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The ubiquitin-like modifier FAT10 stimulates the activity of
deubiquitylating enzyme OTUB1
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The deubiquitylation of target proteins is mediated by deu-
biquitylating enzymes (DUB) such as OTUBI, which plays an
important role in immune response, cell cycle progression, and
DNA repair. Within these processes, OTUB1 reduces the ubiq-
uitylation of target proteins in two distinct ways, either by using
its catalytic DUB activity or in a noncatalytic manner by inhib-
iting the E2-conjugating enzyme. Here, we show that the ubiq-
uitin-like modifier FAT10 regulates OTUBI stability and func-
tionality in different ways. Covalent FAT10ylation of OTUB1
resulted in its proteasomal degradation, whereas a noncovalent
interaction stabilized OTUB1. We provide evidence that
OTUBI interacts directly with FAT10 and the E2-conjugating
enzyme USEL. This interaction strongly stimulated OTUB1
DUB activity toward Lys-48 —linked diubiquitin. Furthermore,
the noncovalent interaction between FAT10 and OTUB1 not
only enhanced its isopeptidase activity toward Lys-48 —linked
ubiquitin moieties but also strengthened its noncatalytic activ-
ity in reducing Lys-63 polyubiquitylation of its target protein
TRAF3 (TNF receptor—associated factor 3). Additionally, the
cellular clearance of overall polyubiquitylation by OTUB1 was
strongly stimulated through the presence of FAT10. The addi-
tion of FAT10 also led to an increased interaction between
OTUBLI and its cognate E2 UbcH5B, implying a function of
FATI10 in the inhibition of polyubiquitylation. Overall, these
data indicate that FAT10 not only plays a role in covalent mod-
ification, leading its substrates to proteasomal degradation, but
also regulates the stability and functionality of target proteins by
interacting in a noncovalent manner. FAT10 is thereby able to
exert a major influence on ubiquitylation processes.

The homeostasis of protein synthesis and degradation under
normal and under stress conditions is one of the most tightly
regulated processes in mammalian cells. A central regulator of
proteostasis is the ubiquitin—proteasome system. Substrate

This work was supported by the German Research Foundation (DFG) Collab-
orative Research Center SFB969, project C0O1 (to M. G.) and by Grant 1029
from the Velux Foundation (to A. A. and M. G.). The authors declare that
they have no conflicts of interest with the contents of this article.

This article contains Figs. S1-S3.

! Recipient of a stipend from the Graduate School Chemical Biology at the
University of Konstanz.

2 A member of the Graduate School Biological Sciences at the University of
Konstanz.

3To whom correspondence should be addressed: Biotechnology Institute
Thurgau at the University of Konstanz, 8280 Kreuzlingen, Switzerland. Tel.:
41-71-678-50-34; Fax: 41-71-678-50-21; E-mail: Annette.Aichem@bitg.ch.

proteins become post-translationally modified by ubiquitin
and, depending on chain type and length, are targeted for deg-
radation by the 26S proteasome (1). The family of ubiquitin and
ubiquitin-like modifiers contains several other members such
as SUMO, Nedd8, and ISG15 (2). Although all members share
the ubiquitin fold as a structural similarity, the functional con-
sequences of modifications by ubiquitin-like modifiers are
extremely diverse (2). Protein stability or activity, subcellular
localization, or protein-protein interactions are altered as well
as regulatory processes such as DNA repair, cell cycle progres-
sion, and apoptosis (2, 3).

FATI10 (human leukocyte antigen-F (HLA-F) adjacent tran-
script 10) also belongs to the family of ubiquitin-like proteins,
as it possesses two of the conserved B-grasp ubiquitin folds
composed in a head-to-tail formation combined by a short
linker (4, 5). The N- and C-terminal domains of FAT10 share
sequence homologies of 29% and 36% with ubiquitin, respec-
tively. The C-terminal domain contains a diglycine motif,
required for conjugation to substrate proteins (6-8). In con-
trast to ubiquitin, FAT10 expression is restricted largely to the
organs of the immune system such as thymus, spleen, and
lymph nodes (9-11). Also numerous different cancer types
highly express FAT10 (12). In tissues that do not express FAT10
without stimulation, endogenous expression can be induced
synergistically by the proinflammatory cytokines interferon-vy
(IFNy)* and tumor necrosis factor-a (TNFa) (13, 14).

The conjugation of FAT10 to an internal lysine residue of
target proteins, similar to the ubiquitin cascade, is mediated by
the El-activating enzyme UBA6 (15-17), the E2-conjugating
enzyme USEL (15, 18, 19), and probably so far unknown E3
ligases. FAT10ylated proteins, such as USE1 itself (19), the
tumor suppressor p53 (20), the ubiquitin-activating enzyme
UBE1l (21), and the autophagy marker p62 (22), become
degraded by the 26S proteasome, whereas FAT10 is degraded
along with its substrates (23). Besides covalent interactions,
FAT10 interacts prominently with proteins in a noncovalent
manner. The presence of FAT10 influences the localization and
functionality of noncovalent interaction partners like spindle

“The abbreviations used are: IFNY, interferon-y; TNF, tumor necrosis factor;
DUB, deubiquitylating enzyme(s); DiUb, diubiquitin; OTU, ovarian tumor
family; OTUB1, otubain 1; UBA6, ubiquitin-like modifier-activating enzyme
6; USE1, Uba6-specific E2-conjugating enzyme 1; TRAF3, TNF receptor—
associated factor 3; YFP, yellow fluorescent protein; CHX, cycloheximide; TLR,
Toll-like receptor; AMC, 7-amido-4-methylcoumarin; IQF, internally quenched
fluorescent; 2-ME, B-mercaptoethanol; bis-Tris, 2-[bis(2-hydroxyethyl)amino]-
2-(hydroxymethyl)propane-1,3-diol; BSA, bovine serum albumin.
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assembly checkpoint protein MAD?2 or stress granule protein
HDACS (13, 24, 25).

To learn more about the functional consequences of FAT10
interacting covalently and noncovalently with target proteins,
we recently performed a yeast two-hybrid screen with USE1 as
a bait and a human prey thymus library. While searching for
new substrates and interaction partners, we identified mem-
bers of the ubiquitin conjugation family. One of the candidates
was the deubiquitylating enzyme otubain 1 (OTUB1) belonging
to the ovarian tumor family (OTU) of cysteine proteases (26).
OTUBI possesses a specificity to clear Lys-48 polyubiquitin
chains from substrate proteins such as the tumor suppressor
p53 (26). The removal of polyubiquitin chains from p53 by
OTUBLI prevents p53 from proteasomal degradation and leads
to stabilization of the protein (27).

Furthermore, OTUBI inhibits polyubiquitylation in a non-
catalytic manner. Interaction with its cognate E2-conjugating
enzymes UbcH5b and Ubc13 leads to suppression of the con-
jugating activity of the E2 enzymes and thereby to a reduced
transfer of ubiquitin onto E3 ligases and substrate proteins (28,
29). Additionally, OTUBLI plays a role in multiple biological
processes such as immune response and DNA damage response
as well as pathogen biology; however, its catalytic activity is not
required in every one of these processes (30 —34).

Because only a few interaction partners of the E2-conjugat-
ing enzyme USEL1 are known so far and no FAT10 deconjugat-
ing enzyme has been published as yet, we investigated several
different possibilities of how USE1, FAT10, and OTUBI could
influence each other. We examined whether OTUB1 possesses
a deFAT10ylating activity or whether it inhibits FAT10 conju-
gation by interacting with the E2-conjugating enzyme USEL.
We further analyzed whether FAT10 has an impact on the
functionality of OTUBI regarding its isopeptidase activity or its
inhibitory noncatalytic activity.

In this study, we elucidated USE1 and FAT10 as new inter-
action partners of OTUB1. We show that the direct interaction
of FAT10 with OTUBI stimulates the OTUBI1 isopeptidase
activity toward Lys-48 —linked diubiquitin. Furthermore, we
demonstrate that a covalent FAT10ylation of OTUBI in cellulo
and in vitro targets the conjugate for proteasomal degradation,
whereas a direct, noncovalent interaction between FAT10 and
OTUBI stabilizes the protein. Thereby, FAT10 positively
affects both the catalytic and noncatalytic activities of OTUB1
in reducing the polyubiquitylation of its substrate protein
TRAF3 (TNF receptor—associated factor 3) and of the general
formation of ubiquitin conjugates in cellulo. Here, we have pro-
posed a new bilateral regulatory effect of FAT10 on its substrate
protein OTUB1 whereby it influences its target in both a cova-
lent and noncovalent manner.

Results

OTUBT1 does not act as deconjugating enzyme for FAT10 but is
a new interaction partner of USE1

To search for interaction partners of the FAT10 E2-conju-
gating enzyme USE1, we performed a yeast two-hybrid screen
using USEL1 as bait and a thymus cDNA library as prey (Clon-
tech, Takara; data not shown). Besides candidates for a putative
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FAT10-specific E3 ligase, we started to investigate the deubiq-
uitylating enzyme (DUB) otubain 1 (OTUB1) as a new interac-
tion partner of USE1. We asked whether OTUB1 might func-
tion as a deFAT10ylating enzyme or whether FAT10 and USE1
might regulate the stability and functionality of OTUBI.

To confirm OTUBI as a new interaction partner of USEL,
HEK293 cells were transiently transfected with expression plas-
mids for His-USE1 and the Flag-tagged OTUBI versions of the
WT, the active-site cysteine mutant (C91S), and an E2 interac-
tion deletion mutant (T134R). The point mutation T134R in
the catalytic OTU domain of OTUB1 has been shown to disrupt
the interaction with the E2-conjugating enzyme UbcH5B
and thereby diminish the inhibitory effect of OTUBLI on ubiq-
uitin conjugation (28). Our subsequent co-immunoprecipita-
tion revealed a USE1 interaction with OTUB1 WT as well as
with the C91S variant (Fig. 14). The interaction of OTUBI1
T134R with USE1 was reduced (Figs. 14 and S1), supporting a
structural similarity between USE1 and UbcH5B as published
recently (35).

Former publications discuss an increased interaction of
OTUBI and its cognate E2-conjugating enzyme UbcH5B in the
presence of ubiquitin (28, 36). To investigate whether ubiquitin
or FAT10 could increase the interaction intensity of OTUB1
and USEL, both proteins were co-expressed in HEK293 cells in
the presence or absence of one of the two modifiers (Fig. 1B;
data not shown for ubiquitin). Overexpression of FAT10 did
not change the interaction between USE1 and OTUBI1 com-
pared with the interaction in the absence of FAT10 in cellulo
(Fig. 1B, lanes 5 and 6). Likewise, the presence of ubiquitin had
also no influence on the interplay between E2 and DUB in this
experimental setup (data not shown). As OTUBL is known to
function as a deconjugating enzyme for ubiquitin (26), we asked
whether OTUBI1 could also remove FAT10 from substrate
proteins. To answer this question a linear fusion construct
(HA-FAT10-USE1) was used to mimic a peptide-linked
FAT10ylated USEL. In HEK293 cells this fusion construct was
co-expressed in the presence or absence of Flag-tagged
OTUBI, and a co-immunoprecipitation with subsequent
Western blot analysis was performed (Fig. 1C). Although a
high amount of linear HA-FAT10-USE1 was observed (Fig. 1C,
top panel), no free HA-FAT10 and thereby no removal of
FAT10 from USE1 was detectable, indicating that OTUB1 does
not function as a deconjugating enzyme for linearly conjugated
FATI10. As it is published that OTUBI interacts with certain
E2-conjugating enzymes when loaded with ubiquitin to regu-
late ubiquitin conjugation to substrate proteins (28, 36, 37), we
tested whether OTUBI interacts with the FAT10-USE1 fusion.
Western blot analysis against Flag-OTUBL in the same experi-
mental setup revealed an interaction between OTUB1 and the
linear fusion protein (Fig. 1C, middle panel), indicating that
OTUBLI still can interact with FAT10 and USE1 when both
proteins are bound in a complex.

Next, we examined whether OTUBI was able to clear FAT10
from a known isopeptide-linked substrate. Therefore, HA-
UBE1 and FAT10 were transiently expressed in HEK293 cells in
the absence or presence of Y2-tagged OTUB1 WT or C91S
(C-terminal part of YFP at the N terminus of OTUB1), and a
co-immunoprecipitation was performed (Fig. 1D). Western
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Figure 1. OTUB1 does not act as a deconjugating enzyme for FAT10 but is a novel interaction partner of USE1. A, HEK293 cells were transiently
transfected with expression plasmids for Flag-OTUB1 WT, active-site cysteine mutant (Flag-OTUB1 C91S), OTU domain mutant T134R (Flag-OTUB1 T134R), and
His-USE1. Cells were lysed in lysis buffer containing 1% NP-40, and cleared lysates were subjected to immunoprecipitation (/P) with anti-Flag M2 antibody-
coupled agarose. Proteins were separated on 4-12% NuPAGE bis-Tris gels, and Western blot (/B) analysis was performed with antibodies reactive against His
or Flag. B-Actin was used as loading control. The two upper panels show the immunoprecipitated proteins, and the three lower panels show the total protein
expression in the cell lysates (Load). The asterisk marks the remaining His-USE1 signals after stripping. B, transiently transfected HEK293 cells were harvested,
lysed, and subjected to immunoprecipitation, and Western blot analysis with antibodies against His, Flag, or HA was performed as described in A. C, HEK293
cells were transiently transfected with expression plasmids for Flag-OTUB1 WT and a linear fusion protein consisting of FAT10 C terminally fused to USE1
(HA-FAT10-USE1). Immunoprecipitation using anti-HA-agarose with subsequent Western blot analysis against Flag and HA was performed as described in A.
D, Flag-FAT10, HA-UBE1, and Y2-tagged OTUB1 variants (WT or C91S) were transiently overexpressed in HEK293 cells. Lysis, immunoprecipitation using
HA-agarose, and Western blot analysis were performed as described in A. One representative experiment of three experiments with similar outcomes is shown.

blot analysis detecting FAT10ylated UBE1 did not show any
differences in the conjugate amount when either OTUB1 WT
or C91S was present (Fig. 1D, lanes 2, 3, and 4). These data
supported our finding that OTUBI1 does not possess isopepti-
dase activity toward FAT10ylated proteins. To further confirm
this hypothesis, we tested whether the DUB activity of OTUB1
has an impact on the overall FAT10 conjugation to substrate
proteins. Flag-tagged OTUBI variants were overexpressed
together with HA-tagged FAT10, and a co-immunoprecipita-
tion with subsequent Western blot analysis was performed. A
reduction in the FAT10 conjugation pattern in the presence of
OTUB1 WT was not observable (Fig. 2A, middle panel, lanes 2
and 3). FAT10ylation of substrate proteins also was not affected

by co-expression of the OTUBI active-site cysteine mutant
C91S or the T134R E2 interaction mutant (Fig. 24, middle
panel, lanes 4 and 5). These data indicate that the new
USE1 interaction partner OTUBI does not function as a
deFAT10ylating enzyme in cellulo and that this interaction has
no inhibitory effect on the FAT10 conjugation pattern as shown
for UbcH5B and ubiquitin conjugation (28, 36).

OTUBT1 becomes FAT10ylated in cellulo and in vitro

Having demonstrated that OTUB1 has no impact on FAT10
conjugation, we wondered whether FAT10 has an influence on
OTUBLI stability and functionality. Indeed, in overexpression
experiments with Flag-OTUB1 and HA-FAT10 and subse-
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Figure 2. OTUB1 becomes FAT10ylated in cellulo and in vitro. A, 24 h after transient transfection of HEK293 cells with the indicated expression plasmids, lysis
in 1% NP-40 lysis buffer was performed. Cleared lysates were subjected to anti-HA immunoprecipitation (/P), and proteins were separated on 4-12% NuPAGE
bis-Tris gels with subsequent Western blot (/B) analysis using anti-Flag M2 or anti-HA directly labeled antibodies. B, endogenous expression of FAT10 was
induced by treating HEK293 cells with IFNy and TNFa for 24 h. Where indicated, cells were treated additionally with proteasome inhibitor MG132 (10 um) for
6 h. After lysis in 1% NP-40 lysis buffer, the cleared lysates were incubated with protein A-Sepharose and FAT10 mAb 4F1 or an unspecific lgG2a isotype control
antibody. Western blot analysis was performed using a rabbit mAb against endogenous OTUB1 or a polyclonal rabbit antibody against endogenous FAT10. C
and D, whole cell extracts from HEK293 cells transiently transfected with the indicated expression plasmids were treated and subsequently used in Western
blot analysis as described in A and B. E, Western blot analysis of in vitro conjugation experiments where recombinant proteins (Flag-UBA6, 1 g (0.1 mg/ml);
6His-USE1, 6 g (0.6 mg/ml); 3xFlag-FAT10, 4 1g (0.4 mg/ml); and His-OTUB1 2.5 ng (1.25 mg/ml)) were incubated at 30 °C for 60 min, and the reaction was
stopped by the addition of 5X gel sample buffer containing 4% 2-mercaptoethanol. Arrowheads indicate the OTUB1-FAT10 conjugate. F, HEK293 wt, HEK293
UBAG6 KO, and HEK293 USE1 KO cells were transiently transfected with expression plasmids for HA-FAT10 and Flag-OTUB1. Subsequent lysis, immunoprecipi-
tation, and Western blot analysis were performed as described in A. In all cellular experiments detection of endogenous B-actin was used as a loading control.
One representative experiment of three experiments with similar outcomes is shown.

quent co-immunoprecipitation and Western blot analysis,
OTUBI became modified by a single FAT10 moiety (Fig. 24,
top panel). This FAT10ylation still occurred when OTUBI pos-
sessed a point mutation in either the active site (C91S) or the
catalytic OTU domain (T134R), indicating that these residues
do not have a relation to the FAT10 binding to OTUBI (Fig. 24,
top panel).

To examine the interaction between FAT10 and OTUB1
under endogenous conditions, FAT10 expression was induced
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by treating HEK293 cells with the proinflammatory cytokines
IFN+vy and TNFa. An immunoprecipitation of FAT10 with the
FAT10-specific mAb 4F1 and subsequent Western blot analysis
using a rabbit mAb against OTUB1 were performed. Upon
additional inhibition of the 26S proteasome by treatment with
MG132 for 6 h, OTUB1 became FAT10ylated under endoge-
nous conditions (Fig. 2B) suggesting a rapid degradation of the
conjugate. Next, we tested whether this covalent interaction
relies on the C-terminal diglycine motif of FAT10 as shown
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Figure 3. FAT10ylated OTUB1 is degraded by the 26S proteasome. A, transiently HA-FAT10 and Flag-OTUB1 expressing HEK293 cells were treated for the
indicated time periods with cycloheximide and with proteasome inhibitor MG132 (10 um) for another 6 h where indicated. Cell lysates were subjected to
immunoprecipitation (/P) and Western blot (/B) analysis by using directly labeled antibodies detecting HA or Flag. The asterisk marks the remaining ECL signals
of Flag-OTUB1 detection. One representative experiment of three experiments with similar outcomes is shown. B, Western blotting signals of OTUB1-FAT10
conjugate, FAT10, and OTUB1 in the absence or presence of FAT10 were quantified by using densitometric determinations of the signal intensity. Values (n =

3) were normalized to Western blotting signals of B-actin.

previously for other proteins targeted by FAT10 (19, 21, 22).
Therefore, two different mutant variants of FAT10 were used:
HA-FAT10 AV, which carries AV instead of GG at its C termi-
nus, and HA-FAT10 AGG, which is lacking the diglycine motif
completely (Fig. 2C). In HEK293 cells these variants were co-
expressed together with Flag-OTUB1 WT, and Western blot
analysis showed that only FAT10 WT was conjugated to
OTUBI (Fig. 2C, lane 6). In contrast, both FAT10 variants car-
rying the mutations at the C terminus could no longer be con-
jugated to OTUBI (Fig. 2C, lanes 7 and 8), showing that FAT10
conjugation is strictly dependent on the diglycine motif at the
very C terminus of FAT10.

Additionally, former publications show that a lysine-less var-
iant of a target protein such as USEl no longer becomes
FAT10ylated to the same extent as the WT protein (19). To test
whether this holds true as well for OTUB1 FAT10ylation, an
HA-tagged lysine-less (KO) mutant of OTUB1 was overex-
pressed and compared with HA-OTUB1 WT in the absence or
presence of tagless FAT10 (Fig. 2D). In contrast to those former
publications, the FAT10ylation of OTUB1 was not reduced
when all of the lysine residues were mutated to arginines (Fig.
2D, lane 7), leaving the question open as to which type of resi-
due FAT10 modifies in OTUBL.

Furthermore, by removing the first 43 amino acids from
the N terminus of OTUB1 (OTUB1 AN43), the covalent
FAT10ylation of this mutant OTUB1 could not be reduced (Fig.
2D, lane 8). The N terminus of OTUBLI is required for the bind-
ing of ubiquitin as shown by Wolberger and colleagues (37),
indicating that binding of FAT10 may happen in another
region.

To investigate whether OTUB1 becomes FAT10ylated not
only in cellulo but also in vitro, Flag-UBA6, His-USE1, and
His3xFlag-FAT10 were incubated together with His,-tagged
OTUBI (Enzo LifeScience) for 60 min at 30 °C. In a subsequent
Western blot analysis, an OTUB1-FAT10 conjugate was
detected in the presence of UBA6 and USE1 under these in vitro
conditions (Fig. 2E, lane 4). Furthermore, the conjugate was
also present in the absence of the E2-conjugating enzyme USE1
(Fig. 2E, lane S, arrowhead), indicating that the FAT10ylation

of OTUB1 was mediated solely by UBA6, independent of
USEL. To confirm these findings in cellulo, UBA6- and USE1-
CRISPR/Cas9 knockout cell lines of HEK293 parental cells
were produced, and the co-immunoprecipitation experiments
with overexpressed FAT10 and OTUB1 were repeated. In
HEK293 wt cells the FAT10ylated OTUB1 was present as
shown previously (Fig. 2F, top panel, lane 2), whereas it was
almost completely absent in UBA6 KO cells (Fig. 2F, top panel,
lane 4 and Fig. S2). In contrast to the in vitro experiments, the
conjugate was clearly reduced in USE1 KO cells (Fig. 2F, top
panel, lane 6 and Fig. S2).

Taken together, our data confirm a mono-FAT10ylation of
OTUBI, which depends on the C-terminal diglycine motif of
FAT10. Furthermore we show that this modification is medi-
ated by the E1-activating enzyme UBAG6 and the E2-conjugating
enzyme USEL.

FAT10 targets OTUBT1 for proteasomal degradation, but free
OTUBT1 becomes stabilized in the presence of FAT10

Because substrate proteins of FAT10 are described mainly as
targets for degradation by the 26S proteasome (19, 21, 23, 38),
we examined whether the same holds true for the OTUB1-
FAT10 conjugate. FAT10 and OTUBL1 overexpressing HEK293
cells were treated with cycloheximide (CHX) for the indicated
time periods to inhibit protein de novo synthesis. As a control,
MG132 was added to block the catalytic activity of the 26S
proteasome (Fig. 3). FAT10 was almost completely degraded
within 5 h, and upon inhibition of the proteasome a recovery of
FATI10 protein amount was detected (Fig. 3A, middle panel).
The OTUB1-FAT10 conjugate was degraded more slowly;
however, the MG132-mediated rescue was almost as strong as
shown for monomeric FAT10 (Fig. 34, top panel).

The Western blotting signals were analyzed by densitometry
with normalization to protein amounts of B-actin (Fig. 3B). The
calculated half-life of FAT10 is published to be ~1.5 h (23),
which we confirmed with these data. The OTUB1-FAT10 con-
jugate degraded more slowly, and the half-life was about 3.5 h
(Fig. 3B). In previous projects the half-life of substrate proteins
in the presence and absence of FAT10 was evaluated, and no
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difference could be detected.” Here, we show that presence of
FAT10 may have an impact on overall substrate protein stabil-
ity. Contrary to expectations, the half-life of unconjugated
OTUBI increased in the presence of FAT10, and OTUB1 was
stabilized as compared with OTUBLI in the absence of FAT10
(Fig. 3B).

Taken together our data imply that FAT10 influences its sub-
strate protein, OTUBIL, in two different ways. On the one hand
it modifies OTUBI in a covalent manner, to a minor extent, and
targets it for proteasomal degradation. On the other hand the
presence of FAT10, and thereby a putative noncovalent inter-
action with OTUBI, is sufficient to stabilize the substrate
protein.

FATT10 interacts with USE1, UbcH5B, and OTUB1 in a direct,
noncovalent manner

OTUBL has been found to interact with E2-conjugating
enzymes such as UbcH5B and Ubc13 (28, 36, 37). This inter-
action leads to an inhibition of ubiquitin transfer and addi-
tionally stimulates the OTUB1-mediated deubiquitylation of
target proteins (28, 36, 37). To investigate whether FAT10
has an impact on this regulatory mechanism, we examined
its possible influence on the interaction between OTUB1
and the E2-conjugating enzymes UbcH5B and Ubcl3. In
HEK293 cells, Flag-tagged OTUB1 and HA-tagged Ubcl3
were overexpressed in the presence or absence of myc-
FAT10, and a co-immunoprecipitation with subsequent
Western blot analysis was performed (Fig. 44). A noncova-
lent interaction between OTUB1 and Ubc13 was observed;
however, this interaction did not change in the presence of
FAT10 (Fig. 4A, top panel). Additionally, in this experimen-
tal setup no interaction between FAT10 and Ubc13 could be
detected (Fig. 4A, middle panel).

We also examined the interaction between Flag-tagged
OTUBI and His-tagged UbcH5B in co-immunoprecipita-
tion experiments (Fig. 4B). Here, an interaction between
OTUBI and UbcH5B could be detected although it was not
changed with FAT10 co-expression (Fig. 4B, top panel). To
investigate whether the interaction between FAT10 and
OTUBI occurs in a direct, noncovalent manner, an in vitro
interaction assay was performed. Recombinant Flag-FAT10
bound to Flag M2-agarose was incubated with His-OTUBI,
and a noncovalent interaction between both proteins was
observed (Fig. 4C, top panel, lane 3, arrowhead). Because
there was no activating E1 enzyme in the reaction mix, the
interaction of OTUBI with the modifier must have occurred
in a direct and noncovalent manner.

To investigate the influence of E2-conjugating enzymes on
the interaction strength of OTUB1 and FAT10, the assay was
also performed with recombinant USE1 or UbcH5B. West-
ern blot analysis showed that the direct interaction between
OTUBI1 and FAT10 was slightly increased by the presence of
USE1 (Fig. 4C, top panel, lane 6). In former experiments the
binding between FAT10 and USE1 was described as a cova-
lent isopeptide-linked auto-modification (19). Here, for the
first time, a direct, noncovalent and UBA6-independent

° J. Bialas, unpublished data.
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interaction of USE1 and FAT10 could be detected (Fig. 4C,
top panel, lane 4, arrowhead). However, this interaction was
not increased in the presence of OTUBI1 (Fig. 4C, top panel,
lane 6). Furthermore, UbcH5B could be shown to interact
directly with FAT10 (Fig. 4C, second panel, lane 5, arrow-
head) and this interaction was strongly increased in the pres-
ence of OTUBL (Fig. 4C, second panel, lane 7). And vice
versa, the interaction of OTUB1 and FAT10 was strongly
increased when UbcH5B was present (Fig. 4C, top panel, lane
7). Taken together, our data demonstrate that the presence
of USE1 or UbcH5B strengthens the direct, noncovalent,
UBAG6-independent interaction between OTUBI1 and
FATI10, indicating that FAT10 and OTUBI form a native
complex, which could be a binding platform for an E2-con-
jugating enzyme, and thereby providing a first hint as to how
FATI10 influences OTUBI functionality.

To further investigate the interaction between OTUBI and
USE1 or UbcH5B, an in vitro competition assay was performed
(Fig. 4D). Flag-OTUB1 was overexpressed in HEK293 cells and
purified by using Flag M2 antibody— coupled agarose. Next, the
recombinant E2-conjugating enzymes USE1 and UbcH5B were
added in equimolar ratios of 1:1 (USE1, 4 ug:UbcH5B, 8 ug), 1:5
(4:42 pg), and 5:1 (22:8 ug), or 1:10 (4:84 ug) and 10:1 (44:8 pg),
and incubated for 60 min at 37 °C. Western blot analysis
showed a slightly reduced interaction between OTUBI1 and
USE1 when UbcH5B was increased (Fig. 4D, lanes 6 and
7). However, increasing amounts of USE1l competed away
UbcH5B from OTUBI (Fig. 4D, lanes 8 and 9). These data indi-
cate that the E2-conjugating enzymes USE1 and UbcH5B com-
peted for the same binding site within OTUBI, confirming our
in cellulo data with the OTUB1 T134R mutant (Fig. 1) and
implying the regulatory role of USE1 in OTUBI functionality.

FAT10 enhances the OTUBT-mediated deubiquitylation of
TRAF3

The E3 ligase TRAF3 is described as a substrate of OTUBI-
mediated deubiquitylation (39, 40). Polyubiquitylation of
TRAF3 occurs in two distinct manners. Degradative Lys-48
polyubiquitylation of TRAF3 during Toll-like receptor (TLR)
signaling is described as essential for the induction of proin-
flammatory cytokine production (41). In contrast, Lys-63
autoubiquitylation of TRAF3 stimulated by other TLR triggers
the noncanonical NF-«B pathway and thereby the expression
of inflammatory type I interferons (41). In addition, FAT10
plays a role in the antiviral immune response mediated by TLR
signaling via RIG-I (retinoic acid—inducible gene I) occurring
upstream of TRAF3 (42, 43).

Based on this knowledge, we investigated whether FAT10
might affect the OTUB1-mediated deubiquitylation of TRAF3.
In HEK293 cells Flag-TRAF3, HA-tagged ubiquitin, myc-
tagged FAT10, and Y2-OTUBI were overexpressed and an
immunoprecipitation of HA tagged proteins was performed
(Fig. 5A4). Upon co-expression with HA-ubiquitin, Flag-TRAF3
became polyubiquitylated and this ubiquitylation pattern was
reduced in the presence of OTUBI (Fig. 54, top panel, lanes 3
and 4). This reduction was even more pronounced when
FAT10 was co-expressed (Fig. 5A, top panel, lane 5) indicating
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Figure 4. FAT10 interacts with USE1, UbcH5B and OTUB1 in a direct, noncovalent manner. A, HEK293 cells were transiently transfected with Flag-OTUB1,
HA-Ubc13, and myc-FAT10. After lysis in buffer containing 1% NP-40, the cleared lysates were subjected to immunoprecipitation (/P) using HA-coupled
agarose. Western blot (/B) analysis was performed by using directly labeled antibodies reactive against HA or Flag or a mouse primary antibody against myc
(clone 9E10). Endogenous B-actin was used as a loading control. B, extracts from HEK293 cells transiently transfected with the indicated expression plasmids
were subjected to immunoprecipitation using Flag M2- coupled agarose. Western blot analysis was performed as described in A. Asterisks in A and B mark the
remaining ECL signals. C, Western blot analysis of in vitro interaction experiments where equal molar ratios (8 ug) of recombinant proteins (3xFlag-FAT10 (0.4
mg/ml), His-OTUB1 (1.25 mg/ml), His-USE1 (0.6 mg/ml), and UbcH5B-His (0.6 mg/ml)) were mixed with Flag M2- coupled agarose and incubated for 60 min at
8 °C. Western blot analysis was performed by using directly labeled antibodies detecting His or Flag. The arrowheads indicate the direct interaction of FAT10
with OTUB1, USE1, or UbcH5B. D, transiently overexpressed Flag-OTUB1 was purified from HEK293 cells by immunoprecipitation using Flag M2-coupled
agarose. For in vitro competition experiments increasing amounts of UbcH5B-His (8, 42, and 84 ug; 0.6 mg/ml) and His-USE1 (4, 22, and 44 ug; 0.6 mg/ml) were
added to agarose-bound Flag-OTUB1 for 60 min at 37 °C. Western blot analysis was performed as described in C. One representative experiment of three

experiments with similar outcomes is shown.

that FAT10 supports the deubiquitylating function of OTUB1
on TRAF3.

To further investigate our hypothesis that OTUB1 and
FAT10 have an impact on the ubiquitylation of TRAF3, the
ubiquitin moieties K48only and K63only were overexpressed
in the presence of TRAF3, OTUBI and FAT10 in HEK293
cells (Fig. 5B). In both mutants all lysine residues are
exchanged to arginines except for the indicated one (44).
Under these conditions, TRAF3 mainly became ubiquity-
lated by WT or K63only ubiquitin, and this ubiquitylation
was reduced by OTUBI (Fig. 5B, top panel). Furthermore,

the addition of FAT10 enhanced the OTUBI-dependent
reduction of TRAF3 ubiquitylation independently of the
overexpressed ubiquitin variant (Fig. 5B, top panel, lanes 8
and 9 versus 4 and 5 and 12 and 13).

Because OTUB1 mediates Lys-48-linked polyubiquitin
removal (26) and inhibits Lys-63-linked polyubiquitylation
(37) our data imply a more relevant role for OTUB1 and FAT10
in the latter regulatory process. To demonstrate this, the cata-
lytically inactive mutant C91S and WT OTUBI were expressed
with TRAF3 and K63only ubiquitin (Fig. 5C). Although WT
OTUBI1 had only a minor impact on the ubiquitylation of
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TRAF3 in this particular experiment, OTUB1 C91S diminished
the ubiquitylation of TRAF3 (Fig. 5C, top panel, lanes 4 and 7)
indicating that the noncatalytic activity of OTUB1 toward
TRAF3 was pivotal in clearing TRAF3 ubiquitylation. The addi-
tional expression of FAT10 increased the OTUBI1-mediated
effect in the presence of WT or C91S OTUBL1 (Fig. 5C, top
panel, lanes 5 and 8).

Taken together our data indicate that OTUB1 does not only
partially deubiquitylate TRAF3 but also inhibits the ubiquityla-
tion of TRAF3 in a noncatalytic manner. Moreover, the pres-
ence of FAT10 stimulated both activities of OTUB1 toward
TRAF3.

FAT10 and USE1 enhance the cleavage activity of OTUB1
in vitro

OTUBL is described to specifically remove Lys-48 —linked
polyubiquitin chains from target proteins (26). To confirm this,
recombinant Lys-48—linked diubiquitin was incubated with
recombinant OTUBI for the indicated time periods and SDS-
PAGE with subsequent colloidal Coomassie staining was per-
formed. Lys-63-linked diubiquitin was applied as control.
Lys-48 diubiquitin amount was rapidly diminished and in par-
allel monoubiquitin increased, indicating a cleavage by OTUB1
over time (Fig. 6A, left panel). In contrast, Lys-63—linked diu-
biquitin did not serve as a substrate for OTUB1 (Fig. 6A, right
panel).

Furthermore OTUB1 WT (tagless and His,-tagged) was
compared with its active-site cysteine mutant C91S (tagless and
Hisc-tagged) in their activity to cleave ubiquitin-AMC. The
removal of AMC from ubiquitin by isopeptidases leads to an
alteration of the charged electron cloud around free AMC
which is measurable in an increased fluorescence. The negative
controls His-or tagless OTUB1 C91S did not induce AMC fluo-
rescence (Fig. 6B) proving them as catalytically inactive. How-
ever, both WT OTUBI variants (Hiss-tagged and tagless)
cleaved AMC off from ubiquitin (Fig. 6B), again confirming the
catalytic activity of OTUBI toward ubiquitin.

With these active recombinant OTUBI versions in hand we
investigated in vitro whether FAT10 had an impact on the iso-
peptidase activity of OTUBI toward Lys-48 —linked diubiqui-
tin. Recombinant OTUBI and its interaction partners UbcH5B,
USE1 and FAT10 were added for the indicated time periods to
recombinant Lys-48 —linked diubiquitin and SDS-PAGE with
subsequent silver staining was performed (Fig. 6C). OTUB1-
mediated cleavage of diubiquitin could be detected and was
strongly stimulated by the presence of UbcH5B as published by
the Wolberger group (Fig. 6C, first and third panels (36)).
FAT10 or USE1 stimulated the isopeptidase activity of OTUB1
almost as strongly as UbcH5B (Fig. 6C, second and fourth pan-
els). Moreover, combined addition of FAT10 and USE1l
enhanced the stimulatory effect on OTUB1-mediated cleavage
(Fig. 6C, rightmost panel). Densitometric analyses confirmed

the gel-based results (Fig. 6D) and the enlarged focus into the
first 10 mins supported the detected effects (Fig. 6E). These data
already mirrored the in cellulo data and confirmed that FAT10
stimulated the OTUB1 isopeptidase activity. Additionally, free
USE1 was almost as effective as free UbcH5B in stimulating the
DUB activity of OTUBL.

To further confirm that USE1 and FAT10 stimulate the DUB
activity of OTUBI, FRET Lys-48 —linked diubiquitin internally
quenched fluorescent (IQF DiUb) substrate 5 (LifeSensors,
Malvern, MA) was used where only upon cleavage one ubiqui-
tin moiety becomes fluorescent (Figs. 6F and S3). Without
OTUB1 WT or with OTUB1 C91S, diubiquitin was not cleaved
and did not show any signal. In contrast, fluorescence measured
in the presence of OTUB1 was strongly stimulated when
UbcH5B was added (Figs. 6F and S3). Moreover, FAT10 or
USE1 enhanced the fluorescence intensity, and the addition of
both USE1 and FAT10 increased the fluorescence signal even
further (Figs. 6F and S3). Taken together, our data show that the
presence of FAT10 and USE1 stimulated the isopeptidase activ-
ity of OTUBI1 toward Lys-48 -linked diubiquitin, indicating
that not only does free UbcH5B or free ubiquitin influence
OTUBLI but also free FAT10 and USE1 (an enzyme involved in
FAT10 conjugation).

FAT10 stimulates the OTUB1-mediated reduction of overall
ubiquitylation

Because we could show an impact of FAT10 on the OTUB1-
mediated removal of polyubiquitin from substrates as well as on
the cleavage of diubiquitin, we investigated its role in the
deconjugation of total ubiquitin chains in cells. As found by
Wiener et al., OTUBI shows a high potential to remove ubiq-
uitin chains without necessarily having a specific substrate pro-
tein. Therefore, we overexpressed HA-ubiquitin and examined
the impact of OTUBI in the presence or absence of FAT10
on the overall ubiquitin conjugates. OTUBL clearly reduced the
overall ubiquitylation, an effect that was even more pro-
nounced upon expression of FAT10 (Fig. 7A). Likewise, FAT10
AV increased the OTUB1-mediated deconjugation of ubiquitin
(Fig. 7B), again supporting the hypothesis that the noncovalent
interaction of OTUB1 and FAT10 is necessary and sufficient to
enhance the functionality of OTUBI.

Next, we investigated the influence of FAT10 on the activity
of OTUBI toward different polyubiquitin chains. In line with
our previous results, OTUBI reduced the polyubiquitin chains
of ubiquitin WT as well as of ubiquitin K48only and K63only
ubiquitin chains (Fig. 7C). This OTUB1 activity toward all three
chain types was again strongly enhanced in the presence of
FATI10 (Fig. 7C). However, we cannot exclude the possibility
that endogenous ubiquitin participated in the chain formation
resulting in mixed chains with K48only or K63only, respec-
tively. Because we detected no difference in the amount of

Figure 5. FAT10 stimulates both the inhibitory and deubiquitylating activity of OTUB1 toward TRAF3. A, lysates of HEK293 cells transiently expressing
Flag-TRAF3, HA-ubiquitin, Y2-OTUB1, and myc-FAT10 were subjected to immunoprecipitation (/P) using anti-HA-agarose followed by Western blot (/B)
analysis using directly labeled anti-Flag or anti-HA antibodies or primary antibodies against myc or the C-terminal part of GFP. B-Actin was used as a loading
control. B, HEK293 cells were transiently transfected with the indicated expression plasmids, and lysates were subjected to anti-HA immunoprecipitation and
Western blot analysis as described in A. G, after transient transfection with the indicated expression plasmids, HEK293 cells were subjected to procedures and
treatments as described in A. One representative experiment of three experiments with similar outcomes is shown.
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Figure 6. FAT10 and USE1 enhance the cleavage activity of OTUB1 in vitro. A, recombinant Lys-48 or Lys-63 DiUb (5 um) was incubated with tagless OTUB1
(5 wm) for the indicated time periods at 37 °C, and reactions were stopped by the addition of gel sample buffer supplemented with 4% 2-mercaptoethanol.
Proteins were separated on 4-12% NuPAGE bis-Tris gels with subsequent colloidal Coomassie staining. B, quantitative analysis of AMC fluorescence (ex. 360
nm, em. 465 nm) of ubiquitin-AMC (5 um) incubated with His-tagged or tagless OTUB1 WT or C91S (all 10 wm) for the indicated time periods at 30 °C. C,
silver-stained gel of recombinant Lys-48 -linked DiUb (5 um) incubated for the indicated time periods with tagless OTUB1 (5 um) and tagless FAT10, UbcH5B-
His, and His-USE1 (all 10 um) at 37 °C. The reactions were stopped by the addition of gel sample buffer supplemented with 4% 2-mercaptoethanol. D,
densitometric analysis of cleaved Lys-48 -linked DiUb by OTUB1 in the presence of FAT10, USE1, and UbcH5B. The DiUb protein amount at time point 0 was set
to 100%. E, enlarged focus on the first 10 min of the densitometric analysis in D. F, FRET-based analysis for the cleavage of internally quenched Lys-48 DiUb (400
nm) by OTUB1 WT or C91S (both 30 nm) in the absence or presence of FAT10, USE1, and UbcH5B (all 5 wm). One representative experiment of three experiments

with similar outcomes is shown.

chains (Lys-48, Lys-63, or WT), we suggest that the possible
contribution of endogenous ubiquitin to the formation of
mixed chains can be considered equal.

Finally, the impact of FAT10 on OTUBI1-mediated cleavage
of ubiquitin-AMC was investigated in the presence or absence
of FAT10, USEL, and UbcH5B (Fig. 7D). Ubiquitin-AMC is a
substrate that binds to the distal ubiquitin-binding site of
OTUBLI but is lacking a proximal ubiquitin (36). Wolberger and
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colleagues (36) propose that UbcH5B increases OTUBI cleav-
age activity toward Lys-48 diubiquitin via the proximal ubiqui-
tin binding site in OTUBL. This led to the assumption that
UbcH5B would not stimulate OTUB1 affinity to ubiquitin-
AMC but to diubiquitin IQF (36). In the absence of OTUB1 WT
or in the presence of C91S OTUBI1 mutant, no AMC fluores-
cence was measured (Fig. 7D). However, upon the addition of
OTUBI1, AMC was cleaved off from ubiquitin and the fluores-
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Figure 7. The noncovalent interaction of FAT10 with OTUB1 stimulates its DUB activity in cellulo and in vitro. A and B, HEK293 cells were transiently
transfected with HA-ubiquitin, Flag-OTUB1 and Flag-FAT10 WT, or Flag-FAT10 AV. Cell lysates were subjected to anti-HA immunoprecipitation (/P) and Western
blot (/B) analysis using anti-HA and anti-Flag peroxidase-conjugated antibodies. C, lysates of HEK293 cells transiently expressing HA-ubiquitin WT, HA-
ubiquitin K48only, HA-ubiquitin K63only (remaining Lys residues were mutated to Arg), Flag-OTUB1, and Flag-FAT10 were subjected to immunoprecipitation
using anti-HA- coupled agarose and Western blot analysis. B-Actin was used as the loading control in A-C. D, quantitative analysis of AMC fluorescence (ex. 360
nm, em. 465 nm) of ubiquitin-AMC (5 um) incubated with OTUB1 (10 um) in the absence or presence of FAT10, UbcH5B, and USE1 (5 um) for the indicated time
periods at 30 °C. One representative experiment of three experiments with similar outcomes is shown.

cence intensity increased (Fig. 7D). This isopeptidase activity of
OTUBI was not enhanced by the presence of UbcH5B (as
shown previously (36)) but was stimulated when FAT10 or
USE1 was added. The AMC fluorescence was even more ele-
vated when USE1 plus FAT10 was present (Fig. 7D), indicating
that free FAT10 and free USE1 are able to stimulate the isopep-
tidase activity of OTUBI by increasing its affinity for Lys-48
diubiquitin via the proximal and distal ubiquitin binding site in
OTUBI.

Taken together, we have shown that OTUBI is regulated by
FAT10 via two different mechanisms. On the one hand,
OTUBI becomes covalently FAT10ylated and degraded by the
26S proteasome. This modification depends on the C-terminal

diglycine motif of FAT10. On the other hand, free OTUBI1
becomes stabilized by the presence of noncovalently interact-
ing FAT10. This interaction induces an enhanced deconjuga-
tion of ubiquitin from either specific substrates like TRAF3 or
from overall ubiquitin conjugates. The presence of FAT10 or its
conjugating enzyme USE1 stimulates the DUB activity of
OTUBI1 toward Lys-48-linked diubiquitin or polyubiquitin
chains. Moreover, by interacting in a noncovalent manner with
OTUBI, FAT10 is able to influence not only the DUB activity
of OTUBI1 but also the noncatalytic inhibitory function of
OTUBIL. With this understanding we present a new mechanism
of how FAT10 regulates the stability and functionality of its
target protein, OTUBI.
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Discussion

We have recently used a yeast two-hybrid approach with the
E2-conjugating enzyme USE1 (22), and here OTUB1 was iden-
tified as a new interaction partner of USE1 (Fig. 1). Because
USE1 transfers not only ubiquitin but also FAT10 (15, 18, 19),
we focused on the interplay among OTUBI, USE1, and FAT10.
We investigated different scenarios of how OTUB1 and FAT10
might influence each other. Either OTUBI could have an
impact on FAT10 and its conjugation or FAT10 could change
the stability and functionality of OTUBL. We examined
whether OTUBI might function as a FAT10-deconjugating
enzyme or whether it could bind the FAT10-loaded USEL,
thereby inhibiting the further conjugation of FAT10. On the
other hand, FAT10 could covalently modify OTUB1 or interact
with it in a noncovalent manner to influence the DUB activity
or the noncatalytic inhibitory activity of OTUBI.

In the present study, we have shown that OTUBI1 was not
able to cleave off FAT10 from substrates and did not display an
impact on the overall FAT10ylation pattern (Figs. 1 and 2).
Because neither peptide- nor isopeptide-conjugated FAT10
was removed from its substrates USE1 and UBE], respectively,
we suggest that OTUBL does not serve as a deconjugating
enzyme for FAT10. As FAT10is published as being degraded by
the 26S proteasome along with its substrates (38), a deconjuga-
tion from substrates through OTUB1 might not necessarily be
required. Furthermore, we have no evidence that OTUBI pref-
erentially inhibits FAT10 conjugation by interacting with
FAT10-USE1. An inhibition of conjugation in the presence of
OTUBI was not observable (Fig. 2). These findings argue for
the hypothesis that FAT10 influences OTUBI rather than for
OTUBLI influencing FAT10.

Indeed, we have shown here that OTUB1 becomes covalently
FAT10ylated and that this modification depends on the classi-
cal conjugation characteristics (Fig. 2) as published previously
for other FAT10 substrates (19, 21, 22). As roughly only 5% of
the substrate protein becomes FAT1Oylated (as estimated),
we speculated whether the noncovalent interaction between
FAT10 and OTUB1 could play the more pivotal role. In line
with this thinking, we confirmed that the presence of FAT10
but not its conjugation led to a stabilization of total cellular
OTUBLI (Fig. 3), indicating that FAT10 influences OTUB1 in
two different manners. The covalent modification with FAT10
leads OTUBI to proteasomal degradation, whereas the nonco-
valent interaction stabilizes OTUB1 and thereby influences the
functionality of OTUBI1.

Because OTUB1 and FATI10 interact in a direct manner
under in vitro conditions (Fig. 4), we investigated the interac-
tion among OTUBI1, FATI10, and the two E2-conjugating
enzymes UbcH5B and USE1. We asked whether the presence of
E2-conjugating enzymes could strengthen the interaction
between OTUB1 and FAT10, or vice versa, and whether FAT10
is able to improve the binding of OTUBI to the E2 enzymes as
published for OTUBI, UbcH5B, and ubiquitin (28, 36).
Although the interaction between OTUB1 and USE1l or
UbcH5B was not changed in cells (Figs. 1 and 4), in vitro data
indicated a stronger binding of OTUB1 to FAT10 in the pres-
ence of USE1 or UbcH5B (Fig. 4). Additionally, the binding of
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those E2 enzymes to FAT10 was increased when OTUB1 was
added (Fig. 4). From these data we suggest that OTUB1, FAT10,
and an E2-conjugating enzyme may form a trimeric complex.

In line with this proposal, we further show that FAT10 and
USE1 improved the OTUBI isopeptidase activity toward Lys-
48 -linked DiUb (Figs. 6 and 7). Not only was the degradation
speed increased but also the amount of cleaved FRET-based,
Lys-48 —linked, internally quenched DiUb was enhanced (Figs.
6 and 7), further supporting our hypothesis that free uncharged
USE1 and free FAT10 stimulate the DUB activity of OTUBI.

Because USE1 and UbcH5B are structurally very similar (35),
we can explain why the interaction of USE1 with the OTUB1
T134R mutant was decreased (Fig. 1) as published previously
for UbcH5B (28, 36). In contrast to UbcH5B, the USE1 interac-
tion with OTUB1 T134R was not completely abolished, imply-
ing that there must be more residues or surface patches on
OTUBLI involved in USE1 binding. This finding is supported by
the data showing that free USE1 stimulates OTUBI isopepti-
dase activity toward ubiquitin-AMC (Fig. 7), which is not the
case for UbcH5B (36). Nevertheless, similar binding modes may
lead to similar action modes, further strengthening the hypoth-
esis that USE1 stimulates the Lys-48 DUB activity of OTUBI1 as
shown for UbcH5B (36) and by our in vitro experiments (Fig. 6).

Competition of USE1 with UbcH5B for the same binding site
in OTUBI could also diminish the transfer of ubiquitin via
UbcH5B, ending up in less Lys-48 polyubiquitin chains on cer-
tain substrate proteins. As USE1 is also proposed to support the
Lys-48 —linked polyubiquitylation of target proteins, a compe-
tition of both E2 enzymes for ubiquitylating target proteins
could occur in a substrate-specific manner. Under inflamma-
tory conditions, where UBA6 preferentially activates FAT10
rather than ubiquitin (45), the competition between USE1 and
UbcHS5B could be a regulatory mechanism to control the ubiq-
uitylation and FAT1Oylation of target proteins specifically
important under these stress conditions.

A possible regulatory impact could further explain why the
interaction between FAT10 and OTUBI is improved when
UbcH5B is present (Fig. 4). In the case of FAT10 and OTUB1
both binding to UbcH5B, the E2 might be kept in a more inac-
tive state, and ubiquitin cannot be transferred onto target pro-
teins. The stabilization of this trimeric complex could be a basic
requirement for FAT10 to support the noncatalytic function of
OTUBLI in inhibiting the ubiquitylation of target proteins as
shown for UbcH5B or Ubcl3 (28, 36, 37).

One target protein of OTUBL is TRAF3, which becomes
polyubiquitylated in two distinct ways related to certain cellular
stress conditions. Dependent on the type of TLR, TRAF3
becomes Lys-48 —polyubiquitylated and degraded by the
proteasome, a mechanism described as essential for the expres-
sion of proinflammatory cytokines (41). Alternatively, TRAF3
autoubiquitylates itself with Lys-63-linked ubiquitin chains
inducing the noncanonical NF-«B pathway and thereby leading
to the production of inflammatory type I interferons (41).
Because FAT10 expression is up-regulated by proinflammatory
conditions (11) and has been shown to play a role in the antiviral
immune response mediated by RIG-I upstream of TRAF3 (42,
43), we investigated the impact of FAT10 on the OTUB1-me-
diated change in TRAF3 ubiquitylation.



Our data point to a dual role for FAT10 during the deubig-
uitylation of TRAF3. On the one hand, OTUB1 removes Lys-48
polyubiquitin chains from TRAF3, which is further improved
by the presence of FAT10 (Fig. 5). On the other hand, Lys-63
polyubiquitylation of TRAF3 is reduced in the presence of
OTUB1 WT or C91S, which is again stimulated in the presence
of FAT10 (Fig. 5). This dual effect might be a hint to a regulatory
mechanism of how FAT10 could influence the ubiquitin path-
way under inflammatory conditions. Thereby, FAT10 could
shape the antiviral immune response by stimulating the
OTUBI1-mediated noncatalytic deubiquitylation of TRAF3. As
even the presence of OTUBI reduces the production of type I
interferon upon viral infection to prevent a prolonged harmful
antiviral immune response (39, 40), FAT10 overexpression
might further reduce type I interferon production. As FAT10
stimulates the isopeptidase activity of OTUB1 toward TRAF3
(Fig. 5), it might therefore also influence the immune response
regarding the expression of proinflammatory cytokines.

After examining a specific OTUBI substrate, we investi-
gated the impact of FAT10 and OTUBI on overall ubiquity-
lation in HEK293 cells. There, the addition of FAT10 WT or
nonconjugatable FAT10 AV increased the OTUB1-medi-
ated reduction of ubiquitin conjugates (Fig. 7). Taking into
account that there are ~100 DUB existing in humans (46),
we postulated that the strong effect we observed on overall
ubiquitylation was because of FAT10 stimulating not only
the DUB activity of OTUB1 toward Lys-48 —linked polyubiq-
uitylation but also the noncatalytic activity toward Lys-48 —
or Lys-63-linked polyubiquitylation.

In conclusion, FAT10 seems to affect its target proteins in a
more differentiated manner than only via covalent modifica-
tion. Although the FAT10ylation and subsequent degradation
of substrate proteins may play a role during certain processes,
our data imply that the noncovalent interaction with target pro-
teins influences their stability and functionality. Therefore
FAT10 may shape many more regulatory processes within the
cell than anticipated previously.

Experimental procedures
Overexpression constructs

HEK293 cells were transiently transfected with TransIT-
LTI transfection reagent (Mirus Bio LLC, Madison, WI)
and expression plasmids pcDNA3.1-HA-FAT10-USE1,°
pcDNA3.1-HA-FAT10 (23), pCMV-myc-FAT10,” pcDNAG6.1-
FAT10 tagless (5), pcDNA3.1-His3xFlag-FAT10 (15), pcDNA3.1-
His3xFlag-FAT10 AV (AV instead of C-terminal GG (22)),
pcDNA3.1-His-UbcH5B (C. Pelzer,® University of Konstanz),
pcDNA3.1-His-USEL1 (19), and pcDNA3-HA-UBEL1 (21). For the
expression of Flag-tagged OTUBL WT, the active-site cysteine
mutant C91S, and the OTU domain mutant T134R, expression
plasmids pCMV6-Flag-OTUBI wt, C91S, and T134R were kindly
provided by Cynthia Wolberger (Johns Hopkins University, Balti-
more, MD). For expression of Flag-tagged OTUBI lysine-less
mutant pcDNA3-2Flag-OTUB1 KO was prepared by Daniel Li

6 A. Aichem, unpublished data.
7 N. Catone, unpublished data.
8 C.Pelzer, unpublished data.

and kindly provided by Mu-Shui Dai (Oregon Health & Science
University, Portland, OR). For expression of HA-tagged Ubcl13,
the expression plasmid pcDNA3.0-HA-Ubc13 was a kind gift from
Dong Er-Zhang (Addgene plasmid 12461) (47). The plasmid pRK-
Flag-TRAFS3 for expression of Flag-tagged TRAF3 was a kind gift
from Xiaofeng Zheng (40). For the expression of HA-tagged ubiq-
uitin WT, the K48only mutant, and the K63only mutant, the
expression plasmids pRK5-HA-ubiquitin w¢, pRK5-HA-Ub
K48only, and pRK5-HA-Ub K63only were a kind gift from Ted
Dawson (Addgene plasmids 17608, 17605, and 17606) (44).

Generation of CRISPR knockout cell lines

CRISPR Cas9 knockout HEK293 cells lines of FAT10, USEL,
and UBAG6 were generated by A. Aichem et al. (5).

Cloning and mutagenesis

For the generation of Flag-FAT10 without the C-terminal
diglycine motif (Flag-FAT10 AGG) a site-directed mutagenesis
with pcDNA3.0-Y1-FAT10® as template and the following
primers was performed: forward, 5'-GCA TCT TAT TGT ATT
TGA TCT AGA GGG CCC TAT TC-3', and reverse, 5'-GAA
TAG GGC CCT CTA GAT CAAATA CAATAA GAT GC-3'.
The generated FAT10 AGG was amplified by PCR using the
following primers: forward, 5'-CGG GGT ACC TAT GGC
TCC CAA TGC TTC C-3’, and reverse, 5'-CTA TAG ACT
CAAATA CAATAACAT GCCAGG AGG AG-3'. Viarestric-
tion digest with Kpnl (5") and Xbal (3'), FAT10 AGG was
inserted into pcDNA3.1-His3xFlag expression vector (15).

OTUBI1 N-terminally fused to the C-terminal part of YFP
(Y2-OTUBI1) was generated by introducing the PCR product of
OTUBLI into the pcDNA3.0-Y2 expression vector (48) by re-
striction digest using the following primers and restriction
enzymes, respectively: forward, 5'-ATA AGA ATG CGG CCG
CGA TGG CGG CGG AGG AAC-3’ (Notl), and reverse,
5-TTG GGC CCC TAT TTG TAG AGG ATA TCG TAG
TG-3" (Apal). To generate active-site cysteine-mutated Y2-
OTUBLI and recombinantly expressed His-tagged and tagless
OTUB], a site-directed mutagenesis with pcDNA3.0-Y2-OTUB1
and pPRO-Ex-His-TEV-OTUBI (a kind gift from Cynthia Wol-
berger, Addgene 26959) (49), respectively, was performed. The
following primers were used: forward, 5'-AGC CCG ATA GAA
ACT GTT GCC GTC AGG CC-3', and reverse, 5'-GGC CTG
ACG GCA ACA GTT TCT ATC GGG CT-3".

To generate pPCMV6-Flag-OTUB1 AN43 lacking the first 43
amino acids at the N terminus, PCR and restriction digest with
the following primers and enzymes was performed, respective-
ly: forward, 5'-GAC ATC GAT TAT AAA GAT GAT GAT
GAT AAA AAT TCA CAG AAC CCT CTG GTG TCA GAG
C-3’ (Clal), and reverse, 5'-ATC CTC TAG AGT CGA CTA
TTT GTA GAG GAT ATC GTA GTG TCC AG-3' (Xbal).

The generation of pcDNA3.1-HA OTUBI wt, KO, and AN43
was performed by PCR and restriction digest using the follow-
ing primers and enzymes, respectively: forward, 5'-CGG GGT
ACC AAT GGC GGC GGA GGA ACC TCA G-3' (wt and KO0;
KpnlI)and 5'-CGG GGT ACCACA GAACCCTCT GGT GTC
AGA G-3' (dN43) (Kpnl); and reverse, 5'-CCG CTC GAG CTA
TTT GTA GAG GAT ATC GTA G-3’ (wt and dN43; Xhol)
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and 5'-CCG CTC GAG CTATCT GTA GAG GAT ATC GTA
G-3" (KO; Xhol). All plasmids were verified by sequencing
(Microsynth AG, Balgach, Switzerland).

Induction of endogenous FAT10 expression, CHX chase
experiments, and immunoprecipitation

Endogenous FAT10 expression was induced by treating cells
with the proinflammatory cytokines IFN+y (200 units/ml) and
TNFa (400 units/ml) (both from Peprotech GmbH, Hamburg,
Germany) as described recently (50). Before harvesting, 50
pg/ml CHX (Sigma) was added for the dedicated time periods
as indicated. In parallel, 10 uMm proteasome inhibitor MG132
(Enzo Lifesciences) was added as indicated, and the cells were
incubated for a maximum of 6 h. The cells were harvested and
lysed for 30 min on ice in lysis buffer containing 20 mm Tris-
HCl (pH 7.6), 50 mm NaCl, 10 mm MgCl,, and 1% Nonidet P-40
supplemented with 1X protease inhibitor mix (Complete mini
EDTA-free protease inhibitor mixture, Roche). The cleared
lysates were subjected to pulldown using His60 Ni Superflow
Resin (Takara, Saint-Germain-en-Leye, France) or to immu-
noprecipitation using the anti-HA—agarose conjugate HA-7
(Sigma-Aldrich), the Red Anti-Flag M2 affinity gel clone
(Sigma-Aldrich), or protein A—Sepharose (Sigma-Aldrich)
in combination with monoclonal mouse FAT10 antibody
4F1 (38). Proteins in 5X gel sample buffer containing 4%
B-mercaptoethanol (2-ME), were separated on 4-12%
NuPAGE bis-Tris SDS gradient gels (Invitrogen) and sub-
jected to Western blot analysis with directly labeled per-
oxidase-conjugated antibodies (mAb against HA-7, mAb
against Flag M2, and mAb against polyhistidine HIS-1 (all
mouse, from Sigma-Aldrich)). Unlabeled antibodies such as
mouse mAb against c-myc clone 9E10 (Sigma-Aldrich), rab-
bit mAb against OTUB1 (RabMAb EPR13028(B), Abcam,
Cambridge, UK), FAT10 rabbit polyclonal antibody (23), and
anti-GFP mouse monoclonal (clones 7.1 and 13.1, Roche)
were used where indicated. An antibody against B-actin
(AC-15, Abcam) was used for loading control detection. For
the determination of protein half-life, Western blotting sig-
nals were analyzed using densitometric calculations (Image-
Lab Software, Bio-Rad), and values were normalized to 3-ac-
tin signals. Statistical analysis was performed by using
GraphPad Prism software (GraphPad Software Inc., San
Diego, CA).

Protein expression and purification

All proteins were expressed in the bacterial expression strain
Escherichia coli BL21(DE3) grown in modified LB medium
(13.5 g/liter peptone, 7 g/liter yeast extract, 14.9 g/liter glycerol,
2.5 g/liter NaCl, 2.3 g/liter K,HPO,, 1.5 g/liter KH,PO,, and
0.14 g/liter MgSO,, X 7H,O (pH 7.0)). Cultures were inoculated
to an A, of 0.2 using saturated cultures and grown at 37 °C to
an Agy, of 0.7. Protein expression was induced at 16 °C over-
night by the addition of 0.4 mm isopropyl 3-p-thiogalactopyra-
noside. Cells were harvested by centrifugation (5000 X g, 30
min, 8 °C) and lysed immediately. FAT10 variants were purified
as described previously (18). OTUBL enzymes were purified
basically as published by Wang et al. (49). His60 Ni Superflow
Resin (Takara) was used to isolate His-TEV—-tagged OTUB1
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from bacterial lysates. The His tag was either cleaved off by
incubation with His-tagged TEV protease overnight at 8 °C
with parallel dialysis followed by a second run at the His60 Ni
Superflow Resin (Takara) or His-OTUBL and tagless OTUB1
were directly subjected to a Hiload 26/60 Superdex 75 gel filtra-
tion column (GE Healthcare) and eluted with 50 mm Tris-HCI
(pH 7.5), 0.2 M NaCl, 1 mm tris(2-carboxyethyl)phosphine, and
1 mM EDTA. Peak fractions were combined, and stored at
—80 °C. Tagless Ubc13 was purified basically by following the
protocol published by Wiener et al. (37) except for using His60
Ni Superflow Resin (Takara) in the initial purification step. The
recombinant UbcH5B-His expression plasmid, a kind gift by
Martin Scheffner (University of Konstanz, Germany), was puri-
fied by using His60 Ni Superflow Resin. The purified proteins
were stored in 20 mMm Tris (pH 7.5), 100 mm NaCl, and 10%
glycerol at —80 °C.

In vitro conjugation experiments

The buffer for in vitro reactions contained 20 mm Tris (pH
7.6), 50 mm NaCl, 10 mm MgCl,, 4 mm ATP, and 0.1 mm DTT
(all from Sigma-Aldrich) supplemented with 1X protease
inhibitor mix (Complete mini EDTA-free protease inhibitor
mixture, Roche). In a final volume of 40 ul the 1X reaction
buffer recombinant proteins were added in the following
amounts: Flag-UBA6, 1 ug (0.1 mg/ml, BML-UWO0350, Enzo
LifeSciences), 6His-USE1, 6 ug (0.6 mg/ml) (19), 3xFlag-
FATI10, 4 ug (0.4 mg/ml) (21), tagless FAT10, 4 ug (1.8 mg/ml)
(18), and His-OTUBI, 2.5 pg (1.25 mg/ml). The reaction mix-
ture was incubated at 30 °C for 60 min with shaking, and the
reaction was stopped by the addition of 5X gel sample buffer
containing 4% 2-ME. Proteins were separated on 4-12%
NuPAGE bis-Tris SDS gradient gels (Invitrogen) with subse-
quent Western blot analysis using the directly labeled per-
oxidase-conjugated antibodies mAb against Flag M2 or mAb
against polyhistidine HIS-1 (Sigma-Aldrich). For analysis of
ubiquitin conjugates, a polyclonal rabbit antibody against
ubiquitin was applied (20458, DakoCytomation, Hamburg,
Germany).

In vitro interaction experiments

In vitro interaction assays were performed in buffer contain-
ing 20 mMm Tris (pH 7.6), 50 mm NaCl, 10 mm MgCl,, 4 mM ATP,
and 0.1 mm DTT, (all from Sigma-Aldrich) supplemented with
1X protease inhibitor mix (Roche). Equal amounts (8 ug) of
His-OTUBI1 (1.25 mg/ml), Flag-tagged FAT10 (0.4 mg/ml)
(21), UbcH5B-His (0.6 mg/ml), tagless Ubc13 (0.6 mg/ml) (37),
and His-USE1 (0.6 mg/ml) (19) with additional Red Anti Flag
affinity gel clone M2 (Sigma-Aldrich) were incubated for
60 min at 8 °C. After the addition of 5X gel sample buffer con-
taining 4% 2-ME, proteins were separated on 4-12%
NuPAGE bis-Tris gradient gels (Invitrogen). Subsequent
Western blot analysis was performed by using the following
antibodies: directly labeled peroxidase-conjugated antibod-
ies mADb against Flag M2 and mAb against polyhistidine
HIS-1 (both mouse, both Sigma-Aldrich) and RabMAb
against Ubc13 (Abcam).



In vitro competition experiments

Transiently overexpressed Flag-tagged OTUB1 WT was
purified from HEK293 cells by immunoprecipitation using Red
Anti Flag affinity gel clone M2 (Sigma-Aldrich) as described
above. Agarose-bound Flag-OTUB1 was incubated for in vitro
competition assays in buffer containing 20 mm Tris (pH 7.6), 50
mwm NaCl, 10 mm MgCl,, 4 mm ATP, and 0.1 mm DTT (all from
Sigma-Aldrich) supplemented with 1X protease inhibitor mix
(Roche). Increasing amounts of UbcH5B-His (0.6 mg/ml) (8,
42, and 84 pg) and His-USE1 (0.6 mg/ml) (4, 22, and 44 pg) (19)
were added for 60 min at 7 °C. Following the addition of 5X gel
sample buffer containing 4% 2-ME, proteins were separated on
4-12% NuPAGE bis-Tris gradient gels (Invitrogen). Subse-
quent Western blot analysis was performed by using directly
labeled peroxidase-conjugated mAb against Flag M2 and
mADb against polyhistidine HIS-1 (both mouse, both from
Sigma-Aldrich).

Assays of OTUB1 cleavage activity

Assays of OTUBI cleavage of ubiquitin variants were per-
formed as described previously (36). Briefly, ubiquitin-AMC (5
M, Boston Biochem, Cambridge, MA) was cleaved by OTUB1
(10 um) at 30 °C in buffer containing 20 mm HEPES (pH 7.5),
100 mMm NaCl, 5 mm DTT, and 0.01% BSA. After starting the
reactions by adding OTUBI, the experiments were carried out
in the presence or absence of 5 um FAT10, UbcH5B, and USEL.
AMC fluorescence (ex. 360 nm, em. 465 nm) was monitored
using a Tecan SPARK 10M plate reader (Tecan Group Ltd.,
Maennedorf, Switzerland). Briefly, FRET-based assays moni-
toring OTUBI (30 nm) cleavage of Lys-48 or Lys-63 diubiquitin
(400 nMm, IQF substrate 5) were performed at 30 °C in buffer
containing 20 mm HEPES (pH 7.5), 100 mm NaCl, 5 mm DTT,
and 0.01% BSA in the absence or presence of 5 uMm FAT10,
UbcH5B, and USEL. The reaction was initiated by the addition
of OTUBL. Fluorescence (ex. 535 nm, em. 595 nm) was moni-
tored using a Tecan SPARK 10M plate reader (Tecan Group
Ltd.). The rate of Lys-48 diubiquitin cleavage was calculated
using the slope of a standard curve prepared with the indicated
percentages of diubiquitin.

Gel-based assays for FAT10 as stimulator of OTUB1 isopep-
tidase activity were performed at 37 °C in reaction buffer con-
taining 20 mm HEPES (pH 7.5), 100 mm NaCl, 5 mm DTT, and
0.01% BSA. 5 um OTUB1 was mixed with 5 uM unlabeled
Lys-48 or Lys-63 diubiquitin (AQUApure, Boston Biochem) in
the presence and absence of 10 um FAT10, USE1, and UbcH5B.
Reactions were initiated by the addition of OTUBI. Samples
were removed at the specific time points, and the reactions
were stopped by the addition of 5X gel sample buffer contain-
ing 4% 2-ME. Samples were analyzed by gel electrophoresis on
4-12% NuPAGE bis-Tris gradient gels (Invitrogen). Gels
were stained with colloidal Coomassie (Instant Blue, Gentaur,
Aachen, Germany) or silver stain (Thermo Scientific).
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