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Proteins selected for degradation are labeled with multiple mol-
ecules of ubiquitin and are subsequently cleaved by the 26 S pro-
teasome. A family of proteins containing at least one ubiquitin-
associated (UBA) domain and one ubiquitin-like (UBL) domain
have been shown to act as soluble ubiquitin receptors of the 26 S
proteasome and introduce a new level of specificity into the degra-
dation system. They bind ubiquitylated proteins via their UBA
domains and the 26 S proteasome via their UBL domain and facil-
itate the contact between substrate and protease. NEDDS8 ultimate
buster-1 long (NUB1L) belongs to this class of proteins and con-
tains one UBL and three UBA domains. We recently reported that
NUBIL interacts with the ubiquitin-like modifier FAT10 and
accelerates its degradation and that of its conjugates. Here we show
that a deletion mutant of NUBI1L lacking the UBL domain is still
able to bind FAT10 but not the proteasome and no longer acceler-
ates FAT10 degradation. A version of NUB1Llacking all three UBA
domains, on the other hand, looses the ability to bind FAT10 but is
still able to interact with the proteasome and accelerates the deg-
radation of FAT10. The degradation of a FAT10 mutant containing
only the C-terminal UBL domain is also still accelerated by NUBI1L,
even though the two proteins do not interact. In addition, we show
that FAT10 and either one of its UBL domains alone can interact
directly with the 26 S proteasome. We propose that NUB1L not
only acts as a linker between the 26 S proteasome and ubiquitin-
like proteins, but also as a facilitator of proteasomal degradation.

Ubiquitin, a small protein of 76 amino acids is one of the most
conserved proteins known and has been found in all eukaryotic
cells studied. It is essential for a variety of cellular processes,
including degradation, cell-cycle regulation, DNA repair, stress
response, embryogenesis, apoptosis, signal transduction, and
transmembrane and vesicular transport (1- 6). Throughout the
past years, a family of proteins containing structural motives
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related to ubiquitin has been described that can be grouped into
the ubiquitin-like modifiers and the ubiquitin-domain proteins
(7). The ubiquitin-like modifiers have substantial sequence or
structural homology to ubiquitin and form covalent conjugates
with their target proteins. However, unlike ubiquitin, which can
form large polymeric conjugates, usually only monomeric mod-
ifications are observed. As is the case for ubiquitin, a C-terminal
diglycine motif is essential for conjugation of most modifiers to
their target proteins (8). Prominent members of this group
include SUMO-1, which serves several functions including
nuclear transport and budding (9, 10), NEDDS8, which regulates
SCF ubiquitin-ligases via cullin modification (11), [ISG15, which
plays a role in innate immunity and in the response to a-inter-
feron (12, 13), and FAT10, which is inducible with y-interferon
(IFN)-v* and tumor necrosis factor o (TNF-a) (14, 15), and has
been shown to cause apoptosis upon ectopic expression (16).

The ubiquitin-like protein FAT10 consists of two UBL
domains in a head to tail formation, which are about 29 and 36%
identical to ubiquitin, respectively. Several key features of ubiq-
uitin, like the lysine residues 48, 63, and 29, which are required
for polyubiquitin chain formation, are conserved in both UBL
domains (17). Its C terminus bears a free diglycine motif, which
is necessary for the conjugation to so far unidentified target
proteins (16). Like ubiquitin (18), FAT10 causes rapid degrada-
tion of long-lived proteins when fused to the N terminus (19).
However, unlike ubiquitin, which is recycled from the degraded
target proteins, FAT10 is digested along with its substrates.
FAT10 thus has a relatively short half-life (20), which decreases
dramatically by coexpression of a member of the group of ubiq-
uitin-domain proteins named NEDDS8 ultimate buster-1 long
(NUBIL) (21, 22).

Several ubiquitin-domain proteins consist of an N-terminal
UBL domain, which binds to the 19 S regulator of the 26 S protea-
some (23) and one or more UBA domains that bind mono- or
polyubiquitin (24, 25). Members of this group include Rad23,
which is involved in nucleotide excision repair, and Dsk2, which
plays a role in spindle pole duplication (26 —28). It has been sug-
gested that these ubiquitin-domain proteins serve as linkers of

“The abbreviations used are: IFN, interferon; GST, glutathione S-transferase;
HA, hemagglutinin; NEDD, neural precursor cell-expressed developmen-
tally down-regulated; NUB1, NEDD8 ultimate buster-1; UBA domain, ubig-
uitin-associated domain; TNF, tumor necrosis factor; GFP, green fluores-
cent protein; UBL domain, ubiquitin-like domain; DHFR, dihydrofolate
reductase.
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ubiquitylated proteins and the 26 S proteasome (29), but the role of
these proteins in degradation is still controversial. Some artificial
reporter substrates accumulate in rad23-deleted and dsk2-deleted
cells, as do high molecular weight ubiquitin conjugates (30—34),
but even in rad23/rpn10 doubly deleted cells, the bulk turnover of
short-lived proteins is not affected (35). Overexpression of either
hPlic or Rad23 leads to inhibition of substrate turnover by the 26 S
proteasome (36, 37), and an excess of Rad23 inhibits the in vitro
degradation of Ub,DHEFR by the 26 S proteasome (38). A recent
study suggested that UBL-UBA proteins, acting as multiubiquitin
chain-binding proteins, define a new layer of substrate specificity,
where different multiubiquitin chain-binding proteins are
involved in the degradation of different proteins (39). The UBA
domains are usually essential for this function. Rad23 lacking its
UBA domains cannot inhibit degradation in vitro anymore (38),
nor can it bind polyubiquitin. The UBL domains, on the other
hand, are required for binding to the 26 S proteasome (23). For
example, only Rad23 with both UBA and UBL domains can rescue
degradation by either Rad23- or RpnlO-depleted proteasomes
invitro (39).

In this study we investigated the impact of the UBL and UBA
domains of NUB1L on the binding and degradation of FAT10 as
well as the role of the two UBL domains of FAT10. We were able
to show that all three UBA domains of NUBIL are required for
FATI10 binding, whereas the NUB1L UBL domain mediates
interaction with the 26 S proteasome. Surprisingly, a NUBIL
mutant lacking the UBA domains was still able to accelerate the
degradation of FAT10, even though the two proteins no longer
interacted. This apparent contradiction could be reconciled by
the finding that FAT10 and NUBIL as well as both UBL
domains of FAT10 separately interacted with the 26 S protea-
some. Taken together, we found no correlation between the
binding of target proteins to NUB1L and the ability of NUB1L
to accelerate their degradation, suggesting that NUBIL, by
binding to the proteasome via its UBL domain, functions as a
facilitator of proteasomal degradation of FAT10 without the
necessity to serve as a linker.

EXPERIMENTAL PROCEDURES

Antibodies—The anti-HA monoclonal antibody clone HA7
(Sigma) was used for immunoprecipitation in Figs. 2—7 and for the
Western blot in Fig. 84. The anti-His, monoclonal antibody clone
BMG His-1 (Roche Diagnostics) was used for immunoprecipita-
tion shown in Figs. 2, B and D, and 4D. A mixture of monoclonal
anti-green fluorescent protein (GFP) clones 7.1 and 13.1 (Roche
Diagnostics) was used for the immunoprecipitation in Fig. 64 and
for the Western blot in Fig. 8B8. An anti-HA monoclonal antibody
clone HA7 antibody peroxidase conjugate (Sigma) was used for
the Western blot shown in Fig. 8C, and a polyclonal rabbit anti-
GEFP antibody (Sigma) for the Western blot in Fig. 8D. The West-
ern blots presented in Fig. 8, E and F, were performed with a rabbit
polyclonal anti-Rpt6 (S8) from Biomol (Exeter, UK). The immu-
noprecipitation of the proteasome was performed with 5 ul of
ascitis fluid of the anti-HN3 antibody MCP444 (40). The mouse
monoclonal anti-iota antibody 27K was kindly provided by Dr.
Klaus Scherrer (Paris). Anti-FAT10 antibody has been described
(19), anti-NUBLI antibody was a gift from Dr. Michael E. Cheetm-
ham (London). The anti-glyceraldehyde-3-phosphate dehydro-
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genase antibody was purchased from Ambion, Inc. (Austin, TX).
All antibodies were coupled to EZview Red Protein A or G Affinity
Gel (Sigma) for immunoprecipitation. All horseradish peroxidase-
conjugated secondary antibodies were purchased from DAKO
(Glostrup, Denmark).

Tissue Culture—HEK293T and HeLa cells were kept in
Iscove’s modified Dulbecco’s medium. Induction of FAT10 and
NUBIL was performed by overnight incubation with IFN-y
(Endogen, Rockford, IL) at a final concentration of 200 units/ml
and TNF-a (Endogen) at 400 units/ml.

Quantitative Reverse Transcriptase-PCR—The RNA was iso-
lated with a kit from Machery Nagel (Diiren, Germany) and the
c¢DNA was generated with a kit from Promega according to the
instructions of the manufacturer. We used the following prim-
ers and conditions: for FAT10 forward primer, ttgttcttgtggagt-
caggtg; reverse primer, agtaagttgccctttctgatge, with cycling
parameters at 95 °C for 10 min, 95 °C for 155, 60 °Cfor 5,72 °C
for 9 s, 40 times; for NUB1L forward primer: aaagggatgggc-
tactccac, reverse primer, cgtctgttgaggcactagagg with cycling
parameters at 95 °C for 10 min, 95 °C for 155,60 °Cfor 55,72 °C
for 13 s, 40 times; for glyceraldehyde-3-phosphate dehydrogen-
ase forward primer: gaaggtgaaggtcggagtc, reverse primer, gaa-
gatggtgatgggatttc, with cycling parameters at 95 °C for 10 min,
95°Cfor 155,60 °C for 55, 72 °C for 11 s, 40 times.

Generation of cDNA Constructs—The generation of HA-
NUBIL (Figs. 1-6) and His,-FAT10 (Fig. 2) both in pcDNA3.1,
HA-FATI10 in pBI, HA-FAT10 in pBI + GFP, HA-NUBIL in
pBI + GFP, HA-FAT10 + HA-NUBIL in pBI, FAT10-GFP,
SUMO-1-GFP, and GST-FAT10 have been described (20). The
glutathione S-transferase (GST)-expressing vector pGEX-4T-3
and the GFP-expressing vector pN1EGFP are commercially
available from Amersham Biosciences and Clontech. Genera-
tion of expression constructs for NUB1LAUBA1, NUB1LAU-
BA2, NUBILAUBA3, NUB1LAUBA1/2, NUB1LAUBA1/3,
NUB1LAUBA2/3, NUB1LAUBA1-3, NUBILAUBL, and
NUB1 was performed by PCR. A list of the primers used will be
available on request. First we made the deletion mutant
NUB1LAUBA1-3. The parts of the DNA from the 5'-end of the
full-length cDNA to the 5-end of UBA1, and from the 3"-end of
UBAS3 to the 3'-end of the wild-type cDNA were amplified sep-
arately by PCR. A short overlap of the primers flanking the
region to be deleted allowed for assembly of these two frag-
ments that were completed by amplification using the 5’ and
3’ primers of the full-length cDNA. The short overlap of the
two primers contained three unique restriction sites, which
were introduced by conservative mutations. The UBA
domain or domains of the other mutants were amplified by
PCR and introduced into NUB1ILAUBA1-3 via the unique
restriction sites. NUB1LAUBL was generated the same way as
NUB1LAUBA1-3, but different primers were used. FAT10-N-
GFP and FAT10-C-GFP were generated by PCR amplification
of the N-terminal (FAT-N-GFP) or C-terminal (FAT10-C-
GFP) UBL domain of FAT10 and replacing FAT10 in a FAT10-
GFP expressing vector by restriction digestion. The two
domains were cloned into pcDNA3.1 as well. All sequences
were verified by sequencing.

Immunoprecipitation—Co-immunoprecipitation of NUBIL
mutants and His,-FAT10,and NUB1L and FAT10 mutants was
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performed as previously described (20). For the immunopre-
cipitation of the 26 S proteasome, one well of a 6-well plate of
transfected cells was used per immunoprecipitation. Cells were
lysed in 25 mwm Tris, pH 7.8, 2 mm MgCl,, 20% glycerol, 1 mm
dithiothreitol, and 2 mm ATP by sonification. After centrifuga-
tion for 15 min at 20,000 X g, the supernatant was supple-
mented with bovine serum albumin to a final concentration of 1
mg/ml, 15 mMm creatine phosphate, and 15 units/ml creatine
kinase. After preincubation of the lysates for 1 h with Sepharose
CL-4B (Amersham Biosciences), the supernatant was immuno-
precipitated for 4 h with 5 ul of MCP444 ascitis fluid. After
washing three times with lysis buffer, the matrix was washed
once with 25 mm Tris, pH 7.8, 2 mm MgCl,, 20% glycerol, 1 mm
dithiothreitol, 2 mm ATP, 150 mMm KCI, and 0.05% Triton
X-100. Bound proteins were eluted by boiling in SDS sample
buffer and analyzed by Western blotting.

Pulse-Chase Experiments—Tissue culture and transfection
of HEK293T cells, metabolic labeling, and pulse-chase analysis
were performed as described (20).

GST Pulldown Assays—Glutathione-Sepharose 4B (Amer-
sham Biosciences) and recombinant GST or GST-FAT10 (puri-
fied as previously described (20)) were incubated overnight at
4 °Cwith 20 ug of 26 S proteasome in the presence or absence of
recombinant His,-NUBIL (purified as previously described
(20)). The incubation buffer contained 20% glycerol, 2 mm ATP,
1 mm dithiothreitol, and 100 uMm N-acetyl-Leu-Leu-nor leucinal
(Roche Diagnostics). The matrix was washed four times with
incubation buffer and analyzed by Western analysis for the 20 S
subunit iota. All other GST pulldown assays and coupled in
vitro transcription/translation reactions were performed as
described (20).

Purification of 26 S Proteasomes—Purification of 26 S protea-
somes was performed as detailed elsewhere (41).

Analysis of Intracellular Protein Degradation and Protea-
some Activity—The experiments were performed exactly as
previously described (42).

RESULTS

All Three UBA Domains of NUB1L Are Required for the Interac-
tion with FATIO, but the UBL Domain Is Dispensable—We
recently showed that NUBIL interacts with FAT10 and acceler-
ates its degradation and that of FAT10-conjugated proteins (19,
20). To elucidate the role of the different UBL and UBA domains,
we created several deletion mutants of NUBI1L. It should be
pointed out that NUBI is a natural splicing variant of NUBIL,
which has a deletion of 14 amino acids, encompassing the C-ter-
minal third of a UBA domain (UBA2 in Fig. 1) (43). This flexibility
in the structure should allow us to remove all three UBA domains
together (NUBILAUBA1-3), or two of them (NUB1LAUBA2/3,
NUBILAUBA1/3, and NUB1LAUBAZ2/3) or only one of them (N-
UB1LAUBA3, NUBILAUBA2, and NUBI1LAUBAIL) without
compromising the folding. We also deleted the ubiquitin-like
domain (NUB1LAUBL) as indicated in Fig. 1. First we analyzed the
interaction of FAT10 and NUB1L mutants in vitro. After in vitro
transcription and translation 10% of the reactions were analyzed
by SDS-PAGE and autoradiography. All analyzed mutants
appeared as a single band and were expressed as soluble proteins in
amounts comparable with wild-type NUB1L (Fig. 1B). Half of the
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FIGURE 1. Domain structure of NUB1 and NUB1L, some deletion mutants,
and their interaction with GST and GST-FAT10. A, the positions of the
domains of NUB1L are indicated by the number of the amino acids. The UBL
domains are shown in gray, the UBA domains are shown in white. B, autora-
diography of in vitro transcribed and translated NUB1L mutants after separa-
tion by SDS-PAGE. A 10% aliquot of each reaction was loaded to demonstrate
the amount available for the GST pulldown. The positions of molecular mass
markers (in kDa) are indicated on the right. C, autoradiography of the NUB1L
mutants shown in A after incubation with GST-coupled GSH-Sepharose,
washing, and separation by SDS-PAGE. The lane occupation is the same as in
B. D, autoradiography of the NUB1L mutants shown in A after incubation with
GST-FAT10-coupled GSH-Sepharose, washing, and separation by SDS-PAGE.
Lane occupation is the same as in B. Only wild-type NUB1L, NUB1, and
NUB1LAUBL interact strongly, NUB1LAUBA3 interacts weakly with GST-
FAT10. The experiments were repeated three times with similar outcomes.

remainder of the reaction was incubated with GST coupled to
glutathione (GSH)-Sepharose, the other half was incubated with
GST-FAT10 coupled to GSH-Sepharose. After washing, the
bound proteins were analyzed by SDS-PAGE and autoradiogra-
phy. None of the analyzed proteins could be detected after pull-
down with GST alone (Fig. 1C). Only wild-type NUBIL, NUBI,
and NUB1LAUBL were pulled down in significant amounts by
GST-FAT10. NUB1LAUBA3 was also bound, but to a much lesser
extent, whereas none of the other mutants interacted with GST-
FAT10 in this assay (Fig. 1D).

To study the interaction of FAT10 and NUBIL in vivo, we
transfected wild-type and mutant HA-NUBIL either alone or
together with His,-tagged FAT10 into HEK293T cells. After
metabolic labeling with [**S]methionine, the cells were lysed
and subjected to immunoprecipitation with anti-HA antibod-
ies. The recovered proteins were separated by SDS-PAGE and
analyzed by autoradiography. As can be seen in Figs. 2, A and C,
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FIGURE 2. Co-immunoprecipitation of NUB1L mutants and FAT10. A and
C, empty vector (mock) or HA-tagged NUB1L mutants lacking one or more
domains were transfected either alone (— His-FAT10) or together with Hisg-
tagged FAT10 (+ His-FAT10) into HEK293T cells. The cells were lysed and an
anti-HA immunoprecipitation (/P) was performed. The proteins bound by the
antibody were separated by SDS-PAGE and analyzed by autoradiography.
The NUB1L mutants appear between the 60- and 90-kDa molecular mass
markers indicated at the right. An arrow on the right of the gel denotes the
position of co-immunoprecipitated (/P) FAT10. Only wild-type HA-NUB1L and
HA-NUB1LAUBL coprecipitated significant amounts of His,-FAT10. B and D,
to analyze the amount of FAT10 available, the supernatants after the immu-
noprecipitations shown in A and C were precipitated with anti-Hisg antibod-
ies, and the bound proteins were separated by SDS-PAGE. Lane occupation is
the same as in A and G, respectively. Hisg-FAT10 was present in all FAT10-
transfected cells. The experiments were repeated three times yielding similar
results.

and 4C, only wild-type NUB1L, NUB1, and NUBILAUBL were
able to pull down Hisg,-FAT10 from the lysates. A subsequent
immunoprecipitation of the supernatants with anti-His, anti-
body demonstrated that sufficient His,-FAT10 was available in
all reactions, so lack of expression can be excluded as a reason
for the negative results. From the experiments presented in
Figs. 1, 2, and 4, C and D, we conclude that the interaction of
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FIGURE 3. Accelerated degradation of FAT10 by NUB1IL and
NUB1LAUBA1-3, but not by NUB1LAUBL. A, pulse-chase analysis of FAT10
degradation. HEK293T cells were transfected with HA-FAT10 and labeled with
[**Slmethionine. At the indicated time points of chase, aliquots of the cells
were lysed and anti-HA immunoprecipitations were performed. Bound pro-
teins were analyzed by SDS-PAGE and autoradiography. B, same as in A, but
HA-NUB1L was cotransfected. A closed arrow at the right of the gel denotes
the position of NUB1L. Positions of molecular weight markers from 21 to 90
kDa are at the right of the gel. C, same as in A, but HA-NUB1LAUBL was
cotransfected. D, same as in A, but HA-NUB1LAUBA1-3 was cotransfected. E,
graphicrepresentation of degradation rates as determined for FAT10 alonein
A (diamonds), with NUB1L in B (squares), with NUB1LAUBL in C (triangles), and
with NUBTLAUBA1-3 in D (filled circles). The amount of radioactivity recov-
ered at 0 h was set to 100%. The activity immunoprecipitated at 0.5, 1, 2, and
4 h was calculated relative to the 0 h value. Values represent the mean of five
independent experiments = S.E.

FATI10 and NUBIL depends on the presence of all three UBA
domains, but is independent of the UBL domain of NUB1L. The
deletion of only 14 amino acids in NUB1, which is about one-
third of the UBA2 domain is not sufficient to abrogate the inter-
action of NUBI and FAT10.

Only the UBL Domain of NUBI1L Is Essential for the Acceler-
ated Degradation of FAT10—To analyze the impact of the UBA
and UBL domains of NUBI1L on the accelerated degradation of
FAT10, we cotransfected NUB1LAUBA1-3 and NUB1LAUBL
together with FAT10 in HEK293T cells and determined the
half-life of FAT10 by pulse-chase analysis. For comparison, we
also transfected FAT10 alone and in combination with wild-
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FIGURE 4. NUB1 interacts with FAT10 and accelerates its degradation. A,
HEK293 T cells were transiently transfected with HA-FAT10. After pulse label-
ing with [**Slmethionine, aliquots of the cells were harvested at the indicated
time points of chase, lysed, and anti-HA immunoprecipitations (/P) were per-
formed. Bound proteins were analyzed by SDS-PAGE and autoradiography. B,
sameasin A, but NUB1 was coexpressed. The position of NUB1 is indicated by
an arrowhead. Molecular mass markers (in kDa) are shown at the right. C,
co-immunoprecipitation of HA-NUB1 and His-FAT10. Empty vector (mock), or
His-FAT10 or HA-tagged NUB1 were transfected either alone or together (His-
FAT10 + HA-NUBT) into HEK293T cells. As a positive control we used His-
FAT10 and HA-NUBI1L. The cells were lysed and an anti-HA immunoprecipita-
tion was performed. The proteins bound by the antibody were separated by
SDS-PAGE and analyzed by autoradiography. An arrowhead on the right of
the gel denotes the position of co-immunoprecipitated FAT10. D, the super-
natants of C were immunoprecipitated with anti-His antibodies to show the
amount of FAT10 available, the position of which is indicated by an arrow-
head. E, graphic evaluation of the different degradation rates of FAT10 as
determined in A (diamonds) and B (squares).

type NUBIL (Fig. 3). As seen in Fig. 3, A and B, wild-type
NUBIL accelerates the degradation of FAT10 by a factor of
about 4, which is consistent with our results previously
obtained in HeLa cells (20). In contrast, the cotransfection of
NUB1LAUBL did not have an effect on the half-life of FAT10
(compare Fig. 3, A and C). Unexpectedly, the cotransfection of
NUB1LAUBA1-3, which does not interact with FAT10, accel-
erated the degradation of FAT10 almost as potently as wild-
type NUBLL (compare Fig. 3, B and D, for quantifications on a
radioimager see Fig. 3E). We also analyzed the impact of the
small splicing variant NUB1 on FAT10 degradation. We found
that NUBI is able to accelerate the degradation of FAT10 as
potently as NUBI1L (Fig. 4).
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NUBIL Does Not Influence Protein Degradation in General—
We already published that expression of NUB1L does not have
any effect on the degradation of the model substrates ubiquitin-
GFP and ubiquitin-DHEFR (19). To extend this study and inves-
tigate the role of NUBIL in proteasome-dependent protein
degradation we analyzed the degradation of short lived proteins
in mock transfected cells and NUB1L-transfected cells. West-
ern blot analysis of lysates from these cells showed a clear over-
expression of NUB1L in the NUB1L transfectant (Fig. 54). Ali-
quots of these cells were labeled with [**S]methionine, washed,
and chased for 1 h. After this incubation cells were treated with
trichloroacetic acid, and the acid-soluble radioactivity, repre-
senting the amount of degraded protein, was counted. Mock
transfected cells converted 31% (=5%) and NUB1L transfected
cells 27% (+4%) of the activity into acid soluble counts. The
ubiquitin-proteasome system is responsible for degradation of
about 75% of bulk cellular proteins occurring within 1 h after
synthesis. Hence, a major effect of NUB1L overexpression on
degradation by the ubiquitin-proteasome system should have
been detectable in this assay. Because this was not the case,
NUBIL is unlikely to generally affect ubiquitin-mediated deg-
radation. Moreover, the intracellular proteasome activity as
measured by degradation of the cell-permeable fluorogenic
proteasome substrate MeO-Suc-GLF-AMC was not affected by
NUBIL overexpression.

Treatment with IFN-y and TNF-o Enhances the Expression of
NUBIL and Degradation of Endogenous FAT10—Next we
investigated whether the endogenous up-regulation of NUB1L
expression by TNF-« and IFN-v suffices to accelerate the deg-
radation of endogenous FAT10. The combined treatment of
HeLa cells with IFN-y and TNF-« for 1 day resulted in an over
9-fold increase in FAT10 mRNA expression and over 5-fold
increase in NUB1L mRNA expression as determined by quan-
titative reverse transcriptase PCR (Fig. 5C). Also on the protein
level we detected an up-regulation of NUB1L by Western anal-
ysis (Fig. 5B). The degradation rate of endogenous FAT10 was
then analyzed by pulse-chase analysis using an anti-FAT10
antibody. As shown in Fig. 5, E and F, FAT10 degradation was
accelerated 3-fold as compared with FAT10-transfected HeLa
cells without cytokine-mediated NUB1L induction (Fig. 5D).
Transient FAT10 transfection of unstimulated HeLa cells was
necessary because in the absence of cytokine stimulation no
FATI10 protein was detectable. Taken together, we find a 3-fold
acceleration of FAT10 degradation in cytokine-treated cells
that correlates with an up-regulation of NUBI1L.

The N-terminal UBL Domain of FAT10 Is Sufficient for Inter-
action with NUBI1L—W e previously reported that the interac-
tion of NUB1L with FAT10 is specific for this protein, because
binding of NUB1L to NEDD8, SUMO-1, and ubiquitin was not
detected by co-immunoprecipitation (20). FAT10 consists of
two ubiquitin-like domains in tandem array (44). To determine
whether the N- and C-terminal domains can interact with
NUBI1L independently, we performed co-immunoprecipitation
experiments. However, the persistence of these single UBL pro-
teins was so short that we could only detect them in the pres-
ence of proteasome inhibitors (data not shown). To overcome
this obstacle, we fused each of them to the N terminus of GFP,
as we did for FAT10 as positive and SUMO-1 as negative con-
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FIGURE 5. Treatment with IFN-y and TNF-« up-regulates NUB1L expres-
sion and accelerates the degradation of FAT10. A, anti-NUB1L Western
blot (WB) of lysates from mock transfected and HA-NUB1-transfected
HEK293T cells (top panel), Western analysis of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) protein is used as loading control (bottom panel). B,
anti-NUB1L Western blot of lysates from untreated Hela cells and Hela cells
induced with IFN-y and TNF-« for 1 day. An arrow at the right indicates the
position of NUB1L (top panel); the same lysates probed with anti-glyceralde-
hyde-3-phosphate dehydrogenase antibodies serves as loading control (bot-
tom panel). C, real time RT-PCR analysis of FAT10 and NUB1L mRNA expression
in Hela cells before (—) and after (+) treatment with TNF-« and IFN-+ for 1
day. D, Hela cells were transfected with an HA-FAT10 expression construct
and the degradation rate of FAT10 was determined in a pulse-chase experi-
ment. K— denotes an immunoprecipitation with irrelevant antibody. E, anal-
ysis of the degradation rate of endogenous FAT10 after induction of FAT10
and NUB1L by IFN-y and TNF-a. The pulse-chase experiment was performed
as in E using an anti-FAT10 antibody. K— is an immunoprecipitation with
preimmune serum. The position of FAT10 is indicated by an arrowhead. F,
graphic evaluation of the different degradation profiles of FAT10 as deter-
mined in D (squares) and E (triangles).
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FIGURE 6. The N-terminal, but not the C-terminal UBL domain of FAT10
interacts with NUB1L. A, empty vector (mock), the C-terminal UBL domain of
FAT10 (FAT10-C), the N-terminal UBL domain of FAT10 (FAT10-N), wild-type
FAT10 as positive- and SUMO-1 as negative control, all as GFP fusions, were
transfected either alone (—HA-NUBITL) or together with HA-tagged NUB1L
(+HA-NUB1L) into HEK293T cells. The cells were lysed and an anti-GFP immu-
noprecipitation (/P) was performed. The proteins bound by the antibody were
separated by SDS-PAGE and analyzed by autoradiography. An arrow denotes
the position of NUB1L. Molecular weight markers are shown at the right. B, to
analyze the amount of NUB1L available, the supernatants after the immuno-
precipitation shown in A were precipitated with anti-HA antibodies, and the
bound proteins were separated by SDS-PAGE. Lane occupation is the same as
in A. An arrow denotes the position of NUB1L. HA-NUB1L was present in all
HA-NUB1L-transfected cells. The experiments were repeated two times with
similar outcomes.

trol (Fig. 6). Mock transfected cells, or cells transfected with the
constructs mentioned above either alone or together with
HA-NUBIL were metabolically labeled, lysed, and subjected to
anti-GFP immunoprecipitation. After washing, the bound pro-
teins were analyzed by SDS-PAGE and autoradiography. The
supernatants of this first precipitation were then subjected to
immunoprecipitation with anti-HA antibodies to determine
the level of NUBIL expression. As shown in Fig. 64, only the
N-terminal UBL domain of FAT10 (FAT10-N-GFP) and
FAT10-GFP coprecipitated NUB1L. There was no NUBI1L sig-
nal in mock transfected cells and cells expressing SUMO-1-
GFP or the C-terminal UBL domain of FAT10 (FAT10-C-GFP).
Fig. 6B demonstrates that the amounts of NUBIL available
were sufficient in all co-expression reactions to allow detection
if bound to the respective GFP fusion protein.

NUBIL Accelerates Both FAT10-N-GFP and FAT10-C-GFP
Degradation—To analyze the impact of NUBIL expression on
the half-lives of the two isolated UBL domains of FAT10, we
first determined the rate of degradation of FAT10-N-GFP and
FAT10-C-GFP alone. As can be seen in Fig. 7, A and B, the
degradation rates of the two UBL domain-GFP fusion proteins
in HEK293T cells were significantly different from each other.
FAT10-C-GFP was degraded with a rate comparable with that
of wild-type FAT10-GFP (19) but slower than FATI10 itself
(compare Figs. 3E and 7/). FAT10-N-GFP, in comparison, is a
stable protein showing only minimal degradation within 5 h.
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FIGURE 7. Accelerated degradation of the FAT10 UBL domain-GFP fusion
proteins by NUB1L. A, pulse-chase analysis of the FAT10-N-terminal UBL
domain fused to GFP. HEK293T cells were transfected with HA-FAT10-N ter-
minus-GFP and labeled with [>**S]methionine. After the indicated time peri-
ods of chase, aliquots of the cells were lysed and anti-HA immunoprecipita-
tions were performed. Bound proteins were analyzed by autoradiography
after SDS-PAGE. An arrowhead at the right denotes the position of the GFP
fusion proteins. B, same experimental setup as in A, but HA-FAT10-C termi-
nus-GFP was transfected. The positions of the molecular weight markers are
shown on theright. C, same as in A, but HA-NUB1L was cotransfected. D, same
asin B, but HA-NUB1L was cotransfected. An open arrow at the right indicates
the position of NUB1L. Eand F, experiments were performed asin A and B, but
in the presence of 50 uM lactacystin. G and H, experiments were performed as
in Cand D, but in the presence of 50 um lactacystin. /, graphic representation
of degradation rates as determined for FAT10-N terminus-GFP alone in A
(diamonds), for FAT10-C terminus-GFP in B (triangles), for FAT10-N terminus-
GFP with NUB1L in C (squares), and for FAT10-C terminus-GFP with NUB1L in
D (closed circles). The amount of radioactivity recovered at 0 h was set to 100%.
The activity immunoprecipitated at 1, 3, and 5 h was calculated relative to the
0 h value. Values represent the mean of three experiments *+ S.E.

Co-expression of NUBIL lead to degradation of both UBL
domain-GFP fusion proteins at almost the same rate (Fig. 7, C,
D, and ). In the presence of NUB1L, FAT10-C-GFP degrada-
tion was accelerated by a factor of two to three. The enhance-
ment in FAT10-N-GFP degradation caused by NUBI1L was

JULY 21, 2006+ VOLUME 281 +NUMBER 29

much higher, as it was degraded very slowly alone. To deter-
mine whether the degradation of FAT10-N-GFP and FAT10-
C-GFP is mediated by the proteasome and not by another pro-
tease, we repeated the experiments in the presence of the
proteasome inhibitor lactacystin. As shown in Fig. 7, E and F,
both UBL domain-GFP fusion proteins were not degraded at
all. Even co-expression of NUBIL did not lead to detectable
degradation of either protein in the presence of lactacystin.

FATI0 and NUBIL Interact with the 26 S Proteasome—To
investigate why NUB1LAUBA1-3, but not NUB1LAUBL, is
able to accelerate the degradation of FAT10, we tested the
working hypothesis that FAT10 may interact directly with the
proteasome and that NUB1L with its UBL domain serves as a
facilitator of degradation of FAT10 by the 26 S proteasome.
Binding of NUBI to the S5a (Rpn10) subunit of the 26 S protea-
some has been shown in vitro before, as well as detection of
NUBLI in preparations of purified 26 S proteasome (21). We
decided to use co-immunoprecipitation from transfected
HEK293T cells to determine whether FAT10, NUBI1L, and
their mutants are able to interact with the 26 S proteasome. We
used a bi-directional vector expressing GFP from one side, and
FATI10 or NUBIL from the other site of the promoter. Aliquots
of lysates from transfected cells were analyzed for expression of
the respective proteins (Fig. 84, lanes 2 and 3 for NUB1L and
FAT10, and Fig. 6B, lanes 5 and 6 for GFP). After immunopre-
cipitation with the monoclonal antibody MCP444 specific for
the B-type proteasome core subunit HN3 (87), we looked for
coprecipitation of the expressed proteins with the proteasome.
FAT10and NUBI1L, but not GFP, were co-immunoprecipitated
by MCP444, indicating the specificity of the interaction (Fig.
8C, lanes 2 and 3 for NUB1L and FAT10, and Fig. 8D, lanes 5
and 6 for GFP). We also performed this experiment with
FAT10 and NUBIL expressed together by the bi-directional
promoter, and found that both can be co-immunoprecipi-
tated at the same time (Fig. 8C, lane 4). To determine the
binding of the NUB1L mutants, we used NUB1L as control for
NUBILAUBA1-3 and NUB1LAUBL, which were all expressed
from the vector pcDNA3.1. After the immunoprecipitation
with MCP444, we found that NUB1LAUBA1-3 interacted with
the proteasome, but not NUB1LAUBL (Fig. 8C, lanes 5-7). A
Western blot against a subunit of the 19 S regulatory complex,
Rpt6, demonstrates successful immunoprecipitation of the 26 S
proteasome in all cases (Fig. 8, E and F). The ability to interact
with the 26 S proteasome was shown for FAT10-N-GFP and
FAT10-C-GFP in the same manner, using GFP alone as nega-
tive and FAT10-GFP as positive control (Fig. 8, B and D). The
specificity of the binding was again demonstrated by the lack of
co-immunoprecipitation of GFP alone, despite successful
immunoprecipitation of the 26 S complex (Fig. 8F).

To investigate whether the interaction between FAT10 and
the proteasome is direct, an in vitro pulldown assay was per-
formed where recombinant GST-FAT10 was incubated
together with purified 26 S proteasome. Only GST-FAT10, but
not GST alone, was able to pull down the proteasome, as deter-
mined by a Western blot against the 20 S subunit iota (1) (Fig.
8@) although the same amount of proteasomes was available for
interaction as demonstrated by Western blotting (Fig. 8H).
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FIGURE 8. Co-immunoprecipitation of NUB1L, NUB1LAUBA1-3, and
FAT10, but not of NUB1LAUBL with the 26 S proteasome. A, HEK293T cells
were transfected with empty vector (mock), HA-NUB1L together with GFP
(vector: pBI), HA-FAT10 together with GFP (vector: pBI), HA-NUB1L together
with FAT10 (vector: pBI), HA-NUB1L (vector: pcDNA3.1), HA-NUB1LAUBA1-3
(vector: pcDNA3.1), and HA-NUBTLAUBL (vector: pcDNA3.1). The cells were
lysed and about 2% of the lysate was analyzed by SDS-PAGE and anti-HA
Western blotting (WB). B, HEK293T cells were transfected with GFP,
HA-FAT10-GFP fusion protein, HA-FAT10-N-terminal UBL domain-GFP fusion
protein (HA-Fat10-N-GFP), HA-FAT10-C-terminal UBL domain-GFP fusion pro-
tein (HA-FAT10-C-GFP), HA-NUBI1L together with GFP (vector: pBI), and HA-
FAT10 together with GFP (vector: pBI). The cells were lysed and about 2% of
the lysate was analyzed by SDS-PAGE and anti-GFP Western blotting (WB).
The positions of molecular weight markers are shown on the right of the gel.
C and D, lysates shown in A and B were subjected to immunoprecipitation
with an antibody against the 20 S proteasome subunit 37 (MCP444, anti-HN3)
under conditions preserving the 26 S proteasome. The bound proteins were
analyzed by Western blot with an anti-HA antibody in C, or with an anti-GFP
antibody in D. The lane occupation in C is the same as in A, the lane
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TABLE 1
A summary of the results obtained
Results are classified with a plus (+) for a positive result in a binding assay or for

accelerated degradation and with a minus (—) for a negative result.
Binding Lo Accelerated
to ]ilont(eixgr:e degradation
FATI10 P of FAT10
NUBIL + + +
NUBI1LAUBA1-3 - + +
NUB1LAUBL + - -
Binding Lo Accelerated
to Blntdlng to degradation
NUBIL proteasome by NUBIL
FAT10-GFP + + +
FAT10-N-GFP - + +
FAT10-C-GFP + + +
DISCUSSION

The role of proteins that contain both a UBL domain and
one or more UBA domains for the recruitment of polyubiq-
uitylated substrates for degradation by the proteasome is
currently a subject of intensive investigations (29). Whereas
it was previously believed that polyubiquitylation is a suffi-
cient label for docking to the 26 S proteasome via the sub-
units Rpn10 (45) or Rpt5 (46), it is now becoming clear that
UBL-UBA proteins, which bind to proteasomes via their
UBL domain, can be required to target a subset of ubiquity-
lated substrates to the proteasome thus introducing a further
layer of regulation. Here we investigated the molecular inter-
actions required for a novel proteasomal targeting system
consisting of the ubiquitin-like protein FAT10 and the UBL-
UBA protein NUBIL. In Table 1 we summarize the data we
obtained while dissecting the different domains of NUB1L
and FAT10 for interaction and accelerated degradation.

When we identified NUB1L as a non-covalent interaction
partner of FAT10 that contains three bona fide UBA domains, it
was an obvious assumption that these are required for the inter-
action with FAT10. Because the alternative splice variant NUB1
can be viewed as a “naturally occurring” deletion mutant of
NUBIL, it appeared reasonable to delete the UBA domains sin-
gly, in pairs, and altogether. We found in GST pulldown exper-
iments (Fig. 1B) and co-immunoprecipitation studies (Fig. 2)
that all three UBA domains of NUB1L were required for the
binding of FAT10, whereas the UBL domain was dispensable
for this interaction. We were able to detect a weak interaction of
FAT10 and NUB1LAUBA3 in pulldown studies, suggesting
that the combination of the first two UBA domains can mediate
a weak interaction, but because this interaction was not con-
firmed in co-immunoprecipitation studies in vivo, the signifi-
cance of this interaction remains uncertain. Interestingly, the

occupation in D is the same as in B. E and F, to demonstrate the successful
immunoprecipitation of the 26 S proteasome, the samples shown in Cand D
were also analyzed by Western blot with an antibody recognizing the 19 S
regulator subunit Rpt6. The lane occupation in E is the same as in A; the lane
occupation in Fis the same asin B. G, GST pull-down experiment. GST (lanes 1
and 2) or GST-FAT10 (lanes 3 and 4) were incubated with purified 26 S protea-
some in the presence or absence of recombinant His,-NUB1L and analyzed by
Western blot with an antibody recognizing the 20 S proteasome subunit iota
(a1). H, supernatants of the GST pulldown shown in G were analyzed on a
Western blot for iota content. The data were confirmed in three independent
experiments.
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deletion of the 14 amino acids occurring in the natural splice
variant NUB1 was insufficient to abolish the binding to FAT10.

While studying the interaction of isolated UBA domains with
polyubiquitin chains, Raasi et al. (25) divided the UBA domains
into four different groups, depending on their ability to dis-
criminate between differently linked polyubiquitin chains and
monoubiquitin. The members of the third group, which
included all three UBA domains of NUBIL, were not able to
interact with ubiquitin at all and may hence be in charge of
recognizing ubiquitin-like proteins instead. Whereas most
reports about UBL-UBA domain proteins focus on ubiquitin or
polyubiquitylated substrates, very little is known about their
interaction with ubiquitin-like modifiers. In the three first
reports on this issue, NUB1 and NUB1L were found to bind to
the ubiquitin-like modifier NEDD8 and to accelerate its degra-
dation (21, 22, 43). Unexpectedly, the interaction of NUB1 and
NEDDS8 was not mediated by the three UBA domains but rather
by a short C-terminal domain. Only the second UBA domain of
NUBIL appeared to interact weakly with NEDDS8 but it was not
required to promote NEDD8 degradation (43). Subsequently,
we reported the robust non-covalent interaction between
FATI10 and NUBI1L, but in the same series of experiments we
failed to detect an interaction of NEDD8 and NUBIL (20). In
this study we found that the concerted action of three UBA
domains of NUBIL is required for the binding of FAT10, a
ubiquitin-like protein containing two UBL domains.

To determine whether only one or both of the UBL domains
of FAT10 are required for binding NUB1L, co-immunoprecipi-
tation studies were performed. These experiments revealed
that only the N-terminal but not the C-terminal UBL domain of
FAT10 interacted with NUBIL (Fig. 6). Residues Leu®, Ile**,
and Val”® of ubiquitin, known to be important for the interac-
tion of ubiquitin with other UBA domains (27, 47-49), are only
partially conserved in FAT10. The N-terminal UBL domain of
FAT10 contains the Leu® residue and bears a leucine in position
44, but a threonine in position 70. The C-terminal domain, in
contrast, shows the corresponding residues Gly®, Thr**, and
Ala”. Whereas this seems to be in good agreement with our
results, it cannot be excluded that different residues might be
responsible for interaction between NUBI1L and ubiquitin-like
modifiers, especially because it could be shown that NUBIL
does not bind a ubiquitin-GFP fusion protein (20) or polyubigq-
uitin chains (25).

Whereas interaction of monoubiquitin with UBA domain
proteins has been reported (30), usually polyubiquitylated pro-
teins are better binders of UBL-UBA domain proteins. This can
be rationalized by data on the binding affinity between ubiq-
uitin and UBL-UBA protein Rad23, where the strength of bind-
ing increased exponentially when the chain length of ubiquitin
was extended from 1 to 6 units (27). We take from our result
that one of the two FAT10 UBL domains is sufficient for medi-
ating the interaction with NUBI1L (Fig. 6) as further support for
the specificity of this interaction. Our data suggest that this
interaction is not merely a result of an increase in avidity by
connecting two ubiquitin-like domains and thus mimicking a
short polyubiquitin chain. Nevertheless, because the binding
assays performed in our study are of qualitative rather than
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quantitative nature, we cannot rule out that FAT10 or FAT10-
GEFP bind with a higher affinity than FAT10-N-GEFP.

Several reports about the influence of UBL-UBA proteins on
degradation have already appeared. The deletion of these pro-
teins lead to an inhibition of degradation and accumulation of
high molecular weight ubiquitin conjugates (30-34). Con-
versely, overexpression of Rad23 or Dsk2 lead to inhibition of
substrate turnover by the 26 S proteasome (36, 37), and Rad23
inhibited the in vitro degradation of Ub,DHFR (38). With
respect to the function of UBA-UBL proteins in degradation it
was proposed that they could operate as inhibitors of multi-
ubiquitin chain assembly (37), inhibitors of deubiquitylation
(38), linkers to the proteasome, and substrate carriers (30). A
careful investigation based on the reconstitution of Rad23- and
Rpnl0-deficient proteasomes with recombinant proteins and
analysis of the degradation of different substrates clearly
showed a substrate specificity of the UBL-UBA proteins beyond
the modification with polyubiquitin (39). This study demon-
strated that deletion of a specific UBL-UBA protein lead to a
slow down but not to a complete inhibition of the proteolysis of
some substrates, but left others unaffected. However, in all
cases the effect of the UBL-UBA protein was strictly dependent
on the presence of the UBA domain.

Here we report the unexpected finding that the accelerated
degradation of FAT10 by NUBLL is independent of all three of
its UBA domains. Because FAT10 and NUB1LAUBA1-3 could
not be co-immunoprecipitated, this enhancement in degrada-
tion does not depend on the interaction of both proteins. More-
over, NUB1L was able to accelerate the degradation of the two
isolated UBL domains of FAT10 when fused to GFP. Because
only the N-terminal UBL domain of FAT10 bound to NUBIL
(Fig. 6), this is the second independent experiment in which we
found no correlation between the ability of NUBIL to bind a
FAT10 variant and to accelerate its degradation. Therefore, a
role of NUBIL as a proteasomal receptor for FAT10 cannot be
the only mode of action. Because FAT10 degradation occurs
also independently of ubiquitylation (19), a role for NUB1L in
the protection from deubiquitylation is unlikely as well. Also a
protection from putative FAT10-specific proteases is unlikely,
because we failed to obtain evidence for their existence in two
independent cell lines in the presence or absence of IFN-vy (19).
In our experiments, the ability of NUBI1L to accelerate FAT10
degradation relied solely on the UBL domain-dependent inter-
action with the 26 S proteasome, because both NUBIL and
NUB1LAUBA1-3 had a similar effect on the degradation rate
of FAT10, whereas NUB1LAUBL was ineffective (Fig. 3). Given
that NUBIL and FAT10 can bind independently to the 26 S
proteasome (Fig. 8), we favor the hypothesis that binding of
NUBIL to the 26 S proteasome with its N-terminal UBL
domain induces a conformational change in the 19 S regulator
that favors the binding and/or degradation of FAT10 and
FAT10-conjugated proteins at an independent docking site.
This scenario would be analogous to the one suggested by
Verma et al. (39) who showed that binding of the VWA domain
of Rpn10 serves to facilitate the degradation of polyubiquity-
lated substrates delivered by Rad23. To address this hypothesis
for NUB1L and FAT10, it will be important to map the binding
site of FAT10 at the 26 S proteasome.
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Curiously, the mutant FAT10-N-GFP is quite a stable pro-
tein (Fig. 7A), despite its ability to interact with the proteasome
(Fig. 8D). Degradation of FAT10-N-GFP, however, can be
readily induced by coexpression of NUB1L. These results com-
bined argue against the recently proposed model that mere
binding to the proteasome is sufficient to target for proteasomal
degradation (50). Verma et al. (39) found that the polyubiqui-
tylated proteasome substrate Sicl bound to the Rpnl0-defi-
cient 26 S proteasomes in dependence of Rad23, but no degra-
dation was observed. Thus binding seems to be a necessary but
not a sufficient prerequisite for proteasomal degradation of at
least some substrates. For the proteolysis of such substrates like
Sicl or FAT10, the binding of their respective facilitators Rpn10
or NUBIL to the proteasome appears to be important.
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