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FAT10, a Ubiquitin-Independent Signal for Proteasomal Degradation
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FAT10 is a small ubiquitin-like modifier that is encoded in the major histocompatibility complex and is
synergistically inducible by tumor necrosis factor alpha and gamma interferon. It is composed of two ubiquitin-
like domains and possesses a free C-terminal diglycine motif that is required for the formation of FAT10
conjugates. Here we show that unconjugated FAT10 and a FAT10 conjugate were rapidly degraded by the
proteasome at a similar rate. Fusion of FAT10 to the N terminus of very long-lived proteins enhanced their
degradation rate as potently as fusion with ubiquitin did. FAT10-green fluorescent protein fusion proteins were
not cleaved but entirely degraded, suggesting that FAT10-specific deconjugating enzymes were not present in
the analyzed cell lines. Interestingly, the prevention of ubiquitylation of FAT10 by mutation of all lysines or by
expression in ubiquitylation-deficient cells did not affect FAT10 degradation. Thus, conjugation with FAT10 is
an alternative and ubiquitin-independent targeting mechanism for degradation by the proteasome, which, in
contrast to polyubiquitylation, is cytokine inducible and irreversible.

The ubiquitin (Ub)-proteasome pathway is the main system
for the targeted degradation of intracellular proteins (37). De-
pending on the metabolic and functional requirement of a cell,
regulatory proteins like cell cycle regulators, transcription fac-
tors, or key enzymes can be specifically selected for degrada-
tion by the 26S proteasome. The basis for selectivity does not
lie in the protease itself but rather in the selective covalent
modification of target proteins with Lys48-linked polyubiquitin
chains. Polyubiquitylation is achieved by an enzymatic cascade
of a ubiquitin-activating enzyme (E1), a ubiquitin-conjugating
enzyme (E2), and a ubiquitin ligase (E3). The specificity of
substrate recognition is afforded by the numerous ubiquitin
ligases which selectively bind a substrate as well as an E2
enzyme, thus facilitating the formation of isopeptide bonds
between the e-amino group of lysines in a substrate protein and
the diglycine motif at the carboxy terminus of ubiquitin (11).
Monomeric ubiquitin is processed from precursor proteins
through ubiquitin-specific proteases which recognize the C-
terminal diglycine motif along with the ubiquitin domain and
which cleave after the diglycine motif irrespective of whether it
is isopeptide linked or linked through a conventional peptide
bond (38). Before degradation, the ubiquitin chains are re-
moved from the substrate and disassembled into monomeric
ubiquitin which can be reused. Ubiquitin levels are hence kept
at a steady-state level, and the ubiquitin protein itself is long
lived (9, 26).

A growing number of proteins which contain domains with
significant homology to ubiquitin have been discovered over
the past 5 years. These ubiquitin-like proteins can be assigned
either to the group of ubiquitin domain proteins which contain
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a ubiquitin homology domain but which do not become co-
valently linked to target proteins or to the group of ubiquitin-
like modifiers (UBLs) which become isopeptide linked to tar-
get proteins (14). Prominent members of the UBL family, such
as SUMO, APG12, and ISG15, have been investigated in de-
tail, and specific E1, E2, and/or E3 enzymes have been iden-
tified. However, none of these modifiers target proteins for
proteasomal degradation.

FATI0 is a fairly new member of the UBL family. It was
recognized as a ubiquitin-like protein after chromosomal se-
quencing of the human major histocompatibility complex class
I locus (6). FAT10 is an 18-kDa protein that consists of two
ubiquitin-like domains with 29% and 36% identity to ubiquitin
in its N- and C-terminal parts, respectively. Unlike other
UBLSs, FAT10 is synthesized with a free diglycine motif at its C
terminus, which implies that it can become conjugated imme-
diately after translation and folding. FAT10 is constitutively
expressed in mature dendritic cells and B cells (1, 6), but it is
also inducible by the proinflammatory cytokines gamma inter-
feron (IFN-v) and tumor necrosis factor alpha (TNF-«) in cells
of various tissue origins (23, 28). The ectopic expression of
murine FATI10 led to the induction of caspase-dependent
apoptosis, which would be consistent with a role of FAT10 in
the TNF-a-mediated induction of apoptosis. Evidence that
FAT10 becomes covalently linked to target proteins via its C
terminus was obtained in inducible FAT10 transfectants be-
cause, in addition to monomeric FAT10, a prominent band of
about 35 kDa appeared upon FAT10 induction that was de-
tected with FAT10-specific antibodies and resisted boiling in
sodium dodecyl sulfate (SDS) under reducing conditions. This
band was not observed when the diglycine motif of FAT10 was
mutated, thus strongly suggesting that it represented a covalent
FAT10 conjugate (29).

The functional consequences of FAT10 conjugation have so
far not been thoroughly investigated, but it is noteworthy that
the inhibition of proteasome activity lead to an accumulation
of FAT10 (23, 29). Moreover, we have recently identified a
noncovalent interaction partner of FAT10 named NEDDS ul-
timate buster 1L (NUB-1L) that bound to the proteasome and
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markedly accelerated FAT10 degradation (12). In this study
we show that monomeric FAT10 as well as its conjugates is
rapidly degraded by the proteasome in a ubiquitin-indepen-
dent manner. Interestingly, ubiquitin and FAT10 turned out to
be equally efficient at targeting long-lived proteins for degra-
dation, thus indicating that FATI10 is the first ubiquitin-like
modifier which, like polyubiquitylation, functions as a protein
signal for rapid degradation of substrate proteins through the
proteasome.

MATERIALS AND METHODS

Cell lines, tissue culture, and transfectants. The tetracycline-inducible mouse
FAT10 transfectant TBIN has been described previously (29). TBIN cells were
cultured in Iscove’s modified Dulbecco’s medium (Invitrogen, Karlsruhe, Ger-
many) supplemented with 10% fetal calf serum (Invitrogen), 100 U/ml penicillin/
streptomycin (Sigma, Taufkirchen, Germany), 400 wg/ml hygromycin (Calbio-
chem, San Diego, CA), 5 pg/ml puromycin (Calbiochem), and 1 pg/ml
tetracycline (Sigma). The epitheloid cervix carcinoma cell line HeLa and the
human embryonic kidney line HEK293T were obtained from American Type
Culture Collection (Manassas, VA). Stimulation with 100 U/ml recombinant
human IFN-y (Roche) and 100 U/ml recombinant human TNF-«a (Roche) was
performed for at least 12 h. The E1 thermosensitive cell line E36-ts20 and
E36-ts20 cells retransfected with a wild-type E1 (E36-ts20/E1) were kindly pro-
vided by M. Piechaczyk and have been described previously (2, 10, 18). E36-ts20
and E36-ts20/E1 cells were cultured in Dulbecco’s modified Eagle medium
(Invitrogen) supplemented with 20% fetal calf serum (Invitrogen) and 100 U/ml
penicillin/streptomycin. Cells were kept at 32°C (permissive temperature for the
ts20 cell line). For studies at the restrictive temperature, cells were incubated for
120 min at 42°C (to inactivate the E1 in the ts20 cells) and then switched to
39.5°C for up to 5 h. For transfection experiments, HEK293T or E36-ts20 cells
were grown in 100-mm dishes to 30 to 40% confluence before transfection with
5 pg cDNA/dish, using the Fugene reagent (Roche, Mannheim, Germany) ac-
cording to the manufacturer’s protocol.

Chemicals and antibodies. Lactacystin (PI-104) was purchased from Biomol
(Plymouth Meeting, PA), LLnL (calpain inhibitor I) was purchased from Roche,
iodacetamide and N-ethyl-maleimide was purchased from Sigma, and ubiquitin-
aldehyde was purchased from Calbiochem (Darmstadt, Germany). The following
antibodies were used: monoclonal anti-hemagglutinin (anti-HA), clone HA-7
(Sigma), monoclonal anti-B-galactosidase (anti-B-Gal), clone GAL-13 (Sigma),
monoclonal anti-green fluorescent protein (anti-GFP) antibodies, clones 7.1 and
13.1 (Roche), monoclonal anti-His, (clone BMG-His-1 [Roche]), polyclonal
antiubiquitin, code no. Z0458 (DAKO, Glostrup, Denmark), and monoclonal
anti-HA high-affinity matrix (Roche). Horseradish peroxidase coupled secondary
antibodies were purchased from DAKO.

Generation of FAT10 polyclonal antibodies. A FAT10-specific polyclonal an-
tibody was raised in rabbits by immunization with a GST-FAT10 recombinant
protein. For production of the GST-FATI10 fusion protein, the FAT10 cDNA
was retrotranscribed from mRNA of JY B cells and amplified, using sense primer
5'-CCATGGATCCATGGCTCCCAATGCTTCCTGCCTC-3' and antisense
primer 5'-CCGTCTCGAGTCTCACCCTCCAATACAATAAGATGC-3" and
cloned via BamHI and Xhol sites into the expression vector pGEX-4T-3 (Am-
ersham Biosciences). BL21 cells were transformed with this construct, and the
GST-FAT10 fusion protein was induced with isopropyl-B-p-1-thiogalactopyrano-
side (IPTG) and purified by glutathione-Sepharose 4B column chromatography
(Amersham). The GST-FAT10 fusion protein (5 mg) was used for immunization
of four different rabbits. One of the raised antibodies was very specific for
detection of human and mouse FAT10 in Western analysis and immunoprecipi-
tation experiments.

Pulse-chase experiments and immunoprecipitation. Pulse-chase experiments
and immunoprecipitations were performed as previously described (12). In im-
munoprecipitation experiments (see Fig. 4 and 5), we included 50 mg/ml ubiq-
uitin aldehyde, 25 mM iodoacetamide, 25 mM N-ethyl-maleimide, and 5 mM
EDTA in the lysis and washing buffers in order to inhibit ubiquitin-specific
proteases.

Plasmids and generation of expression constructs. The plasmids pcDNA3.1/
HA-FAT10, pcDNA3.1/Hiss,-FAT10, pcDNA3.1/HA-Ub, pcDNA3.1/HA-
UbK48R, and pcDNA3.1/HA-UbK48RAGG have been described previously (12,
29). The vector pEGFP N1 was purchased from Clontech (Heidelberg, Ger-
many). The generation of the vectors encoding HA-FAT10-GG-GFP, HA-
FAT10-AV-GFP, HA-ubiquitin-AV-GFP, HA-Sumo-AV-GFP, and HA-
NUB1llong pCDNA3.1 has been described elsewhere (12). The vector containing

DHFR-HA-UBK48R was a kind gift from F. Levi (21). HA-Fat10-AV-DHFR,
and HA-ubiquitin-AV-DHFR were generated by PCR amplification of dihydro-
folate reductase (DHFR) and replacement of the GFP gene in the corresponding
vectors by the DHFR gene using conventional cloning methods. The vector
expressing HA-Ubiquitin K48R was generated by replacing ubiquitin with PCR-
amplified ubiquitin K48R using pcDNA3.1/HA-UbK48R as template. The mu-
tant of FAT10 in which all lysines were replaced by arginines (HA-FAT10-KO0)
was generated by consecutive site-directed mutagenesis using PCR; the se-
quences of the 18 primers used for this purpose will be made available by us upon
request. All sequences were verified by dideoxy sequencing.

RESULTS

FAT10 and its endogenous conjugates are rapidly degraded
by the proteasome. It has been shown previously that the in-
hibition of proteasome activity resulted in an accumulation of
FAT10 suggesting that FAT10 is rapdily degraded by the pro-
teasome (23, 29). To determine the degradation rate of
FAT10, we performed a pulse-chase experiment with the in-
ducible FAT10 transfectant TBIN. The induction of FAT10 in
this cell line leads to the appearance of an additional major
band at 35 kDa which we have previously shown to be a
covalent FAT10 conjugate (29). FAT10 was induced for 24 h
by tetracycline removal, and the cells were then labeled for 1
hour and chased for the indicated time periods (Fig. 1 A).
Quantification of the FAT10 monomer band on a radioimager
(Fig. 1B) demonstrated that 50% of FAT10 was degraded
within 0.9 h and that degradation was strongly attenuated when
the cells were chased in the presence of 80 wM of the protea-
some inhibitor lactacystin (Fig. 1C and D). Interestingly, the
35-kDa FAT10 conjugate which was apparent in the induced
but not in the uninduced cells, had a similar degradation rate
as FAT10 itself and was similarly stabilized by lactacystin treat-
ment. Since our quantifications provided no evidence for the
release of FAT10 from the conjugate over time, the data
strongly suggest that both FAT10 and its target protein were
degraded by the proteasome.

FAT10 and ubiquitin are equally potent at reducing the
half-lives of long-lived proteins when fused to their N termini.
Since FAT10 and its conjugate were degraded by the protea-
some at similar rates, we decided to test whether FAT10 may
function as a degradation signal. The N-terminal fusion of
ubiquitin to long-lived proteins is known to markedly reduce
their half-lives (15). This requires, however, that the two C-
terminal glycine residues be replaced by different amino acids,
because otherwise ubiquitin-specific proteases will rapidly
cleave off the ubiquitin moiety. Hence, we created expression
constructs for fusion proteins between the long-lived GFP at
the C terminus and either HA-tagged FAT10, ubiquitin, or
SUMO-1 at the N terminus. In these constructs the diglycine
motif was replaced with Ala and Val, and for SUMO-1 the
C-terminal extension was removed. The constructs were tran-
siently transfected into HeLa cells, and the degradation of the
three fusion proteins as well as GFP alone was monitored in
pulse-chase experiments (Fig. 2A, top panel). As expected,
GFP was not degraded within 7 h, and also the HA-SUMO-
AV-GFP fusion protein, which served as our negative control,
remained stable. Interestingly, quantification of the bands with
a radioimager revealed that FAT10 and ubiquitin were equally
potent in targeting GFP for fast degradation (Fig. 2A, bottom
panel). This demonstrates that FAT10, like ubiquitin, but in



chase (h)
ni. 0 1 2 420

- Emss=s

o [ ESESES S conjugate
i — i i e < FAT10
B 100% = conjugats
4 FAT10
50%
0% . — .
0 10 20 chase (h)
chase (h}
C ni. 0 0.5
46
ot !!!Eg < conjugate
23— e = e s FATI0
D 100% ~eoniugate
4+ FAT10
50%
0% | : .
0 2 4 chase (h)

FIG. 1. FAT10 and a FAT10 conjugate are rapidly degraded in a
proteasome-dependent manner. The tetracycline-inducible FAT10
transfectant TBIN was labeled with [**S]Met-Cys and chased for the
indicated time periods in the absence (A) or presence (C) of the
proteasome inhibitor lactacystin (80 uM) followed by immunoprecipi-
tation against HA-FAT10. Lanes 1 in panels A and C represent non-
induced TBIN cells (n.i.). The bands shown in panels A and C were
quantified on a radioimager and plotted in panels B and D, respec-
tively, as percent radioactivity based on values obtained after the pulse.

contrast to SUMO-1 and other UBLs, functions as a degrada-
tion signal.

Subsequently, we tested whether this property of FAT10 is
also observed with another long-lived protein and chose
DHFR for this purpose. We generated HA-FAT10-AV-
DHEFR expression constructs and compared the half-life of the
encoded fusion protein to that of HA-Ub-AV-DHFR as a
positive control. As a negative control we used a DHFR-HA-
UbK48R construct because it has been shown that the attach-
ment of a single ubiquitin to the C terminus of DHFR does not
lead to accelerated degradation (21, 36). A quantitative eval-
uation of the experiment shown in Fig. 2B and two additional
experiments indicated that the N-terminal fusion of FAT10
and ubiquitin similarly reduced the half-life of DHFR.

NUBIL targets a FAT10-AV-GFP fusion protein but not
Ubiquitin-AV-GFP for accelerated degradation. Previously, we
have shown that the coexpression of NUB1L caused a marked
acceleration of FAT10 degradation (12). In order to examine
whether fusion proteins containing FAT10 were likewise de-
graded in an accelerated manner, we performed a pulse-chase
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experiment similar to that described above, but this time HeLa
cells were transiently transfected with a FAT10-AV-GFP plas-
mid either alone or together with an expression construct for
HA-NUBIL (12). Interestingly, the coexpression of NUBIL
markedly accelerated the degradation of FAT10-AV-GFP as
revealed by the quantitative analysis of three independent ex-
periments (Fig. 2C). Moreover, a similar NUB1L-dependent
acceleration of FAT10-AV-GFP degradation was observed
when the same transfection experiments were performed with
HEK293T cells (data not shown). Evidently, NUBI1L also ac-
celerated the degradation of FAT10 when it was covalently
linked to another protein. This function appeared to be FAT10
specific, as NUBIL coexpression had virtually no effect on the
proteolysis of a Ub-AV-GFP fusion protein (Fig. 2C).

Lack of evidence for a FAT10-specific protease. In order to
investigate whether a FAT10-specific protease exists, we com-
pared two FAT10-GFP fusion proteins, one with the regular
diglycine C terminus of FAT10 and another one where the
diglycine motif was replaced by Ala and Val. This mutation can
abolish the cleavage at the C termini of most other UBLs and
ubiquitin itself (38). HeLa cells were transiently transfected
with GFP, and the two FAT10-GFP fusion proteins and the
fate of these proteins were analyzed in pulse-chase experi-
ments (Fig. 3A). Both FAT10-GFP fusion proteins were de-
graded with the same kinetics, and neither GFP nor FAT10
was released from the HA-FAT10-GG-GFP fusion protein.
Moreover, repetition of the same experiments in IFN-y-
treated HeLa cells (data not shown) or in HEK293T cells (Fig.
3B) also showed degradation but no processing of either HA-
FAT10-GG-GFP or HA-FAT10-AV-GFP. This result indi-
cates that a FAT10-specific processing protease which ought to
remove FATI10 from isopeptide-linked or N-terminally fused
target proteins was not active in either HeLa or HEK293T
cells.

Determination of the ubiquitylation status of FAT10. Next
we investigated whether targeting to the proteasome is medi-
ated by the two ubiquitin-like domains of FATI0 itself or
whether FAT10 needs to be polyubiquitylated for degradation
by the 26S proteasome. For these and other experiments we
generated a polyclonal antibody by immunizing rabbits with a
GST-FAT10 fusion protein. This antibody prominently de-
tected HA-FAT10 in immunoblots of HEK293T cells that were
transiently transfected with an HA-FAT10 expression con-
struct but not in untransfected cells (Fig. 4A). To determine
the ubiquitylation status of FAT10, we transiently expressed
human His,-FAT10 in HEK293T cells in the absence or pres-
ence of HA-tagged ubiquitin in its wild-type form or in a K48R
mutant or a K48R/AGG double-mutant form. After treatment
with the proteasome inhibitor LLnL, FAT10 was immunopre-
cipitated, and the amount of FAT10 was determined by anti-
His, Western blotting. In addition, ubiquitin-FAT10 conju-
gates were visualized by anti-HA Western blotting (Fig. 4B).
From the anti-His; Western blot it was apparent that roughly
the same amount of FATI10 was immunoprecipitated in all
transfection experiments. The anti-HA Western blot revealed
that bands that correspond to one, two, and three ubiquitin
molecules linked to FAT10 became visible, but high-molecu-
lar-weight polyubiquitin conjugates were not very prominent.
Since none of the ubiquitin conjugates were visible when HA-
UbK48R/AGG was coexpressed, we can be confident that the
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FIG. 2. FATI10 and ubiquitin are equally potent in targeting for degradation. (A) FAT10, SUMO, and ubiquitin were transiently expressed as
uncleavable AV/GG mutated and HA-tagged GFP fusion proteins in HeLa cells. The cells were labeled for 1 h with [**S]Cys-Met and chased for
the indicated time periods prior to HA-specific immunoprecipitation, SDS-polyacrylamide gel electrophoresis (PAGE), autoradiography, and
quantification on a radioimager. As a control, GFP was expressed and immunoprecipitated with an anti-GFP antibody. The arrowheads denote
the different GFP fusion proteins and GFP as indicated above; an asterisk indicates an unspecific band. (B) Fusion proteins of DHFR with
HA-tagged FAT10 and ubiquitin as well as a DHFR-HA-UbK48R control were expressed in HeLa cells, and a pulse-chase experiment was
performed as shown for panel A. The arrowheads denote the respective DHFR fusion proteins as indicated above the panels. (C) HA-FAT10-GFP
and HA-ubiquitin-GFP were transiently expressed in HeLa cells without or together with HA-NUBIL. A pulse-chase analysis was performed as
shown for panels A and B. An arrow denotes HA-Ub-AV-GFP, and an arrowhead denotes HA-FAT10-AV-GFP. All bands were quantified on
a radioimager and plotted below each lane as percent radioactivity based on values obtained after the pulse. The data represent means of results

from three independent experiments * standard errors of the means.

apparent bands do not represent ubiquitin molecules that have
themselves been modified by FAT10 conjugation.

The low level of polyubiquitylated FAT10 shown in Fig. 4A
and B cast some doubt on whether FAT10 needs to be polyu-
biquitylated for proteasomal degradation. Moreover, when we
examined the degree of polyubiquitylation of GFP fusion pro-
teins immunoprecipitated from HEK293T cells transiently
transfected with expression constructs for FAT10-AV-GFP,
Ub-AV-GFP, SUMO-AV-GFP, UbK48R-AV-GFP, and GFP
(Fig. 4C), we noted that the degrees of polyubiquitylation of
the respective fusion proteins did not correlate with their rates
of degradation (Fig. 2A). Hence, we decided to investigate

whether the degradation of FAT10 could be ubiquitin inde-
pendent.

Ubiquitylation of FAT10 is not necessary for FAT10 degra-
dation. An expression construct in which all 17 lysines of hu-
man FAT10 were replaced by arginines was generated (desig-
nated HA-FAT10-K0). HA-FAT10 and HA-FAT10-KO were
transiently expressed in HEK293T cells, and their half-lives
were determined in a pulse-chase experiment (Fig. 5A). A
quantitative evaluation of the results revealed that the degra-
dation rates of HA-FAT10 and HA-FAT10-KO were identical.
Moreover, the coexpression of NUBIL accelerated HA-
FAT10-KO degradation to the same extent as we had shown
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FIG. 3. Lack of evidence for a FAT10-specific processing protease.
GFP and FAT10-GFP fusion proteins with either wild-type FAT10 or
with a GG-to-AV mutation of the FAT10 C terminus were transiently
expressed in (A) HeLa or (B) HEK293T cells. The cells were labeled
for 1 h with [**S]Cys-Met and chased for the indicated time periods
prior to GFP-specific immunoprecipitation, SDS/PAGE, and autora-
diography. The leftmost lane in panel A shows a vector control.

before for wild-type FAT10 (12) and the FAT10-AV-GFP
fusion protein (Fig. 2C). The degradation of HA-FAT10-K0
also appeared to be proteasome dependent, as the protein
could be stabilized with the proteasome inhibitor lactacystin
even in the presence of NUBIL (Fig. 5A, bottom).

A concern with these experiments could be that HA-
FAT10-KO may not be folded properly. Several observations
argue against this possibility. First, we could efficiently immu-
noprecipitate HA-FAT10-KO0 with our polyclonal anti-FAT10
antibody from transiently transfected HEK293T cells (Fig. 5B,
first lane from the left). Second, NUBIL was as efficiently
coimmunoprecipitated with HA-FATI0 as with HA-
FAT10-KO from transiently transfected HEK293T cells (Fig.
5B, second and sixth lanes from the left). Third, NUBIL ac-
celerated HA-FAT10-KO degradation as efficiently as that of
HA-FAT10 (Fig. 5A) (12). It is hence unlikely that the rapid
degradation of HA-FAT10-KO is caused by misfolding.

In general, lysine residues are required for the conjugation
of substrate proteins with ubiquitin. In some proteins, how-
ever, the amino termini were found to be ubiquitylated (4). To
test whether the HA-FAT10-KO protein can be ubiquitylated,
we expressed HA-FAT10 or HA-FAT10-KO0 alone or together
with HA-ubiquitin in transiently transfected HEK293T cells.
FAT10 was immunoprecipitated with an anti-FAT10 antibody,
and the immunoprecipitates were analyzed by immunoblotting
with an anti-HA antibody. Although similar amounts of the
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FAT10 proteins were expressed, and although polyubiquitin
conjugates were readily detected in the lysates of the trans-
fected cells (Fig. 5C, bottom), we detected mono- and polyu-
biquitylation only for HA-FAT10 but not for HA-FAT10-KO0
even after prolonged exposure (Fig. 5C, top). This indicates
that ubiquitin conjugation of FAT10 is not required for its
proteasome-dependent degradation.

FAT10 degradation occurs normally in E1 temperature-sen-
sitive mutants. A prerequisite for ubiquitin conjugation is the
ATP-dependent activation of the carboxy terminus of ubiquitin
by the ubiquitin-activating enzyme (E1). An extensively char-
acterized mutant cell line which expresses a temperature-sen-
sitive form of E1 is the Chinese hamster ovary line E36-ts20
(18). We used this mutant cell line and E36-ts20/E1 cells that
are reconstituted with a transfected wild-type E1 enzyme to
investigate whether the degradation of FAT10 or FAT10-GFP
fusion proteins is in fact independent of ubiquitin conjugation
to FAT10. For this purpose, E36-ts20 and E36-ts20/E1 cells
were transiently transfected with a FAT10-AV-GFP expres-
sion construct, and a pulse-chase experiment was performed at
the restrictive temperature (Fig. 6A) and quantitatively evalu-
ated (Fig. 6C). Interestingly, the FAT10-AV-GFP protein was
degraded at the same rate in both cell types, indicating that
FAT10-AV-GFP catabolism occurred even when ubiquitin
conjugation was defective (10). To confirm that the E36-ts20
line was defective in ubiquitylation, we transfected E36-ts20
and E36-ts20/E1 cells with an HA-DHFR-ubiquitin-Arg-p-ga-
lactosidase expression plasmid. This construct encodes a fusion
protein which is cleaved by ubiquitin-specific proteases into a
stable N-terminal HA-DHFR-ubiquitin part that was used as a
transfection control (data not shown) and a C-terminal Arg-
B-galactosidase (Arg—B-Gal) part which is an N-end rule sub-
strate and therefore rapidly degraded in a ubiquitin-dependent
manner (21). As shown in Fig. 6B and C, the Arg—B-Gal
protein was stable in the E36-ts20 mutant while it was de-
graded in the E36-ts20/E1 transfectant. Taken together, these
results agree with the data obtained with the lysine-deficient
FAT10 mutant (Fig. 5) in that they establish FAT10 as a
ubiquitin-like modifier that can target proteins for degradation
by the proteasome without the need for polyubiquitylation.

DISCUSSION

When UBLs are described it is usually emphasized that they
form isopeptide linkages with target proteins just like ubiquitin
but that they do not serve proteolytic functions. In this work we
show that FAT10 is the first UBL which, like ubiquitin, targets
conjugated proteins for degradation through the proteasome.
Similar to ubiquitin, FAT10 served as a degradation signal
when it was fused to the N termini of two long-lived proteins,
and it is remarkable that FAT10 was as potent as ubiquitin in
accelerating their proteolysis (Fig. 2A). Since proteasomal tar-
geting by FAT10 did not rely on the ubiquitin conjugation
system, modification with a single FAT10 molecule appears to
be an independent alternative to polyubiquitylation.

When we initially observed that FAT10 can act as a trans-
ferable degradation tag, two scenarios seemed possible: firstly,
FAT10 could, like other degrons, bind to an E3 ubiquitin ligase
and by that means initiate the assembly of polyubiquitin chains,
and, secondly, FAT10 itself may act like polyubiquitin in func-
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untransfected cells is indicated by an asterisk. (B) HEK293T cells were transiently transfected with His,-FAT10, HA-Ub, HA-UbK48R, or
HA-UbK48R/AGG. Prior to lysis, cells were incubated with 100 wM of the proteasome inhibitor LLnL for 6 h. After an immunoprecipitation (IP)
with the anti-FAT10 antibody characterized in panel A, the precipitates were analyzed by Western blotting (WB) with either anti-His, (left panel)
or anti-HA (right panel) antibodies. (C) HEK293T cells were transiently transfected with constructs encoding FAT10-AV-GFP, ubiquitin-AV-
GFP, SUMO-AV-GFP, UbK48R-AV-GFP, or GFP. Four hours before lysis, cells were treated with 50 uM of the proteasome inhibitor lactacystin
(Lac) where indicated. Lysates were immunoprecipitated with anti-GFP antibody, and immunoprecipitates were analyzed by Western blotting with
an antiubiquitin antibody. The arrowhead indicates the signal for Ub-AV-GFP and UbK48-AV-GFP, and polyubiquitin conjugates of the
respective proteins are labeled poly-Ub-X-GFP.
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FIG. 5. Ubiquitylation of FAT10 is not necessary for FAT10 degradation. (A) FAT10, a lysineless FAT10 mutant (FAT10-K0), and NUBI1L
were transiently expressed as HA-tagged proteins in HEK293T cells and treated with 50 wM of lactacystin (Lac) during the labeling and the chase
where indicated. The cells were labeled for 1 h with [**S]Cys-Met and chased for the indicated time periods prior to HA-specific immunopre-
cipitation, SDS/PAGE, and autoradiography. (B) HEK293T cells were transfected with HA-FAT10, HA-FAT10-K0, and HA-NUBIL as indicated
on the top. After labeling, lysates were immunoprecipitated (IP) with anti-FAT10 or anti-HA antibodies as indicated and analyzed by SDS/PAGE
and autoradiography. (C) HEK293T cells were transfected with HA-FAT10, HA-FAT10-K0, and HA-ubiquitin as indicated above. Four hours
before lysis, cells were treated with 50 WM of lactacystin where indicated. As shown in the upper panel, lysates were immunoprecipitated with
anti-FAT10 antibody, and immunoprecipitates were analyzed by Western blotting with anti-HA antibody. The lower panel shows an anti-HA

Western blot of total lysates.

tioning as a proteasome-targeting signal. First we addressed
the question of whether FAT10 is ubiquitylated in cells, and we
observed that FAT10 was primarily modified with only one to
three copies of ubiquitin that do not mediate efficient targeting
to the 268 proteasome (35) (Fig. 4B). This was an incentive for
us to further investigate the ubiquitin dependence of FAT10
degradation.

Subsequent experiments revealed that FAT10 is rapidly de-
graded by the proteasome without requiring the ubiquitylation
system in general and polyubiquitylation of FAT10 itself in
particular. In Fig. 6, the degradation rate of FAT10-AV-GFP
in E36-ts20 cells that express temperature-sensitive ubiquitin-
activating enzyme E1 is compared with the degradation rate in
the reconstituted E1 transfectant E36-ts20/E1. Consistently,
we observed no differences in FAT10-AV-GFP degradation
between E36-ts20 and E36-ts20/E1 cells. It should be empha-
sized though, that ubiquitin conjugation in E36-ts20 is largely
deficient at the restrictive temperature but that some 20% of
polyubiquitin conjugate formation remains that, nevertheless,

did not suffice to maintain viability or to degrade the bulk of
short-lived proteins (8, 10, 18). Since FAT10-AV-GFP degra-
dation occurred at a normal pace in these mutants, it is fair to
conclude that FAT10 degradation does not rely on polyubig-
uitylation to an extent similar to that of other short-lived pro-
teins, like p53 (3) or FOS (32). We cannot, however, rule out
the unlikely scenario that the 20% polyubiquitylation capacity
remaining at the restrictive temperature contributed to FAT10
degradation.

To further investigate this issue, we generated a FATI10
mutant in which all 17 lysines were replaced by arginines. This
mutant protein, designated HA-FAT10-K0, bound normally to
anti-FAT10 polyclonal antibodies and to the FAT10-interact-
ing protein NUBIL (Fig. 5B), indicating that HA-FAT10-KO0
was properly folded. Since HA-FAT10-K0 was degraded at the
same rate as HA-FAT10, in both the presence and the absence
of NUBIL, we conclude that isopeptide linkage to ubiquitin at
lysine residues was not required for HA-FAT10-K0 degrada-
tion. In a few cases, however, the a-amino group at the N



3490

A -E1 +E1

— < FAT10-GFP

0 5 0 5

B -E1 +E1
_“—o e sl o o arg-Rgal

0 0.5 0 0.5 chase(h)

C

100% I:] +E1
: H-E

chase(h)

0% [ - L
arg-B-gal FAT10-GFP

FIG. 6. Degradation of FATI10 is ubiquitin independent. (A) The
E1l thermosensitive cell line E36-ts20 (—E1) and E36-ts20 cells re-
transfected with a wild-type E1 (+E1) were transiently transfected
with HA-tagged FAT10-AV-GFP. After inactivation of the thermo-
labile E1 by temperature shifting, the cells were labeled for 1 h with
[*°S]Cys-Met and chased for the indicated time periods prior to HA-
specific immunoprecipitation, SDS/PAGE, and autoradiography.
(B) Similar experiments were performed transfecting a short-lived
HA-DHFR-ubiquitin-Arg-B-Galactosidase construct. The immuno-
precipitation was performed with an anti-B-Gal antibody. (C) The
bands were quantified on a radioimager and plotted as percent radio-
activity based on values obtained directly after the pulse. The means of
results from three independent experiments are shown, and error bars
indicate the standard errors of the means.

terminus of proteins was shown to be linked to the C terminus
of ubiquitin by formation of a conventional peptide bond (4).
Lysineless variants of proteins have been shown to be polyu-
biquitylated at the N terminus and degraded, although in some
of these proteins the degradation was significantly slowed
down when all lysines were mutated. We found that wild-type
HA-FAT10 was ubiquitylated, but no ubiquitylation was de-
tected for the lysineless variant HA-FAT10-KO either in the
absence or in the presence of proteasome inhibitors (Fig. 5C).
One could argue that a very minor portion of HA-FAT10-K0
that escaped our detection was ubiquitylated, but if this was the
case, such trace amounts are very unlikely to mediate HA-
FAT10-KO degradation at the same efficiency as lysine-profi-
cient HA-FAT10. Moreover, the HA-FAT10-KO0 protein bears
an HA tag at the N terminus which most likely is acetylated
since it bears an alanine at position 2 that, after cleavage of the
N-terminal methionine by methionine aminopeptidases, is pre-
dicted to become acetylated by the N-terminal acetyltrans-
ferase type A (27). N-terminal acetylation interferes with N-
terminal ubiquitylation and hence is another strong argument
against N-terminal ubiquitylation of HA-FAT10-K0. Taken
together, the data shown in Fig. 5 and 6 indicate that FAT10
and FAT10-conjugated proteins can be efficiently degraded in
a ubiquitin-independent manner.

These results raise the question of how FAT10 can mediate
degradation by the proteasome. Ubiquitin-independent degra-
dation by the proteasome has been described previously for

ornithine decarboxylase (25), which is targeted to the 26S pro-
teasome by a polyamine-induced protein called antizyme 1
(39). Also, the cell cycle inhibitor p21 appears to be degraded
by the proteasome without the need for ubiquitylation (31), as
unmodified p21 can be efficiently degraded by the 20S and 26S
proteasomes in vitro (22).

Ubiquitin-like domains can mediate binding to the 26S pro-
teasome as has been demonstrated for the ubiquitin domain
proteins Rad23, Dsk2, and BAG-1 (5, 7, 24, 30). Rad23 and
Dsk2 may act as adaptor proteins in that they bind to the Rpnl
subunit of the 26S proteasome through their ubiquitin-like
domain and to polyubiquitin chains through their ubiquitin-
associated domains. In this respect it is intriguing that we
recently identified NUBI1L as a noncovalent interaction part-
ner of FAT10 (12). NUBIL contains three ubiquitin-associ-
ated domains in its C-terminal part and a ubiquitin-like do-
main at the N terminus (12, 34). In addition, NUBIL was
found to be associated with the 26S proteasome and to bind to
the 19S regulator subunit RpnlO in vitro (16). Given that
NUBIL, which is also IFN-y inducible (17), markedly acceler-
ated the degradation of FAT10 (12) and FAT10 fusion pro-
teins (Fig. 2C), it is attractive to hypothesize that NUBIL
functions as an adaptor that ties FAT10 and FAT10-conju-
gated proteins to the proteasome. A recent study demon-
strated that proteins that were targeted to the proteasome with
an artificial tagging system were rapidly degraded by the pro-
teasome (13). Proximity to the proteasome may therefore be
sufficient for degradation, and polyubiquitin chains may not be
the only signal for proteasomal degradation.

A striking difference between ubiquitin and FAT10 is in
their rates of turnover. Although investigations on the half-life
of ubiquitin yielded quite different results ranging from 320 h
(26) to 28 h (9), it is clear that ubiquitin is much more stable
than FAT10, which was degraded by 50% within approximately
1 hour in human and murine cells. Since FAT10 conjugates are
degraded at the same speed as monomeric FAT10 and since
both are similarly stabilized through lactacystin, we consider it
very likely that FAT10 is being degraded along with its sub-
strate. This notion is supported by the observation that mono-
meric FAT10 did not accumulate during our pulse-chase ex-
periments (Fig. 1A), thus indicating that FAT10 was not
liberated from FAT10 conjugates. Liberation of FAT10 from
its conjugates would require the existence of FAT10-specific
proteases. Using FAT10-GFP fusion proteins, we have exam-
ined this possibility, but no evidence for cleavage of the fusion
protein could be obtained with HeLa cells (Fig. 3A) or
HEK293T cells (Fig. 3B). HeLa cells express FAT10 upon
induction with IFN-y (28), but even in the presence of IFN-y
we failed to obtain any evidence for a FAT10-specific protease
(data not shown). We are aware that our experiments cannot
rule out the expression of a FAT10-specific protease in cells
which we have not yet tested, but given that FAT10 is ex-
pressed in HeLa cells, we find this possibility unlikely. A lack of
FAT10-specific processing proteases would be in striking con-
trast to ubiquitin, NEDDS§, SUMO-1, or ISG15, for which
specific processing proteases have been described. This feature
would, however, be in accordance with another unique trait of
FATI10, i.e., the direct biosynthesis with a free diglycine motif
at the C terminus which does not need further processing
before conjugation. Interestingly, in mutants that lack the pro-



teasome-associated deubiquitinating enzymes Ubp6 and Doa4,
the half-life of ubiquitin is dramatically shortened; this finding
was attributed to a failure to remove ubiquitin from polyubig-
uitylated substrates before they are degraded by the 26S pro-
teasome (20, 33). In these mutants ubiquitin appears to have
roughly the same low persistence and fate as FAT10.

The rapid proteolysis of FAT10 conjugates may also explain
why it has been difficult to detect these conjugates. Liu et al.
reported that using a FAT10-specific antibody, they did not
detect proteins that could represent FAT10 conjugates (23).
The first time we could detect a FAT10 conjugate with the
molecular mass of about 35 kDa was after the tetracycline
induced overexpression of HA-FAT10 in mouse fibroblasts
(29). Recently, Lee et al. published a study showing that
FAT10 expression was markedly upregulated in 90% of hepa-
tocellular carcinoma tissue as well as several tumors of the
gastrointestinal tract and female reproductive organs (19). In-
terestingly, the anti-FAT10 antibody generated in that study
also detected a 35-kDa band in addition to monomeric FAT10
in NIH 3T3 fibroblasts. It will now be crucial to identify
FAT10-conjugated target proteins in order to learn more
about the biological functions of FAT10 and to understand
why these proteins can be rapidly and irreversibly targeted for
proteasomal degradation without the involvement of the ubiq-
uitin system.
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