref24
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref24
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref24
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref24
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref25
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref25
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref25
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref26
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref26
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref26
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref26
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref27
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref27
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref27
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref28
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref28
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref28
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref28
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref28
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref29
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref29
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref29
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref29
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref30
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref30
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref30
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref30
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref31
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref31
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref31
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref32
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref32
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref32
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref32
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref33
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref33
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref33
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref33
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref33
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref34
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref34
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref34
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref34
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref35
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref35
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref35
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref35
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref36
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref36
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref36
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref36
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref36
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref37
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref37
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref37
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref38
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref38
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref38
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref38


Lys29-specific DUB-E3 pair
39. Sowa, M. E., Bennett, E. J., Gygi, S. P., and Harper, J. W. (2009) Defining
the human deubiquitinating enzyme interaction landscape. Cell 138,
389–403

40. Wilkinson, K. D. (2009) DUBs at a glance. J. Cell Sci. 122, 2325–2329
41. Bingol, B., Tea, J. S., Phu, L., Reichelt, M., Bakalarski, C. E., Song, Q.,

Foreman, O., Kirkpatrick, D. S., and Sheng, M. (2014) The mitochon-
drial deubiquitinase USP30 opposes parkin-mediated mitophagy. Nature
510, 370–375

42. Kee, Y., Lyon, N., and Huibregtse, J. M. (2005) The Rsp5 ubiquitin ligase
is coupled to and antagonized by the Ubp2 deubiquitinating enzyme.
EMBO J. 24, 2414–2424

43. Xie, Y., Avello, M., Schirle, M., McWhinnie, E., Feng, Y., Bric-Furlong,
E., Wilson, C., Nathans, R., Zhang, J., Kirschner, M. W., Huang, S.-M.
A., and Cong, F. (2013) Deubiquitinase FAM/USP9X interacts with the
E3 ubiquitin ligase SMURF1 protein and protects it from ligase activity-
dependent self-degradation. J. Biol. Chem. 288, 2976–2985

44. Kao,W.H., Beaudenon, S. L., Talis, A. L., Huibregtse, J.M., andHowley, P.
M. (2000) Human papillomavirus type 16 E6 induces self-ubiquitination
of the E6AP ubiquitin-protein ligase. J. Virol. 74, 6408–6417

45. You, J., and Pickart, C. M. (2001) A HECT domain E3 enzyme assembles
novel polyubiquitin chains. J. Biol. Chem. 276, 19871–19878

46. Byrne, R., Mund, T., and Licchesi, J. (2017) Activity-based probes for
HECT E3 ubiquitin ligases. Chembiochem 18, 1415–1427

47. Sheng, Y., Hong, J. H., Doherty, R., Srikumar, T., Shloush, J., Avvaku-
mov, G. V., Walker, J. R., Xue, S., Neculai, D., Wan, J. W., Kim, S. K.,
Arrowsmith, C. H., Raught, B., and Dhe-Paganon, S. (2012) A human
ubiquitin conjugating enzyme (E2)-HECT E3 ligase structure-function
screen. Mol. Cell. Proteomics 11, 329–341

48. Rape, M., Reddy, S. K., and Kirschner, M. W. (2006) The processivity of
multiubiquitination by the APC determines the order of substrate
degradation. Cell 124, 89–103

49. Jin, L., Williamson, A., Banerjee, S., Philipp, I., and Rape, M. (2008)
Mechanism of ubiquitin-chain formation by the human anaphase-
promoting complex. Cell 133, 653–665

50. Williamson, A., Wickliffe, K. E., Mellone, B. G., Song, L., Karpen, G. H.,
and Rape, M. (2009) Identification of a physiological E2 module for the
human anaphase-promoting complex. Proc. Natl. Acad. Sci. U. S. A. 106,
18213–18218

51. Lips, C., Ritterhoff, T., Weber, A., Janowska, M. K., Mustroph, M.,
Sommer, T., and Klevit, R. E. (2020) Who with whom: Functional co-
ordination of E2 enzymes by RING E3 ligases during poly-ubiquitylation.
EMBO J. 39, e104863

52. Pickart, C. M., and Rose, I. A. (1985) Functional heterogeneity of
ubiquitin carrier proteins. J. Biol. Chem. 260, 1573–1581

53. Hoeller, D., Hecker, C. M., Wagner, S., Rogov, V., Dotsch, V., and Dikic,
I. (2007) E3-independent monoubiquitination of ubiquitin-binding
proteins. Mol. Cell 26, 891–898

54. Wenzel, D. M., Lissounov, A., Brzovic, P. S., and Klevit, R. E. (2011)
UBCH7 reactivity profile reveals Parkin and HHARI to be RING/HECT
hybrids. Nature 474, 105–U136

55. Mevissen, T. E. T., Hospenthal, M. K., Geurink, P. P., Elliott, P. R.,
Akutsu, M., Arnaudo, N., Ekkebus, R., Kulathu, Y., Wauer, T., El Oualid,
F., Freund, S. M. V., Ovaa, H., and Komander, D. (2013) OTU deubi-
quitinases reveal mechanisms of linkage specificity and enable ubiquitin
chain restriction analysis. Cell 154, 169–184

56. Hospenthal, M. K., Mevissen, T. E. T., and Komander, D. (2015) Deu-
biquitinase-based analysis of ubiquitin chain architecture using ubiquitin
chain restriction (UbiCRest). Nat. Protoc. 10, 349–361

57. Kirkpatrick, D. S., Hathaway, N. A., Hanna, J., Elsasser, S., Rush, J.,
Finley, D., King, R. W., and Gygi, S. P. (2006) Quantitative analysis of
in vitro ubiquitinated cyclin B1 reveals complex chain topology. Nat.
Cell Biol. 8, 700–710

58. Lam, Y. A., Xu, W., DeMartino, G. N., and Cohen, R. E. (1997) Editing of
ubiquitin conjugates by an isopeptidase in the 26S proteasome. Nature
385, 737–740

59. Lee, M. J., Lee, B.-H., Hanna, J., King, R. W., and Finley, D. (2011)
Trimming of ubiquitin chains by proteasome-associated deubiquitinat-
ing enzymes. Mol. Cell. Proteomics 10, R110.003871
22 J. Biol. Chem. (2021) 296 100246
60. McGouran, J. F., Gaertner, S. R., Altun, M., Kramer, H. B., and Kessler, B.
M. (2013) Deubiquitinating enzyme specificity for ubiquitin chain to-
pology profiled by di-ubiquitin activity probes.Chem. Biol. 20, 1447–1455

61. Mansour, W., Nakasone, M. A., von Delbrück, M., Yu, Z., Krutauz, D.,
Reis, N., Kleifeld, O., Sommer, T., Fushman, D., and Glickman, M. H.
(2015) Disassembly of Lys11 and mixed linkage polyubiquitin conjugates
provides insights into function of proteasomal deubiquitinases Rpn11
and Ubp6. J. Biol. Chem. 290, 4688–4704

62. Hu, M., Li, P., Song, L., Jeffrey, P. D., Chenova, T. A., Wilkinson, K. D.,
Cohen, R. E., and Shi, Y. (2005) Structure and mechanisms of the
proteasome-associated deubiquitinating enzyme USP14. EMBO J. 24,
3747–3756

63. Huguenin-Dezot, N., De Cesare, V., Peltier, J., Knebel, A., Kristaryianto,
Y. A., Rogerson, D. T., Kulathu, Y., Trost, M., and Chin, J. W. (2016)
Synthesis of isomeric phosphoubiquitin chains reveals that phosphory-
lation controls deubiquitinase activity and specificity. Cell Rep. 16,
1180–1193

64. Kamadurai, H. B., Qiu, Y., Deng, A., Harrison, J. S., Macdonald, C.,
Actis, M., Rodrigues, P., Miller, D. J., Souphron, J., Lewis, S. M., Kur-
inov, I., Fujii, N., Hammel, M., Piper, R., Kuhlman, B., et al. (2013)
Mechanism of ubiquitin ligation and lysine prioritization by a HECT E3.
eLife 2, e00828

65. Wang, M., Cheng, D., Peng, J., and Pickart, C. M. (2006) Molecular
determinants of polyubiquitin linkage selection by an HECT ubiquitin
ligase. EMBO J. 25, 1710–1719

66. Besche, H. C., Sha, Z., Kukushkin, N. V., Peth, A., Hock, E.-M., Kim, W.,
Gygi, S., Gutierrez, J. A., Liao, H., Dick, L., and Goldberg, A. L. (2014)
Autoubiquitination of the 26S proteasome on Rpn13 regulates break-
down of ubiquitin conjugates. EMBO J. 33, 1159–1176

67. Leto, D. E., Morgens, D. W., Zhang, L., Walczak, C. P., Elias, J. E., and
Bassik, M. C. (2019) Genome-wide CRISPR analysis identifies substrate-
specific conjugation modules in ER-associated degradation.Mol. Cell 73,
377–389.e311

68. Akutsu, M., Ye, Y., Virdee, S., Chin, J. W., and Komander, D. (2011)
Molecular basis for ubiquitin and ISG15 cross-reactivity in viral ovarian
tumor domains. Proc. Natl. Acad. Sci. U. S. A. 108, 2228–2233

69. Ritorto, M. S., Ewan, R., Perez-Oliva, A. B., Knebel, A., Buhrlage, S. J.,
Wightman, M., Kelly, S. M., Wood, N. T., Virdee, S., Gray, N. S.,
Morrice, N. A., Alessi, D. R., and Trost, M. (2014) Screening of DUB
activity and specificity by MALDI-TOF mass spectrometry. Nat. Com-
mun. 5, 4763

70. Goudreault, M., D’Ambrosio, L. M., Kean, M. J., Mullin, M. J., Larsen, B.
G., Sanchez, A., Chaudhry, S., Chen, G. I., Sicheri, F., Nesvizhskii, A. I.,
Aebersold, R., Raught, B., and Gingras, A. C. (2009) A PP2A phosphatase
high density interaction network identifies a novel striatin-interacting
phosphatase and kinase complex linked to the cerebral cavernous mal-
formation 3 (CCM3) protein. Mol. Cell. Proteomics 8, 157–171

71. Sarkar, A. A., and Zohn, I. E. (2012) Hectd1 regulates intracellular
localization and secretion of Hsp90 to control cellular behavior of the
cranial mesenchyme. J. Cell Biol. 196, 789–800

72. Duhamel, S., Goyette, M.-A., Thibault, M.-P., Filion, D., Gaboury, L.,
and Côté, J.-F. (2018) The E3 ubiquitin ligase HectD1 suppresses EMT
and metastasis by targeting the +TIP ACF7 for degradation. Cell Rep. 22,
1016–1030

73. Li, W., Hu, Y., Oh, S., Ma, Q., Merkurjev, D., Song, X., Zhou, X., Liu, Z.,
Tanasa, B., He, X., Chen, A. Y., Ohgi, K., Zhang, J., Liu, W., and
Rosenfeld, M. G. (2015) Condensin I and II complexes license full es-
trogen receptor α-dependent enhancer activation.Mol. Cell 59, 188–202

74. Crowe, S. O., Rana, A., Deol, K. K., Ge, Y., and Strieter, E. R. (2017)
Ubiquitin chain enrichment middle-down mass spectrometry enables
characterization of branched ubiquitin chains in cellulo. Anal. Chem. 89,
4428–4434

75. Mastrandrea, L. D., You, J., Niles, E. G., and Pickart, C. M. (1999) E2/E3-
mediated assembly of lysine 29-linked polyubiquitin chains. J. Biol.
Chem. 274, 27299–27306

76. Chastagner, P., Isra€el, A., and Brou, C. (2006) Itch/AIP4 mediates deltex
degradation through the formation of K29-linked polyubiquitin chains.
EMBO Rep. 7, 1147–1153

http://refhub.elsevier.com/S0021-9258(21)00011-9/sref39
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref39
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref39
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref40
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref41
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref41
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref41
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref41
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref42
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref42
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref42
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref43
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref43
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref43
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref43
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref43
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref44
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref44
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref44
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref45
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref45
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref46
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref46
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref47
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref47
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref47
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref47
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref47
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref48
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref48
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref48
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref49
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref49
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref49
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref50
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref50
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref50
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref50
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref51
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref51
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref51
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref51
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref52
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref52
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref53
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref53
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref53
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref54
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref54
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref54
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref55
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref55
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref55
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref55
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref55
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref56
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref56
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref56
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref57
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref57
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref57
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref57
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref58
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref58
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref58
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref59
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref59
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref59
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref60
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref60
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref60
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref61
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref61
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref61
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref61
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref61
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref62
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref62
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref62
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref62
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref63
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref63
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref63
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref63
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref63
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref64
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref64
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref64
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref64
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref64
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref65
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref65
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref65
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref66
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref66
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref66
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref66
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref67
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref67
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref67
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref67
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref68
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref68
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref68
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref69
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref69
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref69
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref69
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref69
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref70
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref70
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref70
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref70
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref70
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref70
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref71
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref71
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref71
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref72
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref72
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref72
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref72
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref73
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref73
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref73
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref73
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref74
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref74
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref74
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref74
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref75
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref75
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref75
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref76
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref76
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref76
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref76


Lys29-specific DUB-E3 pair
77. Fei, C., Li, Z., Li, C., Chen, Y., Chen, Z., He, X., Mao, L., Wang, X., Zeng,
R., and Li, L. (2013) Smurf1-mediated Lys29-linked non-proteolytic
poly-ubiquitination of axin negatively regulates Wnt/β-catenin
signaling. Mol. Cell Biol. 33, 4095–4105

78. Valkevich, E. M., Sanchez, N. A., Ge, Y., and Strieter, E. R. (2014)
Middle-down mass spectrometry enables characterization of branched
ubiquitin chains. Biochemistry 53, 4979–4989

79. Tsuchiya, H., Burana, D., Ohtake, F., Arai, N., Kaiho, A., Komada, M.,
Tanaka, K., and Saeki, Y. (2018) Ub-ProT reveals global length and
composition of protein ubiquitylation in cells. Nat. Commun. 9, 524

80. Swatek, K. N., Usher, J. L., Kueck, A. F., Gladkova, C., Mevissen, T. E. T.,
Pruneda, J. N., Skern, T., and Komander, D. (2019) Insights into ubiq-
uitin chain architecture using Ub-clipping. Nature 572, 533–537

81. Johnson, E. S., Ma, P. C., Ota, I. M., and Varshavsky, A. (1995)
A proteolytic pathway that recognizes ubiquitin as a degradation signal.
J. Biol. Chem. 270, 17442–17456

82. Koegl, M., Hoppe, T., Schlenker, S., Ulrich, H. D., Mayer, T. U., and
Jentsch, S. (1999) A novel ubiquitination factor, E4, is involved in
multiubiquitin chain assembly. Cell 96, 635–644

83. Liu, C., Liu, W., Ye, Y., and Li, W. (2017) Ufd2p synthesizes branched
ubiquitin chains to promote the degradation of substrates modified with
atypical chains. Nat. Commun. 8, 14274

84. Crosas, B., Hanna, J., Kirkpatrick, D. S., Zhang, D. P., Tone, Y., Hath-
away, N. A., Buecker, C., Leggett, D. S., Schmidt, M., King, R. W., Gygi,
S. P., and Finley, D. (2006) Ubiquitin chains are remodeled at the pro-
teasome by opposing ubiquitin ligase and deubiquitinating activities. Cell
127, 1401–1413

85. Deol, K. K., Crowe, S. O., Du, J., Bisbee, H. A., Guenette, R. G., and
Strieter, E. R. (2020) Proteasome-bound UCH37/UCHL5 debranches
ubiquitin chains to promote degradation. Mol. Cell 80, 796–809.e9

86. Li, Z., Na, X., Wang, D., Schoen, S. R., Messing, E. M., and Wu, G.
(2002) Ubiquitination of a novel deubiquitinating enzyme requires direct
binding to von Hippel-Lindau tumor suppressor protein. J. Biol. Chem.
277, 4656–4662

87. Liu, X., Yang, X., Li, Y., Zhao, S., Li, C., Ma, P., and Mao, B. (2016)
Trip12 is an E3 ubiquitin ligase for USP7/HAUSP involved in the DNA
damage response. FEBS Lett. 590, 4213–4222

88. Amemiya, Y., Azmi, P., and Seth, A. (2008) Autoubiquitination of BCA2
RING E3 ligase regulates its own stability and affects cell migration.Mol.
Cancer Res. 6, 1385–1396

89. Broix, L., Jagline, H., Ivanova, E., Schmucker, S., Drouot, N., Clayton-
Smith, J., Pagnamenta, A. T., Metcalfe, K. A., Isidor, B., Louvier, U. W.,
Poduri, A., Taylor, J. C., Tilly, P., Poirier, K., Saillour, Y., et al. (2016)
Mutations in the HECT domain of NEDD4L lead to AKT-mTOR
pathway deregulation and cause periventricular nodular heterotopia.
Nat. Genet. 48, 1349–1358

90. Chen, Z., Jiang, H., Xu, W., Li, X., Dempsey, D. R., Zhang, X., Devreotes,
P., Wolberger, C., Amzel, L. M., Gabelli, S. B., and Cole, P. A. (2017)
A tunable brake for HECT ubiquitin ligases. Mol. Cell 66, 345–357.e346

91. Nuber, U., Schwarz, S. E., and Scheffner, M. (1998) The ubiquitin-
protein ligase E6-associated protein (E6-AP) serves as its own sub-
strate. Eur. J. Biochem. 254, 643–649

92. Chung, K. K., Thomas, B., Li, X., Pletnikova, O., Troncoso, J. C., Marsh,
L., Dawson, V. L., and Dawson, T. M. (2004) S-nitrosylation of parkin
regulates ubiquitination and compromises parkin’s protective function.
Science 304, 1328–1331
93. Baldridge, R. D., and Rapoport, T. A. (2016) Autoubiquitination of the
Hrd1 ligase triggers protein retrotranslocation in ERAD. Cell 166, 394–
407

94. Lamothe, B., Besse, A., Campos, A. D., Webster, W. K., Wu, H., and
Darnay, B. G. (2007) Site-specific Lys-63-linked tumor necrosis factor
receptor-associated factor 6 auto-ubiquitination is a critical determinant
of I kappa B kinase activation. J. Biol. Chem. 282, 4102–4112

95. Segref, A., Kevei, E., Pokrzywa, W., Schmeisser, K., Mansfeld, J., Livnat-
Levanon, N., Ensenauer, R., Glickman, M. H., Ristow, M., and Hoppe, T.
(2014) Pathogenesis of human mitochondrial diseases is modulated by
reduced activity of the ubiquitin/proteasome system. Cell Metab. 19,
642–652

96. Lindsten, K., de Vrij, F. M. S., Verhoef, L. G. G. C., Fischer, D. F., Van
Leeuwen, F. W., Hol, E. M., Masucci, M. G., and Dantuma, N. P. (2002)
Mutant ubiquitin found in neurodegenerative disorders is a ubiquitin
fusion degradation substrate that blocks proteasomal degradation. J. Cell
Biol. 157, 417–427

97. Shi, T., Bao, J., Wang, N. X., Zheng, J., and Wu, D. (2012) Identification
of small molecule TRABID deubiquitinase inhibitors by computation-
based virtual screen. BMC Chem. Biol. 12, 4

98. Schwenk, F., Baron, U., and Rajewsky, K. (1995) A cre-transgenic mouse
strain for the ubiquitous deletion of loxP-flanked gene segments
including deletion in germ cells. Nucleic Acids Res. 23, 5080–5081

99. van Tienen, L. M., Mieszczanek, J., Fiedler, M., Rutherford, T. J., and
Bienz, M. (2017) Constitutive scaffolding of multiple Wnt enhanceo-
some components by Legless/BCL9. Elife 6, e20882

100. Pickart, C. M., and Raasi, S. (2005) Controlled synthesis of polyubiquitin
chains. Methods Enzymol. 399, 21–36

101. Perkins, D. N., Pappin, D. J., Creasy, D. M., and Cottrell, J. S. (1999)
Probability-based protein identification by searching sequence databases
using mass spectrometry data. Electrophoresis 20, 3551–3567

102. Keller, A., Nesvizhskii, A. I., Kolker, E., and Aebersold, R. (2002)
Empirical statistical model to estimate the accuracy of peptide identifi-
cations made by MS/MS and database search. Anal. Chem. 74, 5383–
5392

103. Huang, F., Zeng, X., Kim, W., Balasubramani, M., Fortian, A., Gygi, S. P.,
Yates, N. A., and Sorkin, A. (2013) Lysine 63-linked polyubiquitination is
required for EGF receptor degradation. Proc. Natl. Acad. Sci. U. S. A.
110, 15722–15727

104. Longworth, J., and Dittmar, G. (2019) Assessment of ubiquitin chain
topology by targeted mass spectrometry. Methods Mol. Biol. 1977, 25–
34

105. Tsuchiya, H., Ohtake, F., Yasuda, S., Tanaka, K., and Saeki, Y. (2017)
In vivo ubiquitin linkage-type analysis reveals that the Cdc48-Rad23/
Dsk2 axis contributes to K48-linked chain specificity of the proteasome.
Mol. Cell 66, 488–502.e487

106. Schubert, O. T., Gillet, L. C., Collins, B. C., Navarro, P., Rosenberger, G.,
Wolski, W. E., Lam, H., Amodei, D., Mallick, P., MacLean, B., and
Aebersold, R. (2015) Building high-quality assay libraries for targeted
analysis of SWATH MS data. Nat. Protoc. 10, 426–441

107. Perez-Riverol, Y., Csordas, A., Bai, J., Bernal-Llinares, M., Hewapathir-
ana, S., Kundu, D. J., Inuganti, A., Griss, J., Mayer, G., Eisenacher, M.,
Perez, E., Uszkoreit, J., Pfeuffer, J., Sachsenberg, T., Yilmaz, S., et al.
(2019) The PRIDE database and related tools and resources in 2019:
Improving support for quantification data. Nucleic Acids Res. 47, D442–
D450
J. Biol. Chem. (2021) 296 100246 23

http://refhub.elsevier.com/S0021-9258(21)00011-9/sref77
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref77
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref77
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref77
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref78
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref78
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref78
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref79
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref79
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref79
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref80
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref80
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref80
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref81
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref81
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref81
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref82
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref82
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref82
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref83
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref83
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref83
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref84
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref84
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref84
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref84
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref84
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref85
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref85
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref85
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref86
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref86
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref86
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref86
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref87
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref87
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref87
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref88
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref88
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref88
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref89
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref89
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref89
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref89
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref89
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref89
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref90
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref90
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref90
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref91
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref91
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref91
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref92
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref92
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref92
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref92
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref93
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref93
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref93
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref94
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref94
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref94
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref94
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref95
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref95
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref95
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref95
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref95
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref96
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref96
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref96
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref96
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref96
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref97
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref97
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref97
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref98
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref98
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref98
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref99
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref99
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref99
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref100
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref100
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref101
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref101
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref101
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref102
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref102
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref102
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref102
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref103
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref103
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref103
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref103
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref104
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref104
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref104
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref105
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref105
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref105
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref105
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref106
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref106
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref106
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref106
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref107
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref107
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref107
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref107
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref107
http://refhub.elsevier.com/S0021-9258(21)00011-9/sref107

	The deubiquitinase TRABID stabilizes the K29/K48-specific E3 ubiquitin ligase HECTD1
	Results
	Interactome studies of two catalytic dead TRABID constructs differentiate between OTU-specific interactors and candidate su ...
	HECTD1 is a substrate of TRABID DUB activity
	HECTD1 assembles K29 and K48-linked ubiquitin chains
	Quantitative linkage analysis of ubiquitin chains assembled by HECTD1
	HECTD1 and UBE3C assemble distinct K29-containing ubiquitin chains
	HECTD1 ligase activity assembles ubiquitin chains through branched K29/K48 linkages
	TRABID stabilizes HECTD1 levels

	Discussion
	Experimental procedures
	Cell culture
	Transient siRNA knock down
	Trabid (Zranb1) knockout mice
	CRISPR/Cas9 genome editing in cells
	Plasmids
	Recombinant proteins
	Antibodies
	Transfection
	Immunoblotting
	Western blot for mouse tissue analysis
	Immunoprecipitation
	Cycloheximide (CHX) chase
	In vitro autoubiquitination assay
	Ubiquitin chain restriction analysis (UbiCREST)
	UbiCREST assay of trapped endogenous polyubiquitinated HECTD1 (HECTD1HMW)
	GST pull-down
	Interactome studies
	Mass spectrometry
	Data interrogation

	Ubiquitin-absolute QUAntification (ubiquitin-AQUA) analysis
	Microscopy

	Data availability
	Authors contributions
	Funding and additional information
	References


