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Summary / Zusammenfassung

English

FAT10 is a ubiquitin-like protein which is encoded in the major histocompatibil-
ity complex class I locus and is synergistically inducible with the proinflamma-
tory cytokines IFN-y and TNF-« in cells of nearly every tissue origin. It consists
of two ubiquitin-like domains, which are connected by a short linker, and bears
a free diglycine-motif at its C-terminus through which it can become covalently
conjugated to so far unidentified target proteins. Overexpression of the wild-type
protein — but not a diglycine-deficient mutant — leads to the induction of caspase-
dependent apoptosis in murine as well as human cell lines. Both FAT10 and its
conjugates are rapidly degraded by the proteasome at a similar rate, and the N-
terminal fusion of FAT10 to long-lived proteins such as GFP or DHFR reduces
their half-life as potently as their fusion with ubiquitin. The proteasomal degra-
dation of FAT10, which occurs independently of ubiquitylation, can further be ac-
celerated by non-covalent interaction with the UBL-UBA domain protein NEDDS8
ultimate buster 1-long (NUB1L).

The primary purpose of this thesis was to gain a more detailed insight into the
mechanistics of FAT10-mediated protein degradation. Furthermore, a monoclonal
antibody directed against human FAT10 was raised and FAT10 could be shown to
be required for the proper down-regulation of the antiviral CD8* T cell response.

NUBI1L, which was identified through a yeast two-hybrid screen as a non-covalent
binding partner of FAT10, could previously be shown to accelerate the proteaso-
mal degradation of FAT10 when the two proteins were co-expressed. This thesis
dissects the molecular determinants of the aforementioned acceleration and un-
covers a dual role of NUB1L as a proteasomal receptor for FAT10 as well as a
facilitator of its degradation. Although FAT10 is capable of direct interaction
with the 26S proteasome, NUB1L can function as a soluble FAT10-receptor by



Summary

binding to the proteasome with its UBL domain and to FAT10 with its UBA do-
mains. Interestingly, the interaction of FAT10 with NUBI1L is, at least in vivo,
strictly dependent on the presence of all three of its UBA domains. The facilita-
tion of FAT10 degradation, on the other hand, is strictly dependent on the abil-
ity of NUB1L to interact with the 26S proteasome through its UBL domain and
shows no requirement for any of its three UBA domains. Furthermore, degrada-
tion of the N-terminal UBL domain of FAT10 — which can interact with the 26S
proteasome, but not with NUB1L — can still be accelerated by co-expression of
NUBIL.

Through experiments using an in vitro system consisting of purified 26S protea-
some and recombinantly expressed substrates, this thesis demonstrates the 26S
proteasome to be able to degrade the model substrate FAT10-dihydrofolate reduc-
tase (DHFR) — although only in the presence of NUB1L. Furthermore, the study
of FAT10-DHFR degradation in NUB1L knock-down cells revealed this absolute
requirement for NUB1L to also apply to in vivo situations, suggesting that — at
least in the case of this model substrate — mere binding of FAT10 to the protea-
some is not sufficient to ensure the degradation of its target proteins.

Another non-covalent interaction partner of FAT10, histone deacetylase 6
(HDACS6), was also identified through a yeast two-hybrid screen. HDAC6, which
is a primarily cytoplasmatic protein, is involved in the deactylation of a-tubulin,
HSP90 and cortactin. In addition to its two deacetylase domains, it also encom-
passes a dynein-binding domain as well as a ubiquitn-binding zinc finger (BUZ
domain) and tethers polyubiquitylated proteins to the dynein-motor during their
microtubule-dependent transport to the aggresome. The herein presented results
uncover a role for HDAC6 not only in the transport of polyubiquitylated cargo,
but also in the transport of the ubiquitin-like modifier FAT10 and its conjugates.
Under conditions of misfolded protein stress FAT10 interacts with HDAC6 and
localizes to the aggresome in a microtubule-dependent manner. The binding of
FAT10 is mediated by two different domains of HDAC6, the BUZ domain and
surprisingly also the first catalytic domain, but it is not dependent on the cat-
alytic activity of HDAC6. Furthermore, this thesis showed FAT10-containing as
well as ubiquitin-containing aggresomes to be reduced in both size and number
in HDACG6 deficient fibroblasts, which suggests that, although HDACG6 plays an
important role in aggresomal targeting, it is not essential for the transport of
proteasomal substrates to the aggresome.
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In conclusion, these results suggest FAT10 to mediate the rapid and inducible
destruction of its target proteins through association with two different adaptor
proteins. With help of the UBL-UBA domain protein NUB1L, FAT10 is able to
promote the degradation of its conjugates by the 26S proteasome. Under condi-
tions of proteasome impairment, however, FAT10 interacts with the linker protein
HDACG6 and instead mediates the sequestration of its substrates in the aggre-

some.

Deutsch

FAT10 ist ein Ubiquitin-dhnliches Protein, welches im Haupt-Gewebe-
Kompatibilitats (MHC) Lokus der Klasse I kodiert liegt. Mit den proinflam-
matorischen Zytokinen TNF-a und IFN-v ist es in Zellen fast jeder Herkunft
induzierbar. FAT10 besteht aus zwei durch einen kurzen Linker verbundenen
Ubiquitin-dhnlichen Doménen und besitzt an seinem C-terminus ein Di-Glycin-
Motiv, iiber welches es an seine Zielproteine kovalent konjugiert werden kann.
Uberexpression des wild-typ Proteins — aber nicht einer Mutante ohne Di-Glycin-
Motiv — fiithrt zur Induktion von Caspase-abhéngiger Apoptose in murinen und
humanen Zelllinien. Sowohl FAT10 als auch seine Konjugate werden vom Protea-
som mit der gleichen Geschwindigkeit abgebaut; und die N-terminale Fusion von
FAT10 an langlebige Proteine wie GFP oder DHFR reduziert deren Halbwertszeit
ebenso potent wie eine Fusion mit Ubiquitin. Der proteasomale Abbau von FAT10
— welcher unabhéngig von Ubiquitin erfolgt — kann zuséitzlich beschleunigt
werden durch nicht-kovalente Interaktion von FAT10 mit dem UBL-UBA Protein
NEDDS8 Ultimate Buster 1-Long (NUB1L).

Ziel dieser Doktorarbeit war es, einen tieferen Einblick in den Prozess des FAT10-
vermittelten Proteinabbaus zu erlangen. Des weiteren wurde ein monoklonaler
Antikorper gegen humanes FAT10 hergestellt und es konnte gezeigt werden, dass
FAT10 fur die korrekte Herrunterregulation der CD8" T Zell-vermittelten anti-

viralen Immunantwort benoétigt wird.

Bereits im Vorfeld konnte gezeigt werden, dass NUB1L, welches iiber einen
Yeast Two-Hybrid Screen als nicht-kovalenter Interaktionspartner von FAT10
identifiziert wurde, durch seine Co-Expression zusammen mit FAT10 dessen Ab-
bau beschleunigen konnte. Die vorliegende Arbeit untersucht die molekularen
Faktoren dieser Beschleunigung und deckt eine doppelte Rolle fiir NUB1L sowohl
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als proteasomaler Rezeptor fiir FAT10 als auch als sogenannter “Facilitator”
seines Abbaus auf. Obwohl FAT10 in der Lage ist, direkt mit dem 26S Protea-
som zu interagieren, kann NUB1L als loslicher FAT10-Rezeptor fungieren indem
es uber seine UBL Doméne an das Proteasom und iiber seine drei UBA Doma-
nen an FAT10 bindet. Interessanterweise ist die Interaktion zwischen NUB1L
und FAT10 — zumindest in vivo — abhingig vom Vorhandensein aller drei UBA
Doménen. Im Gegensatz dazu beruht Beschleunigung des FAT10-Abbaus alleine
auf der Fahigkeit von NUB11L, iiber seine UBL Doméne an das 26S Proteasom
zu binden. Des weiteren kann der Abbau der N-terminalen UBL Doméne von
FAT10 — welche mit dem 26S Proteasom, aber nicht mit NUB1L interagieren
kann — immer noch durch die Co-Expression von NUB1L beschleunigt werden.

Mit Hilfe von Experimenten in einem in vitro System, welches aus aufgereinigtem
26S Proteasom sowie rekombinant exprimierten Substraten bestand, zeigt diese
Arbeit, dass das 26S Proteasom durchaus in der Lage ist das Modell-Substrat
FAT10-DHFR in vitro abzubauen — allerdings nur in der Gegenwart von NUB1L.
Versuche in NUB1L knock-down Zellen lassen den Schluss zu, dass diese ab-
solute Abhingigkeit des FAT10-gesteuerten Abbaus von NUB1L auch auf die
Situation in vivo zutrifft. Dies ist ein Hinweis darauf, dass — zumindest im Falle
des hier untersuchten Modell-Substrats — die Bindung von FAT10 an das Protea-
som alleine nicht ausreicht, um einen effizienten Abbau seiner Zielproteine zu

ermoglichen.

Wiederum durch einen Yeast Two-Hybrid Screen wurde Histon Deacetylase 6
(HDACS6) als weiterer, nicht-kovalenter Interaktionspartner von FAT10 identi-
fiziert. HDACSG ist ein Protein mit grof3tenteils cytoplasmatischer Lokalisierung,
welches fiir die Deacetylierung von «-Tubulin, HSP90 und Cortactin verant-
wortlich ist. Zusatzlich zu seinen beiden katalytischen Doménen besitzt es
eine Dynein-Bindedoméne sowie einen Ubiquitin-bindenden Zink-Finger (BUZ
Doméne). Mit Hilfe dieser beiden Doménen fungiert es als Verbindung zwi-
schen dem Dynein-Motor sowie polyubiquitylierten Proteinen und ermoglicht auf
diese Weise deren Transport entlang von Mikrotubuli zum Aggresom. Diese
Arbeit zeigt, dass HDAC6 nicht nur fiir den Transport von polyubiquitylierten
Proteinen, sondern auch fiir den Transport von FAT10 und seinen Konjugaten
zustiandig ist. Unter Bedingungen in denen das Proteasom nur eingeschrinkt
funktioniert bindet HDAC6 an FAT10 und vermittelt seinen Transport zum
Aggresom. Die Interaktion mit FAT10 wird durch zwei verschiedene Doménen
von HDAC6 vermittelt, ndmlich die BUZ Doméne und — iiberraschenderweise
— die erste katalytische Doméne, obwohl die Interaktion der beiden Proteine
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nicht von der katalytischen Aktivitdt von HDAC6 abhingig ist. Des weiteren
zeigt diese Arbeit, dass sowohl die Anzahl als auch die Grofle von FAT10- und
Polyubiquitin-haltigen Aggresomen in HDAC6-defizienten Zellen stark reduziert
sind. Dies deutet darauf hin, dass HDAC6 eine wichtige Rolle im Transport von
proteasomalen Substraten zum Aggresom spielt, obgleich es hierfiir nicht essen-
tiell ist.

Zusammengenommen weisen diese Ergebnisse darauf hin, dass FAT10 den
schnellen und induzierbaren Abbau seiner Zielprotein durch nicht-kovalente
Interaktion mit zwei verschiedenen Adapterproteinen vermittelt. Mit Hilfe des
UBL-UBA Proteins NUB1L ist FAT10 in der Lage, seine Zielproteine dem Abbau
durch das 26S Proteasom zuzufithren. Ist das Proteasom jedoch beeintrachtigt,
vermittelt FAT10 stattdessen iiber seine Bindung an HDAC6 die Isolierung

seiner Zielproteine im Aggresom.
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Protein Degradation

Nearly all proteins in our body are not stable constituents but are rather sub-
ject to dynamic turnover through degradation and neosynthesis. Protein degra-
dation is a highly complex and tightly regulated process and is essential for a
broad range of cellular functions. These include processes spanning from the
response to nutrient starvation over quality control to activation and silencing
of transcription, regulation of the cell cycle, signal transduction, apoptosis and
antigen presentation. Cellular proteolysis in eukaryotic cells is mediated by two
distinct systems, the proteasome and the lysosome. The proteasome is a large,
barrel-shaped protease which is responsible for the degradation of about 80% of
all intracellular proteins, the majority of which are short-lived. Access to the
proteolytic core of the proteasome is regulated by covalent modification of the tar-
geted proteins with a ubiquitin “tag”. The lysosome, in contrast, is a membrane-
enclosed organelle which contains various proteolytic enzymes with a functional
optimum at an acidic pH. Exogenous proteins can be targeted to the lysosome
either by receptor-mediated endocytosis or by pino- or phagocytosis, which can
be summarized as heterophagy. In addition, the lysosome is also involved in the
bulk degradation of cellular proteins as well as the degradation of organelles in a

process termed autophagy.
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The Ubiquitin-Proteasome-System

The Proteasome

The 20S Proteasome

The proteasome, a large, cylindrical multi-enzyme complex, is the central ele-
ment of the ubiquitin-proteasome system (UPS). It can be subdivided into two
dissociable assemblies; the core complex, also known as the 20S proteasome, and
one or two regulatory particles which cap the ends of the core particle. Four
hetero-heptameric rings are axially stacked to form the 20S proteasome, where
subunits a1-a7 make up the outer and subunits 51-57 the inner two rings (Fig. 1).
Enzymatic activity is restricted to the central lumen of the cylinder, which effec-
tively prevents unspecific access to the active sites and thus aberrant degrada-
tion. Through N-terminal extensions, the a-subunits further occlude the cen-
tral pore, which can only be opened by association with a regulatory complex
(Groll et al., 2000). Only three of the (-subunits in each ring (81, 52 and 35)
display catalytic activity, and their active sites point toward the inside of the
proteolytic chamber. All of these subunits are threonine-proteases, but each of
them displays different proteolytic preferences, which have been classified ac-
cording to the residue N-terminal of the cleaved peptide-bond: acidic (caspase-
like, (51), basic (trypsin-like, 52), and hydrophobic (chymotrypsin-like, 35) (Groll
and Clausen, 2003). The cylindrical shape of the 20S proteasome promotes a pro-
cessive degradation of its substrates by preventing the dissociation of partially
processed polypeptides, and thus releases short peptides ranging from three to 25
residues. These peptides can now be further processed into single amino acids by
cytoplasmatic aminopeptidases, or they can be — if they meet the requirements —
loaded onto MHC class I molecules and subsequently be presented to circulating
lymphocytes (Coux et al., 1996; Baumeister et al., 1998).

In higher vertebrates, the release of interferon (IFN)-y leads to the induction
of three additional, non-essential subunits: §1i (LMP2), 52i (MECL-1) and §5i
(LMP7), which are incorporated into the proteasome during neosynthesis. Pro-
teasomes which contain these inducible subunits are termed “immunoprotea-
somes” and display an altered cleavage pattern which could be shown to gen-
erate more peptides suitable for presentation (Groettrup et al., 2001a,b; Goldberg
et al., 2002). In addition to these three inducible subunits, one other differentially

10
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expressed subunit, called 35t, has been found. Its expression is restricted exclu-
sively to cortical thymic epithelial cells, which are responsible for the positive
selection of developing thymocytes (Murata et al., 2007).

The 26S Proteasome

The 26S proteasome is a 2.4 MDa supercomplex which consists of the 20S core and
two 19S regulatory subunits which cap both ends of the core particle (Fig. 1). The
latter are responsible for mediating functions associated with substrate recogni-
tion and insertion, contain intrinsic unfoldase activity, which is ATP-dependent
(Liu et al., 2002), and serve as a docking platform for substoichiometric com-
ponents of the proteasome. The 19S regulatory complex, which is also known
as PA700, can be further subdivided into the proximal “base”, which directly
abuts to the a-rings, and the distal “lid”. The “base” consists of six AAA-family
ATPases (Rpt1-Rpt6) and four non-ATPase subunits (Rpnl, 2, 10 and 13). The
ATPases form a hexameric ring which mediates ATP-dependent opening of the
pores formed by the a-subunit rings and unfolding of substrate proteins (Glickman
et al., 1999). The remainder of the approximately 20 PA700 subunits make up the
“lid”; and while some of them could be shown to display deubiquitylating activity
—among them Rpn11/S13 — most of their functions remain unknown (Smith et al.,
2006).

The majority of proteins is targeted for proteasomal degradation through cova-
lent attachment of a small protein called ubiquitin. This ubiquitin-tag is then
recognized by the 26S proteasome, which leads to the subsequent unfolding and
degradation of the target protein. Five components of the 19S regulator have been
implicated in ubiquitin-recognition, although this list is in all likelihood far from
complete. These ubiquitin-receptors employ two different modes of operation:
the subunits S5a/Rpn10 (Deveraux et al., 1994), S6’/Rpt5 (Lam et al., 2002) and
ADRM1/Rpnl13 (Husnjak et al., 2008; Schreiner et al., 2008) are able to bind to
ubiquitin directly, whereas S1/Rpn2 and S2/Rpnl recognize substrates indirectly
by binding to linker proteins such as hHR23/Rad23 and hPLIC/Dsk2 (Elsasser
et al., 2002; Saeki et al., 2002b; Seeger et al., 2003). Interestingly, Rpn13 is also
responsible for tethering the deubiquitylating enzyme UCH37 to the proteasome
through a second domain (Yao et al., 2006).

Apart from the 19S regulator, the 20S proteasome can pair with several alterna-
tive regulatory particles to form a number of structurally different proteasome-

11
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Polyubiquitylated
protein substrate

Figure 1: The 26S proteasome. The proteasome is a large, multicatalytic protease that
degrades polyubiquitylated proteins to produce small pepftides. It is composed of
two subcomplexes — a 20S core particle (CP) that carries the catalytic activity, and a
19S regulatory particle (RP). The 20S CP is a barrel-shaped structure that is composed
of four stacked rings, two identical outer a-rings and two identical inner g-rings. The
eukaryofic a- and g-rings are each composed of seven distinct subunits, which gives
the 20S complex the general structure of a1-731-731-7a1-7. The catalytic sites are lo-
cdalized to some of the g-subunits. One or both ends of the 20S barrel can be capped
by a 19S RP Following substrate degradation, short peptides that have been derived
from the substrate are released, as is reusable ubiquitin. Part (A) of the figure shows
an electron-microscopy image of a 26S proteasome from Saccharomyces cerevisiae,
and part (B) shows a schematic representation of the structure and function of the
26S proteasome. Ub, ubiquitin. (Modified from Ciechanover, 2005).

regulatory complexes (Schmidt et al., 2005). These alternative regulators, which
include PA28a( (also known as the 11S regulator), PA28~ as well as PA200, do
not contain ATPases and stimulate proteasome activity solely by removing the
occlusions at the outer pores of the 20S core particle. As a consequence, they are
unable to unfold complex substrates and can only enhance the hydrolysis of short
peptides. In addition, they are devoid of any ubiquitin-binding activity (Rech-
steiner and Hill, 2005). Interestingly, the PA28a and PA28 genes are encoded in
the major histocompatibility class I locus adjacent to the inducible 20S subunits
LMP2 and LMP7, and expression of PA28a( is also upregulated in response to
cytokines such as IFN-y. Furthermore, the 20S core particle can associate with
two different regulators at either end, creating a hybrid-proteasome with catalytic
properties which differ from those displayed by proteasomes containing only one
type of regulator. Indeed, proteasomes capped with both the 19S and 11S reg-
ulator are able to generate a unique pool of peptides with an increased affinity
for MHC class I molecules (Rechsteiner et al., 2000). Alternatively, proteasomal
activity can not only be stimulated, but also attenuated by a different class of
inhibitory regulators such as PI31, which competes with PA28«/3 for proteasome
binding (Rechsteiner and Hill, 2005).

12
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The 26S proteasome plays a pivotal role in many cellular processes and its sub-
strates come from a variety of sources and are targeted for a number of different
reasons. These reasons can be grouped into two categories: recycling and regula-
tion. The former is perhaps the more obvious: proteins which are defective or no
longer needed are disassembled into single amino acids which can then be used for
neosynthesis. The latter utilizes degradation as a fast, efficient and irreversible
means to the inactivation of regulatory proteins such as cell-cycle regulators or
components of signaling cascades. Of course, these two functions are not entirely
unrelated, as even those proteins which are primarily targeted for degradation
to ensure their inactivation are ultimately reduced to their building blocks and
subsequently recycled. Conversely, even peptides derived from defective proteins
which were targeted in the course of waste disposal might end up being presented
on MHC class I molecules (Yewdell et al., 1996; Schubert et al., 2000).

One prominent example for the regulatory function of the proteasome is the tar-
geted distruction of cyclins and Cdk inhibitors — which, through their periodic
degradation and neosynthesis, ultimately drive the cell-cycle (Nigg, 1995; Obaya
and Sedivy, 2002). Another is that of the tumor suppressor p53, which, when
stabilized by stress stimuli such as DNA-damage, is responsible for the transcrip-
tional activation of a broad array of proteins involved in cell-cycle control, apop-
tosis and senescence (Lavin and Gueven, 2006). A third example is that of the en-
zyme ornithine-decarboxylase (ODC), which catalyzes the first and rate-limiting
step in the synthesis of cellular polyamines. Interestingly, ODC also doubles as
the most prominent example of ubiquitin-independent proteasomal degradation
(Kahana et al., 2005).

The non-functional proteins which are targeted for proteasomal degradation as a
means of waste-disposal originate from several sources: Aging, previously fully
functional proteins can become become damaged, primarily through oxidation,
over the course of their lifetime (Grune et al., 1997). Alternatively, proteins can
be targeted to the proteasome right after synthesis due to failure to pass the
stringent cellular quality control mechanisms. As many as 30% of all newly
synthesized proteins are ubiquitylated and degraded by the proteasome. Most
of these proteins, which are called defective ribosomal products (DRiPs), result
from errors in the process of protein synthesis, such as misincorporation of amino
acids, premature termination or deletion of residues. Post-translational mistakes
which can occur during folding, oligomer assembly or intracellular sorting can
also lead to the generation of DRiPs. Importantly, even though they are tar-
geted for degradation through the action of quality control mechanisms, DRiPs

13
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are the major source of antigenic peptides for MHC class I restricted presentation
(Yewdell et al., 1996, 2001).

Ubiquitin and Ubiquitin-Like Proteins

Ubiquitin

Ubiquitin is a small, highly conserved protein of 76 amino acids and of compact,
globular structure. It exerts its function mainly through covalent attachment to
other proteins and is coded for by a number of different genes, which are scattered
throughout the genome. In all cases, ubiquitin is expressed as a proprotein with
a C-terminal extension and needs to be proteolytically processed before yielding
functional, monomeric ubiquitin (Jentsch et al., 1991). The conjugation of ubiqui-
tin to its target proteins, which is termed ubiquitination, ubiquitinylation or ubiq-
uitylation, is dependent on the presence of two consecutive glycine residues at its
very C-terminus and requires the sequential action of three enzymes. In a first
step, the C-terminal glycine residue of ubiquitin is activated in an ATP-dependent
step by a specific ubiquitin activating enzyme, or E1. This step consists of an in-
termediate formation of ubiquitin adenylate, with the release of pyrophosphate
(PPi), followed by the binding of ubiquitin to a cysteine residue of the E1 enzyme
in a thiolester linkage, with the release of AMP. In a second step, ubiquitin is
transferred to the active site cysteine residue of a ubiquitin-conjugation enzyme,
or E2. The third enzyme in this cascade, the ubiquitin-protein ligase, or E3, cat-
alyzes the isopeptide linkage of the ubiquitin C-terminus to an c-amino group in
of one of the substrate protein’s lysine residues (Hershko and Ciechanover, 1998
and Fig. 2).

In most cases, modification of the substrate protein is not limited to the attach-
ment of a single ubiquitin moiety. Instead, the newly attached ubiquitin now
serves as the acceptor for a new round of ubiquitylation, which eventually results
in the formation of ubiquitin chains. In some cases, the action of an additional
enzyme — a multiubiquitin-chain assembly factor, termed E4 — is required for
extension of the polyubiquitin chain (Hoppe, 2005). Ubiquitin possesses seven ly-
sine residues, all of which are potentially involved in chain formation. However,
only linkages through K48, K63 and sometimes also K29 are readily observed in
nature (Haglund and Dikic, 2005). Ubiquitin was first identified as the tag which
targets proteins for ATP-dependent degradation (Ciechanover et al., 1978), which
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Figure 2: The ubiquitylation pathway. Free ubiquitin (Ub) is activated in an ATP-
dependent manner with the formation of a thiol-ester-linkage between E1 and the
carboxyl terminus of ubiquitin. Ubiquitin is then transferred to one of a number of dif-
ferent E2s. E2s associate with E3s, which may have substrate already bound. For HECT
domain E3s, ubiquitin is next transferred to the active-site cysteine of the HECT domain
followed by transfer to substrate(s) (as shown) or to a substrate-bound polyubiquitin-
chain. For RING E3s, current evidence indicates that ubiquitin is transferred directly
from the E2 to the substrate. (Modified from Fang and Weissman, 2004).

turned out to indeed be the most prevalent function of ubiquitin conjugation. Pro-
teasomal targeting of proteins is mediated by the attachment of a chain of four or
more K48-linked ubiquitin moieties (Thrower et al., 2000). In a limited number of
cases, the attachment of a K29-linked chain also leads to proteasomal degradation
(Johnson et al., 1995), however, most other variations of ubiquitin attachment are
means to a different end. K63-linked ubiquitin displays a distinct chain topology
and is involved in signal transduction (Krappmann and Scheidereit, 2005) and
DNA repair (Friedberg et al., 2005). In some instances, modification of the target
protein with a single ubiquitin moiety (monoubiquitylation), or with several sep-
arate ubiquitins at different lysines (multiubiquitylation) is sufficient to modify
a protein’s activity or to create a new binding site. As such, monoubiquitylation
has been implicated in endocytosis, vesicular sorting, histone regulation and the
budding of retroviruses (Hicke, 2001; Di Fiore et al., 2003).

Substrate specificity of the ubiquitin system is conferred by a multitude of E3
enzymes, which are responsible for recognizing their specific target protein. In
genomics studies, several hundered putative E3 candidate genes have been iden-
tified. E3 ubiquitin-protein ligases are defined as enzymes which bind, through
direct interaction or with the help of additional adaptor proteins, specific protein
substrates and facilitate the transfer of ubiquitin from a thiolester intermediate
of their cognate E2 enzyme to an isopeptide linkage with the target protein. The
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majority of ubiquitin-protein ligases fall into one of two subcategories, the HECT-
domain E3s or the RING-finger E3s (Fang and Weissman, 2004).

The HECT (Homologous to E6-AP C-terminus)-domain family was the first family
of ubiquitin-ligases to be identified. The first member of this family, E6-AP, was
discovered as a cellular protein which was required for the ubiquitylation and sub-
sequent degradation of the p53 tumor suppressor by the human pappilomavirus
E6 oncoprotein (Scheffner et al., 1994). HECT-domain E3s first transfer ubiquitin
from the bound E2 onto their active site cysteine in the C-terminal HECT-domain
before they pass it on to their substrate protein.

The RING (Really Interesting New Gene)-domain family is the largest family of
ubiquitin-ligases. The RING-finger is defined by eight conserved cysteines and
histidines which together coordinate two zinc ions (Borden and Freemont, 1996).
The first member of this family which was identified is the ubiquitin-ligase E3«,
which is responsible for ubiquitylating substrates of the N-end rule pathway.
RING-domain E3s do not transfer the activated ubiquitin onto themselves, but
rather facilitate its transfer from the tightly bound E2 directly onto the substrate
protein. This family of E3s consists of both single subunit enzymes, which contain
all the necessary domains in one protein, for example Cbl, as well as large multi-
meric complexes such as the SCF-complex, or the anaphase-promoting-complex,
in which the RING domain exists as a separate subunit (Joazeiro and Weissman,
2000).

The other two subfamilies are relatively small and both contain variants of
the RING-domain. The PHD-finger was first identified as a component of viral
ubiquitin-ligases, but has subsequently also been found in mammalian proteins
(Coscoy and Ganem, 2003). The U-box, in turn, is a modified RING-domain with
no coordinated zinc ions. The ubiquitin-ligase CHIP for example, which functions
as an E3 for HSP90 interacting proteins, is a member of this last family (Jiang
et al., 2001).

In contrast to the large number or E3 enzymes, the mammalian genome encodes
for only about 30 different E2 ubiquitin-conjugating enzymes (von Arnim, 2001).
As a consequence, each E2 enzyme is responsible for serving a number of differ-
ent E3s. All known E2 enzymes belong to the same family, which is characterized
by the presence of a catalytic domain called the UBC-domain. Some E2s possess
additional C-terminal or N-terminal extensions, which are responsible for medi-

ating subcellular localization or recognition of E3 enzymes. With a few exceptions
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— among them BRUCE, a 528 kDa inhibitor of apoptosis (Hauser et al., 1998) —
most E2s are of rather small size (Jentsch et al., 1990).

Two different E1 enzymes are able to activate ubiquitin in the first step of the
ubiquitin conjugation process. These ubiquitin-activating enzymes, which are
called UBE1 and UBAS6, serve distinct, but overlapping pools of E2s. Although
both Els are broadly expressed in all tissue types, deletion of either one of them
is lethal, indicating that there is little redundancy in the system. Interestingly,
UBE1 — which was long thought to be the only ubiquitin-conjugating enzyme in
existence — is expressed at a much higher level in most tissues and accounts for
up to 85% of all ubiquitin conjugates observed (Groettrup et al., 2008).

A further layer of complexity is added to the ubiquitin-system through the actions
of a group of deubiquitylating enzymes, or DUBs, the majority of which fall into
one of two subgroups: The family of ubiquitin C-terminal hydrolases (UCHS) or
the family of ubiquitin-specific processing proteases (UBPs). DUBs carry out a
variety of processing or editing functions. Some of them are responsible for the
processing of linear ubiquitin-fusions and are required for the generation of ac-
tive ubiquitin from newly synthesized precursor proteins. Others are responsible
for the removal of polyubiquitin-chains from proteins targeted for proteasomal
degradation, ensuring that these are not degraded along with their substrates
but instead recycled. Once the ubiquitin chains are liberated, a second group of
DUBs then disassembles them into ubiquitin monomers. Yet another group is in-
volved in the modulation of various ubiquitin signals. They can, for example, res-
cue proteins from degradation by removing their ubiquitin-tags before they come
into contact with the proteasome, or attenuate signal transduction cascades by
removing the activating K63-linked chains (Amerik and Hochstrasser, 2004).

Both the enzymes involved in ubiquitin-processing as well as the effector pro-
teins which act downstream of the ubiquitin signal need to interact with ubiqui-
tin, and this recognition is mediated by a plethora of different ubiquitin-binding
domains. These include — but may not be limited to — sixteen different domains:
UBA, UIM, MIU, DUIM, CUE, GAT, NZF, A20 ZnF, BUZ, UBZ, Ubc, UEV, UBM,
GLUE, Jab1l/MPN and PFU. Interestingly, although several of these domains dis-
play absolutely no sequence similarity and seem to have evolved independently
of each other, most of them bind to ubiquitin through a conserved surface encom-
passing residues Leu8, Ile44 and Val70, which is called the “hydrophobic patch”.
A notable exception to this rule is the BUZ domain, a zinc-finger which instead

interacts with ubiquitin through its free C-terminal diglycine-motif, and is for
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example contained in the deubiquitylating enzyme isopeptidase T or the tubulin
deacetylase HDAC6. Most ubiquitin-binding domains display a preference for ei-
ther monoubiquitin, different polyubiquitin chain topologies or ubiquitin-like do-
mains, although the exact molecular determinants of this ability to discriminate
remain unknown (Hurley et al., 2006).

Ubiquitin-Like Proteins

All eukaryotic cells contain several additional proteins which are related to ubiq-
uitin in either sequence or structure. Like ubiquitin, these proteins are in-
volved in a vast number of fundamental cellular processes. Collectively known
as ubiquitin-like proteins, they can be subdivided into the families of ubiquitin-
like modifiers and ubiquitin-domain proteins (Fig. 3). Members of the first group
function — as their name suggests — as modifiers, and are covalently attached to
other proteins in a manner analogous to ubiquitin conjugation. Members of the
second group are larger proteins and contain a ubiquitin-like domain as an in-
tegral part of their sequence, but are otherwise functinally diverse (Jentsch and
Pyrowolakis, 2000).

Ubiquitin-Like Modifiers

With the exception of ATGS8, ATG12 and URM]1, all ubiquitin-like modifiers
(UbLs) display a high level of sequence homology to ubiquitin and, regardless
of their sequence, they all share essentially the same three-dimensional struc-
ture. In addition, those UbLs which are capable of covalent attachment to an-
other protein invariably share a conserved glycine residue at their C-terminus,
and the carboxyl group of this glycine is the site of attachment to their substrates.
Like ubiquitin, most of them are generated as precursors with C-terminal exten-
sions of variing length and need to be activated through endoproteolytic process-
ing. This step is mediated by UbL-specific proteases (ULPs), which function in
a manner analogous to DUBs and are also capable of hydrolizing the isopeptide
bond between their specific UbL and its target proteins. Exceptions to this rule
are ATG12, URM1 and FAT10, which already contain a free glycine at their C-

terminus and have no requirement for processing.

Ubiquitin-like modifiers are also conjugated to their target proteins by way of a

multi-enzyme cascade, in a manner analogous to that of ubiquitin conjugation,
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Ubiquitin-like modifiers Ubiquitin-domain proteins
UBL
Ubiquitin Rad23/hHR23
SUMO-1 Dsk2/hPLIC/ubiquilin
SUMO-2/3 Vsm1/Ddi1
NEDDS8 NUB1/NUB1L
ISG15 BAG-1
FAT10 Doa4/Ubp4
URM1 Ubp6/Usp14
ATGS8 Scythe
ATG12 Parkin
Elongin B

Figure 3: Two families of ubiquitin-like proteins. Ubiquitin-like modifiers (UbLs, red)
are conjugated to their target proteins in @ manner analogous to that of ubiquitin.
Ubiquitin-domain proteins (UBDs) contain an integral ubiquitin-like domain (green),
but do not form conjugates. (Modified from Jentsch and Pyrowolakis, 2000).

which ultimately results in the formation of an isopeptide linkage between the
C-terminal glycine of the UbL and a lysine residue of the target protein. Many of
the enzymes involved in the conjugation of UbLs have recently been discovered,
and although the pathways appear to be for the most part distinct, there appears
to be a certain amount of enzyme sharing between different modifiers. ATG8 and
ATG12, the two UbLs involved in autophagosome formation, for example share a
single E1, ATG7, but each of them has their own E2. Conversely, two different
E1s specific for different UbLs can share the same E2; UBEL1, the E1 for ISG15,
and UBE1, the E1 for ubiquitin, both can both transfer their respective modifier
to the E2 UbcHS8. Apart from FAT10, none of the other UbLs are directly involved
in the targeting of proteins for proteasomal degradation. Instead, through their
attachment, they are for example able to alter the function or subcellular local-
ization of their target protein (Welchman et al., 2005; Kerscher et al., 2006).

SUMO (Small ubiquitin-like modifier), which is perhaps the most well-studied
member of this group, exists in the form of three isoforms, SUMO-1, SUMO-
2 and SUMO-3, of which the latter two are virtually identical in sequence and
are functionally distinct from SUMO-1. Interestingly, SUMO-2/3 are the only
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two modifiers apart from ubiquitin which could be shown to form polyUbL-chains
(Tatham et al., 2001). In many cases, the attachment of SUMO leads to a change
in the subcellular localization of its target proteins, for example in the case of
RanGAP1, which is involved in nuclear import/export and is targeted to the nu-
clear pore complex by modification with SUMO-1 (Matunis et al., 1996). In the
case of the promyelotic leukemia (PML) protein, SUMOylation is required for
its function as a scaffold promoting the formation of PML nuclear bodies, which
are subnuclear structures implicated in transcriptional regulation and DNA re-
pair (Zhong et al., 2000). Interestingly, PML can also be polySUMOylated, and
this leads to the recruitment of the SUMO-interaction (SIM) domain containing
ubiquitin-ligase RNF4/SNURF. Recruitment of RNF4 then facilitates the polyu-
biquitylation of PML which ultimately results in the destruction of PML via pro-
teasomal degradation (Tatham et al., 2008; Lallemand-Breitenbach et al., 2008).
Furthermore, several proteins can be modified by either SUMO or ubiquitin at
the same lysine residue. The attachment of either SUMO or ubiquitin is mutually
exclusive, and for a number of proteins — among them the DNA-replication pro-
cessivity factor PCNA (Hoege et al., 2002), or the tumor suppresor p53 (Rodriguez
et al., 1999) — it could be shown that SUMOylation can prevent ubiquitylation at
the same residue. Interestingly, many of SUMO’s target proteins contain a con-
sensus SUMOylation site, which can be directly recognized by the E2, thereby
obliterating the need for an E3 (Johnson, 2004).

NEDDS8 (Neuronal precursor cell-expressed developmentally down-regulated 8)
was originally characterized as a protein able to regulate the activity of ubiquitin-
ligases. NEDDylation of cullins, which are scaffoliding subunits of multi-
component RING E3s, enables the interaction of the E3 with its cognate E2 (Pan
et al., 2004). Another example of a target of NEDDylation is the tumor suppressor
p53, which in addition to being subject to both ubiquitylation and SUMOylation,
can also be modified by NEDDS8. Like ubiquitylation, attachment of NEDDS8 can
inhibit p53 activity and is mediated by the same E3 ligase, Mdm2 (Xirodimas
et al., 2004).

ISG15 (Interferon-stimulated gene 15) consists of two UBL domains in a tan-
dem array and is the only ubiquitin-like modifier which can be secreted into the
extracellular space (Knight and Cordova, 1991). Several components of the ISG-
conjugation and deconjugation machinery, such as its E1 UBE1L (Yuan and Krug,
2001), its E2 UbcH8 (Kim et al., 2004) and the deconjugating enzyme UBP43
(Malakhov et al., 2002), as well as ISG15 itself are inducible with IFN-o and
IFN-5. Free ISG15 displays immunemodulatory functions and has been shown
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to stimulate the IFN-v production by CD3* cells (Recht et al., 1991) and acti-
vate the proliferation of CD56* natural killer cells (D’Cunha et al., 1996). Fur-
thermore, in accordance with its function as a putative antiviral effector, several
viruses actively block the conjugation of ISG15 to its target proteins (Yuan and
Krug, 2001; Guerra et al., 2008). Several key factors involved in signal trans-
duction, among them phospholipase Cv1, the kinases JAK1 and ERK1, as well
as the transcription factor STAT1, have been reported to be substrates of ISG15
(Malakhov et al., 2003), however, the biological significance of their modification

remains unknown.

FAT10

FAT10 (HLA-F locus associated transcript 10) is a ubiquitin-like modifier of 165
amino acids in length and encompasses two ubiquitin-like domains in a head-
to-tail formation, which are connected by a short linker. Owing to its resem-
blance to a tandem fusion of two ubiquitins, it was originally also called “diubiq-
uitin” or “ubiquitin D”. Its N-terminal and C-terminal ubiquitin-like domains are
more closely related to ubiquitin than to each other and show 29% and 36% se-
quence identity to ubiquitin, respectively. Four of the lysine residues involved in
polyubiquitin-chain formation — corresponding to K27, K33 and most notably K48
and K63 — are conserved in both ubiquitin-like domains of FAT10. In addition, it
does not carry a C-terminal extension, but rather ends with a free diglycine-motif
(Fig. 4). The fat10 gene lies encoded in the MHC class I HLA-F locus on chro-
mosome 6, adjacent to the genes for the interferon-inducible subunits LMP2 and
LMP7 of the proteasome and was thus originally suspected to have a function in
antigen processing and presentation (Fan et al., 1996; Bates et al., 1997).

FAT10 is constitutively expressed in dendritic cells and mature B cells (Bates
et al., 1997), and FAT10 mRNA was readily detectable in spleen and thymus
both by Northern blot, in situ hybridization (Liu et al., 1999) as well as qRT-PCR
(Lukasiak et al., 2008). However, expression of FAT10 is not restricted to cells of
the immune system, but can be synergistically induced with the proinflammatory
cytokines TNF-a and IFN-v in cells of almost every tissue origin. Induction of the
FAT10 mRNA did not rely on de novo protein synthesis and was partially depen-
dent on proteasomal activity, as treatment with proteasome inhibitors prevented
induction of FAT10 with TNF-«, but not IFN-y (Raasi et al., 1999). In addition,
the fat10 promotor was shown to contain a p53-binding site and transcription of
the fat10 gene appeared to be negatively regulated by p53 (Zhang et al., 2006a).
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Figure 4: Comparison of sequence as well as predicted tertiary structure of FAT10
with ubiquitin. (A) FAT10 encompasses two ubiquitin-like domains (UBLs) which are
29% and 36% identical to ubiquitin. The C-terminal diglycine-motif is conserved in the
second domain of FAT10. In addition, four of the lysines involved in polyubiquitin-chain
formation — corresponding to K27, K33, K48 and Ké3 — are conserved. (B) Ribbon
diagrams of the ubiquitin structure and the predicted structure of FAT10. (Modified
from Groettrup et al., 2008). (C) Sequence alignment of the N- and C-terminal parts
of FAT10 with ubiquitin.

Although the identity of its target proteins remains elusive, FAT10 could be shown
to form covalent conjugates through its C-terminal glycine (Raasi et al., 2001),
and the E1 enzyme responsible for its activation was recently discovered (Chiu
et al., 2007). Interestingly, FAT10 shares its activating enzyme, UBA6, with ubiq-
uitin, although both modifiers appear to be passed on to different E2 enzymes.

FAT10 shares one additional important property with ubiquitin, as both modifiers
can promote the proteasomal degradation of their substrates with equal potency,
an ability intrinsic to no other member of the ubiquitin superfamily. Interest-
ingly, although ubiquitin is a remarkably stable protein, both FAT10 as well as
its conjugates are rapidly degraded. This finding, together with the apparent lack
of a FAT10-specific protease suggests that, rather than being recycled, FAT10 is
degraded along with its substrates (Hipp et al., 2005), and experiments with a
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diglycine-deficient mutant of FAT10 revealed that conjugation to a substrate was
not required for its degradation (Hipp, 2004). In addition, the degradation of
FAT10 could be further accelerated through coexpression of a non-covalent inter-
action partner, the UBL-UBA domain protein NUB1L (Hipp et al., 2004). Despite
the striking similarities between ubiquitin- and FAT10-mediated degradation,
FATylation of a protein appears to be sufficient to promote its degradation, as
two experimental approaches demonstrated no further requirement for ubiquity-
lation. A mutant version of FAT10, which due to a lack of lysines is unable to
serve as a substrate of ubiquitin conjugation, was still able to promote the degra-
dation of a model substrate. Likewise, a cell line carrying a thermolabile mutant
of the major ubiquitin-activating enzyme showed no accumulation of an artificial
FAT10-conjugate (Hipp et al., 2005).

Evidence for a role of FAT10 in immunity has remained sparse. In fact, the only
two connections to the immune response derive from the study of FAT10 gene-
targeted mice, which display a hypersensitivity to LPS as their major phenotype
to date (Canaan et al., 2006), and the finding that FAT10 might be able to inhibit
hepatitis B virus expression in a hepatoblastoma cell line (Xiong et al., 2003).
A recent number of publications have, however, implicated FAT10 in cancer, al-
though it is still a matter of debate whether it functions as a tumor suppressor or

rather an oncogene.

One study found FAT10 to be highly upregulated in hepatocellular carcinoma as
well as other cancers of the gastrointestinal tract and female reproductive sys-
tem (Lee et al., 2003). Another identified FAT10 as a potential marker for liver
preneoplasia, as it was highly overexpressed in a model of Mallory-Denk body
containing chronic liver diseases, which are thought to progress to hepatocellular
carcinoma (Oliva et al., 2008). Both suggested an active role of FAT10 in tumori-
genesis based on its interaction with the spindle assembly checkpoint protein
MAD2 (Liu et al., 1999). Through non-covalent interaction, FAT10 is thought to
displace MAD2 from the kinetochore during prometaphase, which leads to faulty
chromosomal segregation and ultimately results in the formation of cells contain-
ing abnormal chromosome numbers (Ren et al., 2006). This hypothesis is further
corroborated by the finding that the expression of FAT10 is cell-cyle regulated
at transcript level and is kept low in G2/M phase, presumably to prevent FAT10
from interfering with chromosomal segregation (Lim et al., 2006).

Strong evidence for the function of FAT10 as a tumor suppressor, on the other
hand, comes from the finding that expression of FAT10 is able to induce caspase-
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dependent apoptosis in a variety of models. Studies in a mouse fibroblast
line demonstrated that overexpression of FAT10 resulted in massive caspase-
dependent cell death within 24 to 48 hours, and that this induction of apoptosis
was dependent on the conjugation of FAT10 to so far unidentified target proteins
(Raasi et al., 2001). A different study found FAT10 to be highly upregulated in
the HIV-1 induced dysregulated apoptosis of renal tubular epithelial cells and was
able to show that expression of FAT10 promoted apoptosis in a culture of those
cells (Ross et al., 2006). In addition, two groups described their inability to gen-
erate stable transfectants of FAT10 as a result of profound cell death caused by
the overexpression of FAT10 (Liu et al., 1999; Raasi et al., 1999). Furthermore,
NIHS3TS3 transformation assays revealed FAT10 to have no transforming capabil-
ity and the same study also demonstrated that the upregulation of FAT10 in liver
and colon cancer cells could be attributed to the synergistic action of IFN-v and
TNF-a due to an ongoing immune response (Lukasiak et al., 2008).

Ubiquitin Domain Proteins

Ubiquitin domain proteins (UBDs) are a structurally and functionally heteroge-
neous group and are characterized by the presence of an integral ubiquitin-like
(UBL) domain. This domain lacks the C-terminal diglycine-motif found in ubiq-
uitin and most ubiquitin-like modifiers and can neither be conjugated to other
proteins nor is it a signal for degradation. Instead, it functions as a mediator
of protein-protein interactions through recognition by ubiquitin-binding domains.
In most cases, the UBL domain is situated near or at the N-terminus of the UBD
while the C-terminus contains one or more additional, unrelated domains per-
taining to the function of the protein. (Jentsch and Pyrowolakis, 2000). Interest-
ingly, many ubiquitin-domain proteins are able to interact with the 19S protea-
somal regulator, which appears to be a common mechanism of tethering proteins
with different functions to the 26S proteasome (Schauber et al., 1998). Among
them are deubiquitylating enzymes, such as Ubp4/Doa4 (Papa et al., 1999) and
Usp14/Ubp6, which binds to the S1 and S2 subunits of the 19S regulator (Leggett
et al., 2002) and is also able to delay proteasomal degradation through a second,
noncatalytic mechanism (Hanna et al., 2006). E3s can also associate directly with
the proteasome; for example the ubiquitin-ligase parkin (Shimura et al., 2000),
which binds to the S5a subunit via its UBL domain (Sakata et al., 2003). Other
proteins simply serve as adaptors, such as BAG-1 (Bcl2-associated athanogene-1),
which is responsible for tethering both HSP70 as well as the HSP70-interacting
E3 ligase CHIP to the proteasome (Liiders et al., 2000; Alberti et al., 2002).
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A distinct subgroup consists of ubiquitin domain proteins which are character-
ized by the possession of one or more ubiquitin-associated (UBA) domains and
are thought to function as soluble ubiquitin receptors and facilitators of protea-
somal degradation. Members of this family of UBL-UBA domain proteins in-
clude hHR23/Rad23 (Chen and Madura, 2002), hPLIC/ubiquilin/Dsk2 (Funakoshi
et al., 2002), NUB1 (Kito et al., 2001), and Ddi1l/Vsm1 (Bertolaet et al., 2001),
which is the only member of this family containing a putative aspartyl protease
domain (Sirkis et al., 2006). Although there are conflicting data, a growing
body of evidence now supports a model in which UBL-UBA proteins function as
proteasome-substrate carriers by binding to the proteasome through their UBL
domain and to polyubiquitylated cargo through their UBA domain(s).

Most of the evidence comes from the study of Rad23, which was originally dis-
covered as a component of nuclear excision repair, and Dsk2. Both proteins could
be shown to interact via their UBL domain with the S5a (Hiyama et al., 1999;
Walters et al., 2002) and S2 (Elsasser et al., 2002) subunits of the proteasome
and with polyubiquitylated cargo through their UBA domains (Chen et al., 2001;
Zhang et al., 2008a). Through genetic studies, which were mostly performed
in yeast, it could be shown that deletion of either of these proteins resulted in
the accumulation of high molecular weight ubiquitin conjugates and impaired
degradation of a limited number of proteasomal substrates (Chen and Madura,
2002; Funakoshi et al., 2002; Rao and Sastry, 2002). It would be expected that
the overexpression of UBL-UBA proteins, in turn, stimulates the degradation of
these substrates, which could indeed be observed in some cases (Funakoshi et al.,
2002; Verma et al., 2004b). However, it appears that the system is highly sen-
sitive to pertubations in the level of UBL-UBA proteins, as their overexpression
often leads to the stabilization, rather than accelerated degradation, of protea-
somal substrates (Kleijnen et al., 2000; Ortolan et al., 2000). This effect can
probably be attributed to the sequestration of polyubiquin chains by an excess
of soluble UBA domain containing proteins, which effectively prevents their as-
sociation with all sorts of ubiquitin-interacting proteins including not only pro-
teasomal subunits (Raasi and Pickart, 2003), but also for example enzymes in-
volved in polyubiquitin-chain assembly (Ortolan et al., 2000), or deubiquitylation
(Hartmann-Petersen et al., 2003). As most manipulations concerning a single
proteasome receptor have only mild effects on the bulk turnover of polyubiquity-
lated proteins, there appears to be a high level of redundancy in the delivery of
polyubiquitylated substrates to the proteasome. Accordingly, only the combined
deletion of the three proteasome receptors Rpn10, Rad23 and Dsk2 results in a
severe (Saeki et al., 2002a) or lethal (Wilkinson et al., 2001) phenotype in yeast.
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Interestingly, a recent study has uncovered a dual role of these ubiquitin-receptors
in both substrate delivery and the stimulation of proteasomal activity (Verma
et al., 2004a). Although Rad23 was sufficient to physically link a polyubiquity-
lated substrate to the proteasome, the presence of the VWA domain of Rpn10
— but not its UIM domain — was required to facilitate its degradation. As this
requirement for facilitation was only observed for one of the substrates under
investigation, it appears that despite of all redunancy, different substrates are
preferrentially targeted to the proteasome via different mechanisms.

NUBI

NUBI1 was originally identified as a protein able to interact with and down-
regulate cellular NEDDS8 levels via proteasomal degradation (Kito et al., 2001;
Kamitani et al., 2001) and was thus christened “NEDDS ultimate buster 1”. It is
a member of the family of UBL-UBA domain proteins and exists in the form of
two splicing variants, a short version of 601 amino acids in length (NUB1), which
contains two UBA domains, and a long version (termed NUB1llong or NUB1L)
containing an insertion of 14 amino acids, which generates a third UBA domain
sandwiched inbetween the two existing ones (Tanaka et al., 2003). NUBI1 has a
somewhat unique status among the UBL-UBA proteins, as it is the only mem-
ber of this family which contains UBA domains that are unable to associate
with either polyubiquitin-chains or monoubiquitin (Raasi et al., 2005). The bind-
ing of NEDD8 was mapped to the second UBA domain (UBA2) as well as a
short sequence near the C-terminus of NUB1, which includes the C-terminal half
of a PEST domain. In addition, NUB1 was also reported to interact with the
ubiquitin-precursor UbC1, however, the functional significance of this finding re-
mains unknown (Tanaka et al., 2004). In addition, it is able to associate with
the proteasomal subunit S5a/Rpn10 (Kamitani et al., 2001), and this interaction
has surprisingly been reported to be mediated not through its UBL domain but
rather through a short C-terminal region between amino acids 536 and 584 (Tanji
et al., 2005). NUB1 is inducible with IFN-5 as well as IFN-vy and its subcellular
localization is mainly nuclear, owing to the presense of a nuclear localization sig-
nal (NLS) between residues 414 and 431 (Kito et al., 2001). Even though it is
cytokine-inducible, NUB1/NUBI1L appears to be universally expressed in all tis-
sue types, although the two isoforms differ in their level of mRNA expression
(Tanaka et al., 2003).
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NUBI1 has recently been implicated in two different types of neurodegenerative
diseases, although the evidence is, admittedly, only circumstantial. NUB1 has
been found to interact with AIPL1 (Aryl hydrocarbon receptor-interacting protein-
like 1), a protein which is expressed solely in the rod photoreceptors of the adult
human retina and is mutated in patients with Leber congenital amaurosis (LCA),
a severe, early-onset form of retinal degeneration (Akey et al., 2002). AIPL1 func-
tions as part of a chaperone heterocomplex containing both HSP70 and HSP90
(de Quintana et al., 2008) and is able to promote the translocation of NUB1 from
the nucleus to the cytoplasm as well suppress the formation of NUB1 contain-
ing cytoplasmatic inclusions (van der Spuy and Cheetham, 2004). Interestingly,
mutations in both the chaperone (de Quintana et al., 2008) as well as the NUB1
(Kanaya et al., 2004) binding sites have been found in patients with Leber con-
genital amaurosis. The second link to neurodegeneration derives from the inter-
action of NUB1 with synphilin-1, which is a major component of inclusion bodies
found in the brains of patients with neurodegenerative a-synucleinopathies, such
as Parkinson’s disease. It could be shown that NUBI1 is able to suppress the
formation of synphilin-1 containing inclusion bodies, presumably by proteasomal
degradation of synphilin-1 (Tanji et al., 2006). The same study also demonstrated
the presence of NUB1 in synphilin-1 positive Lewy bodies of Parkinson’s disease,
while a follow-up study revealed NUBI1 to only be present in inclusions found in
patients with a-synucleinopathies, but not in inclusions observed in patients with
other neurodegenerative diseases (Tanji et al., 2007).

Through a yeast two-hybrid screen with the ubiquitin-like modifier FAT10 as a
bait, NUB1L was recently identified as a non-covalent binding partner of FAT10,
which could be verified both in vivo as well as in vitro. In addition, NUB1L
was shown to specifically interact with FAT10 and failed to bind either ubiqui-
tin or SUMO. Strikingly, this study was unable to reproduce the interaction with
NEDDS, neither in vivo nor in vitro, although under the same conditions, FAT10
displayed robust interaction with NUB1L. Furthermore, even a 10-fold excess of
NEDDS8 was unable to compete with FAT10 for NUB1L binding. Overexpres-
sion of NUB1L had no influence on the subcellular localization of FAT10. It did,
however, lead to a marked increase in the rate of FAT10 degradation, which is
consistent with its role as a putative proteasomal FAT10-receptor. (Hipp et al.,
2004).
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The Autophagy-Lysosome System

Autophagy is an intracellular degradation system which delivers cytoplasmatic
compontents to the lysosome. There are three distinct types of autophagy —
microautophagy, chaperone-mediated autophagy and macroautophagy — and the
name “autophagy” usually refers to the process of macroautophagy unless other-
wise specified (Mizushima and Klionsky, 2007). Microautophagy involves the bud-
ding of small cytosol-containing vessels directly into the lysosomal lumen. During
chaperone-mediated autophagy, proteins carrying a signal-peptide for lysosomal
sorting are directly transported into the lysosome by the transporter LAMP-2a,
which is assisted by cytosolic and lysosomal chaperones of the HSC70 family
(Massey et al., 2006). Macroautophagy is mediated by a unique organelle termed
the autophagosome. During its process, a crescent-shaped isolation membrane
forms de novo and encloses cytoplasmatic components — sometimes including
whole organelles — in a double-membraned vesicle, which subsequently fuses with
a lysosome for the degradation of its cargo and inner membrane (Ohsumi, 2001
and Fig. 5).

Nutrient starvation — and the lack of amino acids in particular — is the most typi-
cal trigger of autophagy, although a number of other factors inclucing, but not lim-
ited to, insulin, growth factors or TRAIL are also able to negatively or positively
affect autophagy (Mizushima, 2007). Many of the signals modulating autophagy
converge at mMTOR (mammalian target of rapamycin), which is a master regula-
tor of nutrient signaling and potent inhibitor of autophagy. Inhibition of mTOR
ultimately results in autophagosome formation, which is mediated through the
concerted action of approximately 20 autophagy-related (ATG) proteins and in-
volves the action of two ubiquitin-like conjugation systems. In a first step, the
ubiquitin-like modifiers ATG8 — which requires prior processing by ATG4 to re-
move its C-terminal extension — and ATG12 are activated through their common
E1l enzyme ATG7. ATGS8, which in mammals is known as LC3 (light chain 3),
then becomes conjugated to the lipid phosphatidyl-ethanolamine in the forming
isolation membrane through its E2 enzyme ATG3. Following completion of the
autophagosome, ATGS8 gets recycled from the outer autophagosomal membrane
by deconjugation from the phospholipid, however, it remains attached to the inner
membrane and this portion is degraded upon fusion with the lysosome. Owing to
its prominent localization to the inside of the autophagosomal membrane, ATG8
has been suggested to function as an anchor for autophagy substrates. ATG12 in
turn becomes conjugated to ATG5 through the action of its E2 enzyme ATG10.
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The ATG12-ATG5 complex then associates with ATG16 and is thought to create
a scaffold for the formation of the isolation membrane (Xie and Klionsky, 2007).

As autophagy functions by engulfing a portion of the cytoplasm, it was generally
thought to be a non-selective degradation system. However, this view has recently
been challenged by a number of reports which describe the specific targeting of
certain substrates to the autophagosome.

Misfolded Protein Stress, Aggresomes and the
Connection between Autophagy and the UPS

The existence of misfolded proteins in cells is an inevitable consequence of par-
tial unfolding during thermal or oxidative stress and of alterations in primary
structure caused by mutation, translational misincorporation or premature ter-
mination. Due to the exposure of hydrophobic regions, misfolded proteins are
prone to aggregation, and — if not immediately cleared — ultimately accumulate
in insoluble cytoplasmatic or nuclear inclusions (Kopito, 2000). The accumulation
of protein aggregates has been tightly linked to neuronal degeneration or organ
failure in a number of diseases such as Alzheimer’s, Parkinson’s or Huntington’s
disease and alcohol or drug induced liver damage (Gregersen et al., 2006). Al-
though the exact reasons behind the cytotoxicity of protein aggregates remain
unknown, a number of likely mechanisms have been proposed: First of all, the
accumulation of aggregates refractory to unfolding could lead to impairment of
the ubiquitin-proteasome system simply by “clogging” the proteasome, as the
unfolding of its substrates is a prerequisite for their degradation (Bence et al.,
2001; Bennett et al., 2005). Alternatively, aggregates could lead to the disruption
of microtubule-dependent axonal transport (Gunawardena et al., 2003), or they
could directly interact with transcription factors or membrane receptors, which
might result in an aberrant activation of signal transduction pathways (Yan et al.,
2000).

In any case, whatever the reason for the cytotoxicity of misfolded proteins, cells
have evolved a number of ways to counter the formation of protein aggregates.
First in line are the molecular chaperones, which transiently associate with un-
folded or partially folded intermediates and shelter hydrophobic surfaces from
forming inappropriate intra- or intermolecular contacts. Chaperones are con-

stitutively active in the quality control of nascent polypepdides, but can also be

29



Infroduction

Atg8 Atg12

O Qe -y
Phagophore Atg7
Atg4 gop! o0 )
Atg5
PI3K-Atg6
g Atg7 Atg12 Atg5
N A3 J
Isolation
membrane
85
(m] ~ o

Fusion with
late endosome and
lysosome

Amphisome

o
%‘3 Autolysosome
©

Figure 5: Molecular machinery of autophagy. Two ubiquitin-like systems are required
for formation of the isolation membrane and couple ATGS8 (LC3) and ATG12 to phos-
phatidylethanolamine (PE) and ATGS, respectively. The five C-terminal amino acids
of ATG8 are cleaved of by ATG4 o reveal glycine 120 (G120), which is required 1o link
the protein after activation by ATG7 and ligation by ATG3 to PE in the autophago-
somal membrane (green circles). Similarly, glycine 140 (G140) is used by ATG7 and
ATG 10 to couple ATG 12 to ATGS. This complex then localizes to the outer membrane
of the forming autophagosome (blue squares). Upon autophagosome completion,
the ATG12-ATG5 complex recycles from the outer membrane, and only ATG8 remains
associated with the completed autophagosome. Autophagosomes then fuse with
late endosomes and lysosomes for degradation of their cargo and their infravesicular
membranes. (Modified from Schmid and Munz, 2007).
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strongly induced under conditions which lead to the massive generation of mis-
folded proteins, such as heat-shock or oxidative stress (Hendrick and Hartl, 1995;
Bukau et al., 2006).

Proteins which do not pass quality control mechanisms or fail to successfully
complete chaperone-mediated refolding are eventually targeted for proteasomal
degradation through the attachment of a polyubiquitin-chain. This mechanism
has been well established for proteins degraded via the ER-associated degrada-
tion pathway (ERAD), but is also thought to apply to misfolded proteins originat-
ing from the cytoplasm or nucleus (Meusser et al., 2005). The ubiquitin-ligase
CHIP, for example, represents an interesting connnection between the chaperone
machinery and the ubiquitin-proteasome system. It is able to simultaneously as-
sociate with both the proteasome as well as chaperones of the HSC70 family and is
responsible for the polyubiquitinylation of those chaperone substrates which fail
to aquire proper folding (McDonough and Patterson, 2003). Removal of misfolded
proteins by the proteasome, however, is complicated by the fact that substrate un-
folding is a prerequisite for proteasomal degradation. Thus, for misfolded proteins
to be cleared by the proteasome, they need to be present in soluble, monomeric
form. As soon as they aggregate into insoluble polymers, the proteasome is no
longer able to mediate their destruction, resulting in a vicious circle as insolu-
ble protein aggregates in turn are potent inhibitors of proteasomal degradation
(Bence et al., 2001).

Fortunately, cells have evolved a way out of this predicament through the se-
questration of misfolded proteins in a subcellular structure called the aggresome.
The aggresome is a pericentriolar body which forms mainly under conditions of
misfolded protein stress and is encaged by a tight mesh of vimentin filaments,
presumably to prevent its contents from dissociating. In addition, it contains a
large amount of proteins associated with protein refolding or removal, such as
heat-shock proteins or proteasomes (Kopito, 2000; Garcia-Mata et al., 2002). Pri-
marily in the form of microaggregates, misfolded proteins are actively delivered
to the aggresome via dynein-dependent transport along the microtubule network
(Johnston et al., 2002). Although the majority of misfolded proteins is polyubiq-
uitylated prior to their delivery to the aggresome, a small number of proteins can
apparently be targeted without the involvement of ubiquitin, as overexpression of
inherently unstable proteins such as GFP-250 (Garcia-Mata et al., 1999) as well
as mutant SOD (Johnston et al., 2000) or ATP7B (Johnston et al., 1998) leads to
the formation of aggresomes which do not stain positively for polyubiquitin.
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The transport of misfolded proteins to the aggresome serves a dual purpose. As
an immediate response to the danger posed by toxic protein aggregates, it collects
them in a centralized “landfill” where they can no longer do the cell any harm.
Later on, the centralized location of these aggregates simplifies their complete
removal, as they can be more easily be picked up and disposed of via autophagy
(Iwata et al., 2005; Pandey et al., 2007b). Interestingly, the cytoplasmatic in-
clusions which are a hallmark of many conformational diseases, such as Lewy
bodies of Parkinson’s disease (Olanow et al., 2004), or Mallory-Denk bodies of
chronic liver disease (French et al., 2001), display a striking resemblance to ag-
gresomes.

Autophagy and the aggresome are not only components of an emergency waste
disposal mechanism, but are also also involved in a number of other fundamen-
tal processes such as cell death or immunity. Both aggresomes as well as au-
tophagy have been implicated in pathogen defense through the innate immune
response, in addition, autophagy has emerged as a source of intracellular pep-
tides for MHC class II presentation (Schmid and Miinz, 2007). DALIs, in turn,
which are aggresome-like structures specific to activated dendritic cells, have
been shown to function as storage compartments of proteins targeted for pre-
sentation via the class I pathway (Pierre, 2005). Furthermore, autophagy is able
to both positively and negatively regulate apoptosis through interaction with the
anti-apoptotic proteins BCL-2 and BCL-Xj,, as well as through additional, so far
unidentified mechanisms (Thorburn, 2008).

Two proteins are responsible for making the connection between the ubiquitin-
proteasome system and autophagy. These are the cytoplasmatic deacetylase
HDACG6 and p62, which is also known as sequestosome 1 (SQSTM1). Both func-
tion as adaptor proteins and are able to recognize polyubiquitylated substrates
through a ubiquitin-binding domain in their C-terminus. p62 contains a UBA
domain in its C-terminus, which is responsible for mediating the recognition of
polyubiquitin, as well as a PB1 domain near its N-terminus. Interestingly, PB1
domains display significant homology to UBL domains and the PB1 domain of
p62 is indeed able to tether the protein to the S5a subunit of the 26S proteasome
(Seibenhener et al., 2004). This domain also mediates dimerization of p62 as well
as its association with a number of additional proteins (Wilson et al., 2003). In
addition to being able to attach to the proteasome, p62 is also able to localize to
the aggresome through association with ATG8/LC3 (Pankiv et al., 2007; Shvets
et al., 2008). Furthermore, p62 has been shown to be capable of sequestering poly-
ubiquitin in aggresomes (Shin, 1998), and was found to be a component of Lewy
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bodies, Mallory-Denk bodies, the neurofibrillary tangles of Alzheimer’s disease
and huntingtin aggregates (Zatloukal et al., 2002; Kuusisto et al., 2001; Nagaoka
et al., 2004), although the domain responsible for mediating its localization to ag-
gresomes has yet to be identified. Thus, p62 appears to function as a shuttling
factor which can alternate between the delivery of polyubiquitylated proteins to
either the proteasome or the aggresome or even directly into the autophagosomal
vesicle. Indeed, p62 could be shown to target tau for proteasomal degradation
(Babu et al., 2005), while it was also able to direct mutated huntingtin to the
autophagosome (Bjgrkgy et al., 2005).

HDAC6

HDACSG (histone deacetylase 6) is a cytoplasmatic class II deacetylase (Verdel and
Khochbin, 1999; Yang and Grégoire, 2005) and is responsible for the deactylation
of a-tubulin (Hubbert et al., 2002; Matsuyama et al., 2002; Zhang et al., 2003b),
HSP90 (Bali et al., 2005) and cortactin (Zhang et al., 2007), although it could be
shown to also deacetylate histones in vitro (Haggarty et al., 2003). HDACS6 is
the only member of the histone deacetylase family which encompasses two cat-
alytic domains and presumably does not rely on dimerization to exert its catalytic
function (Zhang et al., 2006b). In addition to its two catalytic domains, HDAC6
possesses a SE14 repeat domain, which acts as a cytoplasmatic retention signal
(Bertos et al., 2004), a dynein binding domain (Kawaguchi et al., 2003) and a C-
terminal BUZ domain, which is able to interact with polyubiquitin chains as well

as monomeric ubiquitin (Seigneurin-Berny et al., 2001; Hook et al., 2002).

Under conditions of misfolded protein stress HDACG6 is able to associate simul-
taneously with the dynein motor complex through its dynein binding domain as
well as with polyubiquitylated proteins through its BUZ domain. Through these
interactions, it is able mediate the relocalization of polyubiquitylated cargo to the
aggresome via retrograde transport along the microtubule network (Kawaguchi
et al., 2003). HDACS6 associates with the chaperone-like AAA ATPase p97/Cdc48
(Seigneurin-Berny et al., 2001), which is also able to associate with the protea-
some and assists in the degradation of misfolded proteins (Romisch, 2006; Rumpf
and Jentsch, 2006). p97/Cdc48 is able to control the fate of misfolded polyubiqui-
tylated proteins by dissociating them from HDAC6 and redirecting them to pro-
teasomal degradation (Boyault et al., 2006). Furthermore, HDACSG is responsible
for transporting proteins modfied with K63-linked polyubiquitin chains directly to
the aggresome and for subsequent autophagic degradation even under conditions
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where the proteasome is functioning normally (Olzmann et al., 2007; Olzmann
and Chin, 2008). Moreover, HDAC6 has been found to be a component of Lewy
bodies as well as of aggresomes induced by proteasome inhibition or ER stress
(Kawaguchi et al., 2003), is required for the clearance of mutated huntingtin
via autophagy (Iwata et al., 2005) and could be shown to mediate the rescue of
neurodegeneration by compensatory autophagy (Pandey et al., 2007b,a). In ad-
dition to its role in the transport of polyubiquitylated proteins to the aggresome,
HDACS6 is also involved in its autophagic clearance by transporting autophago-
somal membranes as well as lysosomes to the pericentriolar region, although the
domain which is responsible for the binding of these structures remains uniden-
tified (Iwata et al., 2005). Interestingly, although catalytic activity of HDACS6 is
neither required for the assiociation with dynein nor for the binding of polyubiq-
uitylated cargo, most studies reveal the actual transport of cargo to be dependent
on its enzymatic function. Although the reasons for this requirement are un-
known, this effect could be attributed to the modulation of tubulin stability or
kinesin-1 association through its acetylation status (Palazzo et al., 2003; Reed
et al., 2006).

In addition to its role in the transport of polyubiquitylated proteins, HDACSG is
also involved in controlling the cellular response to protein aggregates. A re-
cent report has demonstrated HDACG6 to act as a sensor for the accumulation of
polyubiquitylated proteins and to mediate the induction of major cellular chap-
erones by triggering the release of heat-shock factor 1 (HSF1) from a repressive
HDAC6/HSF1/HSP90 complex (Boyault et al., 2007). Interestingly, this function
of HDACG is independent of its catalytic activity, although HSP90 has been iden-
tified as a substrate of HDAC6-mediated deacetylation. Furthermore, HDAC6
has been found to be a critical component of stress granules, which are dynamic
cytoplasmatic structures involved in reversible translational repression as a re-
sponse to environmental stress (Kwon et al., 2007).

Through deactylation of HSP90, HDACSG is able to modulate its chaperone activ-
ity (Bali et al., 2005) and ultimately control activation of the glucocorticoid re-
ceptor (Kovacs et al., 2005; Murphy et al., 2005) and growth factor-induced actin
remodeling as well as endocytosis (Gao et al., 2007). Probably through a com-
bination of HSP90 mediated actin remodeling and deacetylation of cortactin as
well as a-tubulin, HDACS6 is involved in the control of cell motility (Tran et al.,
2007; Zhang et al., 2007), lymphocyte chemotaxis (Cabrero et al., 2006) and for-
mation of the immune synapse (Serrador et al., 2004), although it might further
contribute to these processes via deacetylase-independent scaffolding functions
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(Cabrero et al., 2006). Interestingly, HDACG6 overexpression could be shown to
prevent HIV-1 envelope-dependent cell fusion and infection through the deacety-
lation of a-tubulin (Valenzuela-Fernandez et al., 2005). Furthermore, HDAC6
seems to be involved in osteoclast maturation through interaction with the RhoA-
effector mDia2 (Destaing et al., 2005), however, it is interesting to note that
HDACG6-deficient mice have only minor differences in bone density (Zhang et al.,
2008b). In addition, they display increased levels of a-tubulin and HSP90 acety-
lation, although lymphoid development as well as microtubule organization and
stability remain remarkably unaffected.

Recently, HDAC6 has emerged as a target of the pharmaceutical industry, al-
though whether the observed tumor-selective activity of HDAC6 inhibitors in-
deed results from its involvement in the clearance of misfolded proteins — as sug-
gested by their synergism with proteasome inhibitors (Hideshima et al., 2005) —
remains unclear. Especially as HDAC6 has also been implicated in tumor cell
invasion and metastasis through interaction with BRMS1 (breast cancer metas-
tasis suppressor 1, Hurst et al., 2006) and HSP90 deacetylation (Bali et al., 2005;
Fiskus et al., 2007), or its involvement in Akt-PP1 (protein phosphatase 1) medi-
ated signaling (Brush et al., 2004; Chen et al., 2005; Park et al., 2008).
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Abstract

Proteins selected for degradation are labeled with multiple molecules of ubiqui-
tin and are subsequently cleaved by the 26S proteasome. 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 26S
proteasome and introduce a new level of specificity into the degradation system.
They bind ubiquitylated proteins via their UBA-domains and the 26S proteasome
via their UBL-domain and facilitate the contact between substrate and protease.
NEDDS ultimate buster-1 long (NUB1L) belongs to this class of proteins and con-
tains one UBL- and three UBA-domains. We recently reported that NUB1L inter-
acts with the ubiquitin-like modifier FAT10 and accelerates its degradation and
that of its conjugates.

Here we show that a deletion mutant of NUB1L lacking the UBL-domain is still
able to bind FAT10 but not the proteasome and no longer accelerates FAT10
degradation. A version of NUBI1L lacking all three UBA-domains, on the other
hand, looses the ability to bind FAT10 but is still able to interact with the pro-
teasome and accelerates the degradation of FAT10. The degradation of a FAT10
mutant containing only the C-terminal UBL-domain is also still accelerated by
NUBIL, 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 26S
proteasome. We propose that NUB1L not only acts as a linker between the 26S
proteasome and ubiquitin-like proteins, but also as a facilitator of proteasomal
degradation.
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Ubiquitin, a small protein of 76 amino acids is one of the most conserved pro-
teins known and has been found in all eukaryotic cells studied. It is essen-
tial for a variety of cellular processes, including degradation, cell-cycle regula-
tion, DNA repair, stress response, embryogenesis, apoptosis, signal transduc-
tion, and transmembrane- and vesicular transport. (Pickart, 2001; Hicke, 2001;
Jesenberger and Jentsch, 2002; Lai, 2002; Ma and Hendershot, 2001; Koepp
et al., 1999). Throughout the past years, a family of proteins containing struc-
tural motives related to ubiquitin has been described which can be grouped
into the ubiquitin-like modifiers and the ubiquitin-domain proteins (Jentsch and
Pyrowolakis, 2000). 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 modifications are observed. As is the case for ubiqui-
tin, a C-terminal diglycine motif is essential for conjugation of most modifiers to
their target proteins (Yeh et al., 2000). Prominent members of this group include
SUMO-1, which serves several functions including nuclear transport and bud-
ding, (Matunis et al., 1996; Miiller et al., 2001), NEDDS8, which regulates SCF
ubiquitin-ligases via cullin modification (Osaka et al., 2000), ISG15, which plays
a role in innate immunity and in the response to alpha interferon, (Ritchie et al.,
2004; Kim et al., 2005) and FAT10, which is inducible with gamma interferon
(IFN)-v and tumour necrosis factor alpha (TNF)-a (Raasi et al., 1999; Liu et al.,
1999), and has been shown to cause apoptosis upon ectopic expression (Raasi
et al., 2001).

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. Sev-
eral key features of ubiquitin, like the lysine residues 48, 63, and 29, which are
required for polyubiquitin chain formation, are conserved in both UBL-domains
(Fan et al., 1996). Its C-terminus bears a free diglycine motif, which is neces-
sary for the conjugation to so far unidentified target proteins (Raasi et al., 2001).
Like ubiquitin (Johnson et al., 1992), FAT10 causes rapid degradation of long-
lived proteins when fused to the N-terminus (Hipp et al., 2005). 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 (Hipp et al.,
2004), which decreases dramatically by coexpression of a member of the group
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of ubiquitin-domain proteins named NEDDS8 ultimate buster 1 long (NUB1L)
(Kamitani et al., 2001; Kito et al., 2001).

Several ubiquitin-domain proteins consist of an N-terminal UBL-domain which
binds to the 19S regulator of the 26S proteasome (Schauber et al., 1998) and one
or more UBA-domains that bind mono- or polyubiquitin (Hofmann and Bucher,
1996; Raasi et al., 2005). Members of this group include Rad23, which is in-
volved in nucleotide excision repair, and Dsk2, which plays a role in spindle pole
duplication (Miller et al., 1982; Raasi et al., 2004; Biggins et al., 1996). It has
been suggested that these ubiquitin-domain proteins serve as linkers of ubiquity-
lated proteins and the 26S proteasome (Miller and Gordon, 2005), but the role of
these proteins in degradation is still controversial. Some artificial reporter sub-
strates accumulate in rad23-deleted and dsk2-deleted cells, as do high molecu-
lar weight ubiquitin conjugates (Wilkinson et al., 2001; Chen and Madura, 2002;
Funakoshi et al., 2002; Rao and Sastry, 2002; Saeki et al., 2002a), but even in
rad23/rpnl10 doubly deleted cells, the bulk turnover of short-lived proteins is not
affected (Lambertson et al., 1999). Overexpression of either hPlic or Rad23 leads
to inhibition of substrate turnover by the 26S proteasome (Kleijnen et al., 2000;
Ortolan et al., 2000), and an excess of Rad23 inhibits the in vitro degradation of
Ubs-DHFR by the 26S proteasome (Raasi and Pickart, 2003). A recent study sug-
gested that UBL-UBA proteins, acting as multiubiquitin chain binding proteins
(MCBP), define a new layer of substrate specificity, where different MCBP are
involved in the degradation of different proteins (Verma et al., 2004a). The UBA-
domains are usually essential for this function. Rad23 lacking its UBA-domains
cannot inhibit degradation in vitro anymore (Raasi and Pickart, 2003), nor can
it bind polyubiquitin. The UBL-domains, on the other hand, are required for
binding to the 26S proteasome (Schauber et al., 1998). For example, only Rad23
with both UBA- and UBL-domains can rescue degradation by either Rad23- or
Rpn10-depleted proteasomes in vitro (Verma et al., 2004a).

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 NUB1L
are required for FAT10 binding whereas the NUB1L UBL-domain mediates in-
teraction with the 26S proteasome. Surprisingly, a NUB1L 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 rec-
onciled by the finding that FAT10 and NUB1L as well as both UBL-domains of
FAT10 separately interacted with the 26S proteasome. Taken together, we found
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no correlation between the binding of target proteins to NUB1L and the ability
of NUBIL to accelerate their degradation, suggesting that NUB1L, 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.

Results

All three UBA-domains of NUB1L are required for the interaction with FAT10, but
the UBL-domain is dispensable

We recently showed that NUBI1L interacts with FAT10 and accelerates its
degradation and that of FAT10-conjugated proteins (Hipp et al., 2004, 2005).
To elucidate the role of the different UBL- and UBA-domains, we created
several deletion mutants of NUB1L. It should be pointed out that NUBI1
is a natural splicing variant of NUB1L, which has a deletion of 14 amino
acids, encompassing the C-terminal third of a UBA-domain (UBA2 in Fig. 6)
(Tanaka et al., 2003). This flexibility in the structure should allow us to
remove all three UBA-domains together (NUB1LAUBA1-3), or two of them
(NUB1LAUBAZ2/3, NUB1LAUBA1/3, NUB1LAUBAZ2/3) or only one of them
(NUB1LAUBA3, NUB1LAUBA2, NUB1LAUBA1) without compromising the
folding. We also deleted the ubiquitin-like domain (NUB1LAUBL) as indicated
in figure 6. First we analysed the interaction of FAT10 and the NUB1L mutants
in vitro. After in vitro transcription and translation 10% of the reactions were
analysed by SDS-PAGE and autoradiography. All analysed mutants appeared as
a single band and were expressed as soluble proteins in amounts comparable to
wild-type NUB1L (Fig. 6B). Half of the remainder of the reaction was incubated
with Glutathione-S-transferase (GST) coupled to glutathione (GSH)-sepharose,
the other half was incubated with GST-FAT10 coupled to GSH-sepharose. After
washing, the bound proteins were analysed by SDS-PAGE and autoradiography.
None of the analysed proteins could be detected after pull-down with GST alone
(Fig. 6C). Only wild-type NUB1L, NUBland NUB1LAUBL were pulled down
in significant amounts by GST-FAT10. NUB1LAUBAS was also bound, but to
a much lesser extent, whereas none of the other mutants interacted with GST-
FAT10 in this assay (Fig. 6D).

To study the interaction of FAT10 and NUBIL in vivo, we transfected wild-type
and mutant HA-NUBI1L either alone or together with Hisg-tagged FAT10 into
HEK293T cells. After metabolic labelling with [3*S]-methionine, the cells were
lysed and subjected to immunoprecipitation with anti-HA antibodies. The re-
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Figure 6: Domain structure of NUB1 and NUBIL, some deletion mutants, and their in-
teraction with GST and GST-FAT10. (A) The positions of the domains of NUB1L are in-
dicated by the number of the amino acids (aa). The ubiquitin-like (UBL) domains are
shown in grey, the ubiquitin-associated (UBA) domains are shown in white. (B) Autora-
diography of in vifro transcribed and translated NUB1L mutants after separation by
SDS-PAGE. A 10% aliguot of each reaction was loaded to demonstrate the amount
available for the GST pull-down. The positions of molecular weight markers (in kD) are
indicated on the right. (C) Autoradiography of the NUBTL 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
separatfion by SDS-PAGE. Lane occupation is the same as in B. Only wild-type NUBIL,
NUBT, and NUB1LAUBL interact strongly, NUBTLAUBAS interacts weakly with GST-FAT10.
The experiments were repeated three times with similar outcomes.
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covered proteins were separated by SDS-PAGE and analysed by autoradiogra-
phy. As can be seen in figure 7A, C and 9C, only wild-type NUB1L, NUB1, and
NUBI1LAUBL were able to pull down Hisg-FAT10 from the lysates. A subsequent
immunoprecipitation of the supernatants with anti-Hisg antibody demonstrated
that sufficient Hisg-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 figure 6, figure 7 and figure 9C, D we conclude that the interaction of FAT10
and NUBI1L depends on the presence of all three UBA-domains, but is indepen-
dent 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
interaction of NUB1 and FAT10.
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Figure 7: Co-immunoprecipitation of NUB1L mutants and FAT10. (A, C)Empty vector
(mock) or HA-tagged NUB1L mutants lacking one or more UBA-domains were trans-
fected either alone (- His-FAT10) or together with His,-tagged FAT10 (+ His-FAT10) into
HEK293T cells. The cells were lysed and an anti-HA immunoprecipitation was per-
formed. The proteins bound by the antibody were separated by SDS-PAGE and an-
alyzed by autoradiography. The NUB1L mutants appear between the 60 and the 90
kD molecular weight markers indicated at the right. An arrow on the right side of the
gel denotes the position of co-immunoprecipitated FAT10. Only wild-type HA-NUBTL
and HA-NUBTLAUBL coprecipitated significant amounts of His¢-FAT10. (B, D) To anao-
lyze the amount of FAT10 available, the supernatants affer the immunoprecipitation
shown in A and C were precipitated with anti-His, antibodies, and the bound proteins
separated by SDS-PAGE. Lane occupation is the same asin A and C, respectively. Hisg-
FAT10 was present in all FAT10 tfransfected cells. The experiments were repeated three
fimes yielding similar results.
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Only the UBL-domain of NUBI1L is essential for the accelerated degradation of
FAT10

To analyze the impact of the UBA- and UBL-domains of NUB1L on the acceler-
ated 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-type NUB1L (Fig. 8). As can be seen in figure 8A and
B, wild-type NUB1L accelerates the degradation of FAT10 by a factor of about 4,
which is consistent with our results previously obtained in HeLa cells (Hipp et al.,
2004). In contrast, the cotransfection of NUB1LAUBL did not have an effect on
the half-life of FAT10 (compare Fig. 8A and C). Unexpectedly, the cotransfec-
tion of NUB1LAUBA1-3 — which does not interact with FAT10 — accelerated
the degradation of FAT10 almost as potently as wild-type NUB1L (compare Fig.
8B and D, for quantifications on a radio-imager see Fig. 8E). We also analysed
the impact of the small splicing variant NUB1 on FAT10 degradation. We found
that NUB1 is able to accelerate the degradation of FAT10 as potently as NUB1L
(Fig. 9).

NUBI1L 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-DHFR (Hipp
et al., 2005). To extend this study and to investigate the role of NUB1L in protea-
some dependent protein degradation we analysed the degradation of short lived
proteins in mock transfected cells and NUB1L transfected cells. Western blot
analysis of lysates from these cells showed a clear overexpression of NUB1L in
the NUBI1L transfectant (Fig. 10A). Aliquots of these cells were labeled with
[?3S]-methionine, washed and chased for one hour. After this incubation cells were
treated with TCA, and the acid soluble radioactivity, representing 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 occuring within one hour after synthesis. Hence, a ma-
jor effect of NUB1L overexpression on degradation by the ubiquitin-proteasome
system should have been detectable in this assay. Since this was not the case,
NUBI1L is unlikely to generally affect ubiquitin mediated degradation. Moreover,
the intracellular proteasome activity as measured by degradation of the cell per-
meable fluorogenic proteasome substrate MeO-Suc-GLF-AMC was not affected by
NUBIL overexpression.
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Figure 8: Accelerated degradation of FAT10 by NUB1L and NUB1LAUBAT1-3, but not by
NUBI1LAUBL. (A) Pulse-chase analysis of FAT10 degradation. HEK293T cells were frans-
fected with HA-FAT10 and labeled with (33S)-methionine. At indicated time points of
chase, aliquots of the cells were lysed and anti-HA immunoprecipitations were per-
formed. Bound proteins were analyzed by SDS-PAGE and autoradiography.(B) Same
experimental setup as in A, but HA-NUBTL was cotfransfected. An open arrow at the
right of the gel denotes the position of NUBIL, a closed arrow denotes FAT10. Posi-
fions of molecular weight markers from 21 to 90 kD are at the right of the gel. (C)
Same experimental setup as in A, but HA-NUB1LAUBL was cotransfected. (D) Same
experimental setup as in A, but HA-NUBTLAUBAT1-3 was cotransfected. (E) Graphic
representation of degradation rates as determined for FAT10 alone in A (diamonds),
with NUBTL in B (squares), with NUB1L AUBL in C (friangles) and with NUBTLAUBA1-3 in
D (filled circles). The amount of radioactivity recovered at 0 hours was set to 100%. The
activity immunoprecipitated at 0.5, 1, 2 and 4 hours was calculated relative to the 0
hour value. Values represent the mean of five independent experiments +/- SEM.
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Figure 9: NUB1 interacts with FAT10 and accelerates its degradation. (A) HEK293 T cells
were transiently tfransfected with HA-FAT10. After pulse labelling with (35S)-methionine,
aliquots of the cells were harvested at the indicated time points of chase, lysed and
anti-HA immunoprecipitations were performed. Bound proteins were analyzed by
SDS-PAGE and autoradiography. (B) Same experiment as in A, but NUBT was co-
expressed. The position of NUB1 is indicated by an arrowhead. Molecular weight
markers (in kD) 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 ei-
ther alone or together with His-FAT10 (His-FAT10 + HA-Nub1) info HEK293T cells. As a
positive control we used His-FAT10 and HA-NUBI1L. The cells were lysed and an anti-HA
immunoprecipitation was performed. The proteins bound by the antibody were sep-
arated by SDS-PAGE and analyzed by autoradiography. An arrowhead on the right
side 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 arrowhead. (E) Graphic
evaluation of the different degradation rates of FAT10 as determined in A (diamonds)
and B (squares).
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Treatment with IFN-y and TNF-a enhances the expression of NUB1IL and the
degradation of endogenous FAT10

Next we investigated whether the endogenous upregulation of NUB1L expres-
sion by TNF-a and IFN-v suffices to accelerate the degradation of endogenous
FAT10. The combined treatment of HeLa cells with IFN-vy and TNF-« for one day
resulted in an over nine fold increase in FAT10 mRNA expression and over five
fold increase in NUB1L mRNA expression as determined by qRT PCR (Fig. 10C).
Also on protein level we detected an upregulation of NUB1L by western analysis
(Fig. 10B). The degradation rate of endogenous FAT10 was then analysed by
pulse-chase analysis using an anti-FAT10 antibody. As shown in figure 10E andF,
FAT10 degradation was accelerated threefold as compared to FAT10 transfected
HeLa cells without cytokine mediated NUB1L induction (Fig. 10D). Transient
FAT10 transfection of unstimulated HeLa cells was necessary because in the ab-
sence of cytokine stimulation no FAT10 protein was detectable. Taken together,
we find a threefold acceleration of FAT10 degradation in cytokine treated cells
which correlates with an upregulation of NUB1L.

The N-terminal UBL-domain of FAT10 is sufficient for interaction with NUB1L

We previously reported that the interaction of NUB1L with FAT10 is specific for
this protein, because binding of NUB1L to NEDDS8, SUMO-1, and ubiquitin was
not detected by co-immunoprecipitation (Hipp et al., 2004). FAT10 consists of
two ubiquitin-like domains in tandem array (Bates et al., 1997). To determine
whether the N- and the C-terminal domains can interact with NUB1L indepen-
dently, we performed co-immunoprecipitation experiments. However, the persis-
tence of these single UBL proteins was so short that we could only detect them in
the presence of proteasome inhibitors (data not shown). To overcome this obsta-
cle, we fused each of them to the N-terminus of green fluorescent protein (GFP),
as we did for FAT10 as positive and SUMO-1 as negative control (Fig. 11). Mock
transfected cells, or cells transfected with the constructs mentioned above either
alone or together with HA-NUBI1L were metabolically labeled, lysed and sub-
jected to anti-GFP immunoprecipitation. After washing, the bound proteins were
analysed by SDS-PAGE and autoradiography. The supernatants of this first pre-
cipitation were then subjected to immunoprecipitation with anti-HA antibodies
to determine the level of NUB1L expression. As shown in figure 11A, only the N-
terminal UBL-domain of FAT10 (FAT10-N-GFP) and FAT10-GFP coprecipitated
NUBI1L. There was no NUB1L signal in mock transfected cells and cells express-
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Figure 10: Treatment with IFN-+ and TNF-« upregulates NUB1L expression and accel-
erates the degradation of FAT10. (A) Anti-NUBTL Western blot of lysates from mock
tfransfected and HA-NUB1 transfected HEK293T cells (top panel), Western analysis of
GAPDH protein is used as loading control (bottom panel). (B) Anti-NUBTL Western
blot of lysates from untreated Hela cells and Hela cells induced with IFN-v and TNF-«
for one day. An arrow at the right indicates the position of NUB1L (tfop panel); the
same lysates probed with anti-GAPDH antibodies serves as loading control (bottom
panel). (C) Real time RT-PCR analysis of FAT10 and NUBTL mRNA expression in HelLa
cells before (-) and after (+) treatment with TNF-a. and IFN-v for one day. (D) HelLa cells
were transfected with an HA-FAT10 expression construct and the degradation rate of
FAT10 was determined in a pulse-chase experiment. K- denotes an IP with irrelevant
antibody. (E) Analysis of the degradation rate of endogenous FAT10 after induction
of FAT10 and NUBI1L by IFN-y and TNF-a. The pulse-chase experiment was performed
as in E using an anti-FAT10 antibody. K- is an IP with pre-immune serum. The posi-
tion of FAT10 is indicated by an arrowhead. (F) Graphic evaluation of the different
degradation profiles of FAT10 as determined in D (squares) and E (triangles).
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ing SUMO-1-GFP or the C-terminal UBL-domain of FAT10 (FAT10-C-GFP). Fig-
ure 11B demonstrates that the amounts of NUB1L available were sufficient in all
co-expression reactions to allow detection if bound to the respective GFP fusion
protein.
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Figure 11: The N-terminal-, but not the C-terminal UBL-domain of FAT10 interacts with
NUBIL. (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-NUBTL)
or together with HA-tagged NUBIL (+ HA-NUBIL) into HEK293T cells. The cells were
lysed and an anti-GFP immunoprecipitation was performed. The proteins bound by
the anfibody were separated by SDS-PAGE and analyzed by autoradiography. An ar-
row denotes the position of NUB1L. Molecular weight markers are shown at the right.
(B) To analyze the amount of NUBI1L available, the supernatants after the immuno-
precipitation shown in A were precipitated with anti-HA anfibodies, and the bound
proteins separated by SDS-PAGE. Lane occupation is the same as in A. An arrow de-
notes the position of NUBTL. HA-NUBTL was present in all HA-NUB1L transfected cells.
The experiments were repeated two times with similar outcome.

NUBI1L accelerates both FAT10-N-GFP and FAT10-C-GFP degradation

To analyse the impact of NUB1L 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 figure 12A and B, the degra-
dation 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 to that of wild-type FAT10-GFP (Hipp et al., 2005) but slower than
FAT10 itself (compare Fig. 8E and Fig. 12I). FAT10-N-GFP, in comparison, is a
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stable protein showing only minimal degradation within 5 hours. Co-expression
of NUBI1L lead to degradation of both UBL-domain-GFP fusion proteins at al-
most the same rate (Fig. 12C, D and I). In the presence of NUB1L, FAT10-C-
GFP degradation was accelerated by a factor of two to three. The enhancement
in FAT10-N-GFP degradation caused by NUB1L was much higher, as it was de-
graded very slowly alone. To determine whether the degradation of FAT10-N-GFP
and FAT10-C-GFP is mediated by the proteasome and not by another protease,
we repeated the experiments in the presence of the proteasome inhibitor lacta-
cystin. As shown in figure 12E and F, both UBL-domain-GFP fusion proteins
were not degraded at all. Even co-expression of NUB1L did not lead to detectable
degradation of either protein in the presence of lactacystin.

FAT10 and NUBI1L interact with the 26S 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 in-
teract directly with the proteasome and that NUB1L with its UBL domain serves
as a facilitator of degradation of FAT10 by the 26S proteasome. Binding of NUB1
to the S5a (Rpn10) subunit of the 26S proteasome has been shown in vitro be-
fore, as well as detection of NUB1 in preparations of purified 26S proteasome
(Kamitani et al., 2001). We decided to use co-immunoprecipitation from trans-
fected HEK293T cells to determine whether FAT10, NUB1L and their mutants
are able to interact with the 26S proteasome. We used a bi-directional vector
expressing GFP from one side, and FAT10 or NUB1L from the other site of the
promoter. Aliquots of lysates from transfected cells were analysed for expres-
sion of the respective proteins (Fig. 13A lane 2 and 3 for NUB1L and FAT10,
and Fig. 11B lane 5 and 6 for GFP). After immunoprecipitation with the mon-
oclonal antibody MCP444 specific for the -type proteasome core subunit HN3
(87), we looked for coprecipitation of the expressed proteins with the proteasome.
FAT10 and NUBI1L, but not GFP, were co-immunoprecipitated by MCP444, indi-
cating the specificity of the interaction (Fig. 13C lane 2 and 3 for NUB1L and
FAT10, and Fig. 13D lane 5 and 6 for GFP). We also performed this experi-
ment with FAT10 and NUB1L expressed together by the bi-directional promoter,
and found that both can be co-immunoprecipitated at the same time (Fig. 13C
lane 4). To determine the binding of the NUB1L mutants, we used NUBI1L as
control for NUB1LAUBA1-3 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. 13C lanes 5-7). A western blot against a subunit of the 19S regulatory com-
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Figure 12: Accelerated degradation of the FAT10 UBL-domain-GFP fusion proteins
by NUBIL. (A) Pulse-chase analysis of the FAT10-N-terminal UBL-domain fused to GFR
HEK293T cells were transfected with HA-FAT10-N-terminus-GFP and labeled with (3°S)-
methionine. After indicated time periods of chase, aliquots of the cells were lysed and
anti-HA immunoprecipitations were performed. Bound proteins were analyzed by au-
toradiography 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-terminus-
GFP was fransfected. The positions of the molecular weight markers are shown on
the right. (C) Same experimental setup as in A, but HA-NUB1L was cotfransfected.
(D) Same experimental setup as in B, but HA-NUB1L was cotransfected. An open ar-
row at the right indicates the position of NUBI1L. (E, F) Experiments were performed
as in A and B, but in the presence of 50 uM lactacystin. (G, H) Experiments were
performed as in C and D, but in the presence of 50 uM lactacystin. (I) Graphic rep-
resentation 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
NUBIL in C (squares) and for FAT10-C-terminus-GFP with NUBI1L in D (closed circles).
The amount of radioactivity recovered at O hours was set to 100%. The activity im-
munoprecipitated at 1, 3 and 5 hours was calculated relative to the 0 hour value.
Values represent the means of three experiments +/- SEM.
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plex, Rpt6, demonstrates successful immunoprecipitation of the 26S proteasome
in all cases (Fig. 13E and F). The ability to interact with the 26S proteasome
was shown for FAT10-N-GFP and FAT10-C-GFP in the same manner, using GFP
alone as negative and FAT10-GFP as positive control (Fig. 13B and D). The speci-
ficity of the binding was again demonstrated by the lack of co-immunoprecipitation
of GFP alone, despite successful immunoprecipitation of the 26S complex
(Fig. 13F).

To investigate whether the interaction between FAT10 and the proteasome is di-
rect, an in vitro pull-down assay was performed where recombinant GST-FAT10
was incubated together with purified 26S proteasome. Only GST-FAT10, but not
GST alone, was able to pull down the proteasome, as determined by a western
blot against the 20S subunit iota (a1, Fig. 13G) although the same amount of
proteasomes was available for interaction as demonstrated by western blotting
(Fig. 13H).

Discussion

The role of proteins which contain both a UBL domain and one or more UBA do-
mains for the recruitment of polyubiquitylated substrates for degradation by the
proteasome is currently a subject of intensive investigations (Miller and Gordon,
2005). While it was previously believed that polyubiquitylation is a sufficient la-
bel for docking to the 26S proteasome via the subunits Rpn10 (van Nocker et al.,
1996) or Rpt5 (Lam et al., 2002), it is now becoming clear that UBL-UBA pro-
teins, which bind to proteasomes via their UBL domain, can be required to target
a subset of ubiquitylated substrates to the proteasome thus introducing a further
layer of regulation. Here we investigated the molecular interactions required
for a novel proteasomal targeting system consisting of the ubiquitin-like protein
FAT10 and the UBL-UBA protein NUB1L. In table 1 we summarize the data we
obtained while dissecting the different domains of NUB1L and FAT10 for inter-
action 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 interaction with FAT10. Since the alternative splice vari-
ant NUBI1 can be viewed as a ‘naturally occurring’ deletion mutant of NUB1L, it
appeared reasonable to delete the UBA domains singly, in pairs, and altogether.
We found in GST-pulldown experiments (Fig. 6B) and co-immunoprecipitation
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Figure 13: Co-immunoprecipitation of NUBIL, NUB1LAUBA1-3, and FAT10, but not
of NUB1LAUBL with the 26S proteasome. (A) HEK293T cells were transfected with
empty vector (mock), HA-NUBI1L together with GFP (vector: pBl), HA-FAT10 together
with GFP (vector: pBl), HA-NUBT1L together with FAT10 (vector: pBl), HA-NUBI1L (vec-
tor: pcDNAS3.1), HA-NUB1LAUBA1-3 (vector: pcDNA3.1) and HA-NUB1LAUBL (vector:
PcDNAS3.1). The cells were then 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 protein (HA-FAT10-C-
GFP), HA-NUBTL together with GFP (vector: pBl) and HA-FAT10 together with GFP (vec-
tor: pBl). 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 side of the gel. (C, D) The lysates shown in A and B were sub-
jected to immunoprecipitation with an antibody against the 20S proteasome subunit
57 (MCP444, anti-HN3) under conditions preserving the 26S proteasome. The bound
proteins were analyzed by WB with an anti-HA antibody in C, or with an anti-GFP an-
fibody in D. The lane occupation in C is the same as in A, the lane occupation in D is
the same as in B. (E, F) To demonstrate the successful immunoprecipitation of the 26S
proteasome, the samples shown in C and D were also analyzed by WB with an anti-
body recognising the 19S regulator subunit Rpté. The lane occupation in E is the same
as in A; the lane occupation in F is the same as in B. (G) GST-pull down experiment.
GST (lanes 1 and 2) or GST-FAT10 (lanes 3 and 4) were incubated with purified 26S pro-
tfeasome in the presence or absence of recombinant Hisg-NUB1L and analyzed by WB
with an antibody recognizing the 20S proteasome subunit iota (a1). (H) Supernatants
of the GST-pull down shown in G were analyzed on a Western blot for iota content.
The data were confirmed in three independent experiments.
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binding binding accelerated
to to degradation
FAT10 | proteasome of FAT10
NUBI1L + + +
NUB1AUBA1-3 - + +
NUB1AUBL + - -
FAT10-GFP + + +
FAT10-N-GFP - + +
FAT10-C-GFP + + +

Table 1: A summary of the results obtained. Results are classified with (+) for a positive
result in a binding assay or for accelerated degradation and with (-) for a negative
result.

studies (Fig. 7) 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 NUB1LAUBLS in pull-
down studies, suggesting that the combination of the first two UBA domains can
mediate a weak interaction, but since this interaction was not confirmed in co-
immunoprecipitation studies in vivo, the significance of this interaction remains
uncertain. Interestingly, the deletion of the 14 amino acids occuring 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. divided the UBA-domains into four different groups, de-
pending on their ability to discriminate between differently linked polyubiquitin
chains and monoubiquitin. The members of the third group — which included all
three UBA domains of NUBI1L - were not able to interact with ubiquitin at all
and may hence be in charge of recognizing ubiquitin-like proteins instead (Raasi
et al., 2005). While most reports about UBL-UBA domain proteins focus on ubig-
uitin or polyubiquitylated substrates, very little is known about their interaction
with ubiquitin-like modifiers. In the three first reports on this issue, NUB1 and
NUBIL were found to bind to the ubiquitin-like modifier NEDDS8 and to acceler-
ate its degradation (Kamitani et al., 2001; Kito et al., 2001; Tanaka et al., 2003).
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 do-
main of NUB1L appeared to interact weakly with NEDDS8 but it was not required
to promote NEDDS8 degradation (Tanaka et al., 2003). Subsequently, we reported
the robust non-covalent interaction between FAT10 and NUB1L, but in the same
series of experiments we failed to detect an interaction of NEDD8 and NUB1L
(Hipp et al., 2004). In this study we found that the concerted action of three UBA
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domains of NUB1L is required for the binding of FAT10, a ubiquitin-like protein
containing two UBL domains.

In order to determine if only one or both of the UBL domains of FAT10 are
required for binding NUBI1L, co-immunoprecipitation studies were performed.
These experiments revealed that only the N-terminal but not the C-terminal
UBL-domain of FAT10 interacted with NUB1L (Fig. 11). The residues L8, 144,
and V70 of ubiquitin, known to be important for the interaction of ubiquitin with
other UBA domains, (Vijay-Kumar et al., 1987; Beal et al., 1996; Sloper-Mould
et al., 2001; Raasi et al., 2004), are only partially conserved in FAT10. The
N-terminal UBL-domain of FAT10 contains the L8 residue and bears a leucine
in position 44, but a threonine in position 70. The C-terminal domain, in con-
trast, shows in the corresponding residues G8, T44, and A70. While this seems
to be in good agreement with our results, it can not be excluded that different
residues might be responsible for the interaction between NUB1L and ubiquitin-
like modifiers, especially since it could be shown that NUB1L does not bind a
ubiquitin-GFP fusion protein (Hipp et al., 2004) or polyubiquitin-chains (Raasi
et al., 2005).

While interaction of monoubiquitin to UBA domain proteins has been reported
(Wilkinson et al., 2001), usually polyubiquitylated proteins are better binders of
UBL-UBA domain proteins. This can be rationalized by data on the binding affin-
ity between ubiquitin and the UBL-UBA protein Rad23, where the strength of
binding increased exponentially when the chain length of ubiquitin was extended
from 1 to 6 units (Raasi et al., 2004). We take our result that one of the two FAT10
UBL domains is sufficient for mediating the interaction with NUB1L (Fig. 11)
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. Never-
theless, since the binding assays performed in our study are of qualitative rather
than quantitative nature, we can not rule out that FAT10 or FAT10-GFP bind
with a higher affinity than FAT10-N-GFP.

Several reports about the influence of UBL-UBA proteins on degradation have
already appeared. The deletion of these proteins lead to an inhibition of degrada-
tion and accumulation of high molecular weight ubiquitin conjugates (Wilkinson
et al., 2001; Chen and Madura, 2002; Funakoshi et al., 2002; Rao and Sastry,
2002; Saeki et al., 2002a). Conversely, overexpression of Rad23 or Dsk2 lead to
inhibition of substrate turnover by the 26S proteasome (Kleijnen et al., 2000;
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Ortolan et al., 2000), and Rad23 inhibited the in vitro degradation of Ubs-DHFR
(Raasi and Pickart, 2003). With respect to the function of UBA-UBL proteins in
degradation it was proposed that they could operate as inhibitors of multiubiqui-
tin chain assembly (Ortolan et al., 2000), inhibitors of deubiquitylation (Raasi and
Pickart, 2003), linkers to the proteasome, and substrate carriers (Wilkinson et al.,
2001). A careful investigation based on the reconstitution of Rad23- and Rpn10-
deficient proteasomes with recombinant proteins and analysis of the degradation
of different substrates clearly showed a substrate specificity of the UBL-UBA pro-
teins beyond the modification with polyubiquitin (Verma et al., 2004a). This study
demonstrated 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 NUBI1L is independent of all three of its UBA-domains. Since FAT10
and NUB1LAUBA1-3 could not be co-immunoprecipitated, this enhancement
in degradation does not depend on the interaction of both proteins. Moreover,
NUBIL was able to accelerate the degradation of the two isolated UBL-domains
of FAT10 when fused to GFP. Since only the N-terminal UBL-domain of FAT10
bound to NUB1L (Fig. 11), this is the second independent experiment in which we
found no correlation between the ability of NUB1L to bind a FAT10 variant and to
accelerate its degradation. Therefore, a role of NUB1L as a proteasomal receptor
for FAT10 can not be the only mode of action. Because FAT10 degradation occurs
also independently of ubiquitylation (Hipp et al., 2005), a role for NUB1L in the
protection from deubiquitylation is unlikely as well. Also a protection from pu-
tative FAT10-specific proteases is unlikely, since we failed to obtain evidence for
their existence in two independent cell lines in the presence or absence of IFN-vy
(Hipp et al., 2005). In our experiments, the ability of NUB1L to accelerate FAT10
degradation relied solely on the UBL domain-dependent interaction with the 26S
proteasome, since both NUB1L and NUB1LAUBA1-3 had a similar effect on the
degradation rate of FAT10 while NUB1LAUBL was ineffective (Fig. 8). Given
that NUB1L and FAT10 can bind independently to the 26S proteasome (Fig. 13),
we favour the hypothesis that binding of NUB1L to the 26S proteasome with its
N-terminal UBL domain induces a conformational change in the 19S regulator
that favours the binding and/or degradation of FAT10 and FAT10-conjugated pro-
teins at an independent docking site. This scenario would be analogous to the one
suggested by Verma et al. who showed that binding of the VWA domain of Rpn10
serves to facilitate the degradation of polyubiquitylated substrates delivered by
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Rad23 (Verma et al., 2004a). In order to address this hypothesis for NUB1L and
FAT10, it will be important to map the binding site of FAT10 at the 26S protea-

some.

Curiously, the mutant FAT10-N-GFP is quite a stable protein (Fig. 12A), despite
its ability to interact with the proteasome (Fig. 13D). Degradation of FAT10-N-
GFP, however, can be readily induced by coexpression of NUB1L. These results
combined argue against the recently proposed model that mere binding to the
proteasome is sufficient to target for proteasomal degradation (Janse et al., 2004).
Verma et al. found that the polyubiquitylated proteasome substrate Sicl bound
to Rpnl10-deficient 26S proteasomes in dependency of Rad23, but no degradation
was observed (Verma et al., 2004a). Thus binding seems to be a necessary but
not a sufficient prerequisite for proteasomal degradation of at least some sub-
strates. For the proteolysis of such substrates like Sicl or FAT10, the binding
of their respective facilitators Rpn10 or NUBI1L to the proteasome appears to be
important.

Experimental Procedures

Antibodies. The anti-HA mAb clone HA7 (Sigma) was used for immunoprecip-
itation in figures 7, 8, 9, 10, 11, 12 and for the Western blot in figure 13A. The
anti-Hisg mAb clone BMG His-1 (Roche) was used for immunoprecipitation shown
in figures 7B, D and 9D. A mixture of monoclonal anti-GFP clones 7.1 and 13.1
(Roche) was used for the immunoprecipitation in figure 11A and for the western
blot in figure 13B. An anti-HA mAb clone HA7 antibody peroxidase-conjugate
(Sigma) was used for the western blot shown in figure 13C, and a polyclonal
rabbit anti-GFP antibody (Sigma) for the western blot in figure 13D. The west-
ern blots presented in figure 13E and F were performed with a rabbit polyclonal
anti-Rpt6 (S8) from Biomol. The immunoprecipitation of the proteasome was per-
formed with 5 ul of ascitis fluid of the anti-HN3 antibody MCP444 (Hendil et al.,
1995). The mouse monoclonal anti-iota antibody 27K was kindly provided by Dr.
Klaus Scherrer (Paris). Anti-FAT10 antibody has been described (Hipp et al.,
2005), anti-NUB1 antibody was a gift from Dr. Michael E. Cheetham (London).
The anti-GAPDH antibody was purchased from Ambion. All antibodies were cou-
pled to EZview Red Protein A or G Affinity Gel (Sigma) for immunoprecipitation.
All horseradish peroxidase-conjugated secondary antibodies were purchased from
DAKO.
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Tissue culture. HEK293T and HeLa cells were kept in IMDM. Induction of
FAT10 and NUBI1L was performed by over night incubation with interferon-v

(IFN-v, Endogen) at a final concentration of 200 U/ml and tumor necrosis factor-a
(TNF-a, Endogen) at 400 U/ml.

qRT-PCR. The RNA was isolated with a kit from Machery-Nagel and the cDNA
was generated with a kit from Promega according to the instruction of the manu-
facturer. We use the following primers and conditions: for FAT10 forward primer:
5-TTGTTCTTGTGGAGTCAGGTG-3’; reverse primer: 5-AGTAAGTTGCCCTTT
CTGATGC-3 with cycling parameters 95°C 10min, 95°C 15s, 60°C 55, 72°C
9s 40 times; for NUB1L forward primer: 5-AAAGGGATGGGCTACTCCAC-
3’, reverse primer: 5-CGTCTGTTGAGGCACTAGAGG-3’ with cycling param-
eters 95°C 10min, 95°C 15s, 60°C 5s, 72°C 13s 40 times; for GAPDH
forward primer: 5-GAAGGTGAAGGTCGGAGTC-3’, reverse primer: 5-
GAAGATGGTGATGGGATTTC-3’, with cycling parameters 95°C 10 min, 95°C
15s, 60°C 5, 72°C 11 s 40 times.

Generation of cDNA constructs. The generation of HA-NUBI1L (Figs. 6-11)
and Hisg-FAT10 (Fig. 7) both in pcDNA3.1, HA-FAT10 in pBI, HA-FAT10 in
pBI+GFP, HA-NUBI1L in pBI+GFP, HA-FAT10+HA-NUBIL in pBI, FAT10-GFP,
SUMO-1-GFP and GST-FAT10 has been described (Hipp et al., 2004). The
GST-expressing vector pGEX-4T-3 and the GFP-expressing vector pN1EGFP are
commercially available from Amersham Biosciences and Clontech. Generation
of expression constructs for NUBILAUBA1, NUB1LAUBA2, NUB1LAUBAS3,
NUB1LAUBA1/2, NUBI1LAUBA1/3, NUB1LAUBAZ2/3, NUBI1LAUBA1-3,
NUB1LAUBL 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 UBA3 to the 3’-end of the wild-type cDNA were
amplified separately by PCR. A short overlap of the primers flanking the region
to be deleted allowed for assembly of these two fragments that were completed
by amplification using the 5 and 3’ primers or 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 NUB1LAUBA1-3
via the unique restriction sites. NublLAUBL 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
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FAT10-GFP expressing vector by restriction digestion. The two domains were
cloned into pcDNAS3.1 as well. All sequences were verified by sequencing.

Immunoprecipitation. Co-immunoprecipitation of NUB1L mutants and Hisg-
FAT10, and NUB1L and FAT10 mutants was performed as previously described
(Hipp et al., 2004). For the immunoprecipitation (IP) of the 26S proteasome, one
well of a 6-well plate of transfected cells was used per IP. Cells were lysed in
25mM Tris pH 7.8, 2mM MgCl;, 20% glycerol, 1mM DTT, and 2mM ATP by
sonification. After centrifugation for 15min at 20000 x g, the supernatant was
supplemented with BSA to a final concentration of 1 mg/ml, 15 mM creatine phos-
phate and 15 U/ml creatine kinase. After preincubation of the lysates for one hour
with Sepharose CL-4B (Amersham), the supernatant was immunoprecipitated for
four hours with 5 ;1 of MCP444 ascitis fluid. After washing three times with lysis
buffer, the matrix was washed once with 25 mM Tris pH 7.8, 2mM MgCl,, 20%
glycerol, 1mM DTT, 2mM ATP, 150 mM KClI, and 0.05% Triton X-100. Bound
proteins were eluted by boiling in SDS sample buffer and analysed by western
blotting.

Pulse-chase experiments. Tissue culture and transfection of HEK293T cells,
metabolic labelling, and pulse-chase analysis were performed as described (Hipp
et al., 2004).

GST-pulldown assays. Glutathione Sepharose 4B (Amersham) and recombi-
nant GST or GST-FAT10 Hipp et al., 2004, purified as previously described in
were incubated over night at 4°C with 20 ug 26S proteasome in the presence or
absence of recombinant Hisg-NUB1L Hipp et al., 2004, purified as previously de-
scribed in. The incubation buffer contained 20% glycerol, 2mM ATP, 1mM DTT,
and 100 xM LLnL (Roche). The matrix was washed four times with incubation
buffer and analysed by western analysis for the 20S subunit iota. All other GST-
pulldown assays and coupled in vitro transcription/translation reactions were per-
formed as described (Hipp et al., 2004).

Purification of 26S proteasomes. Purification of 26S proteasomes was per-
formed as detailed elsewhere (Khan et al., 2004).

Analysis of intracellular protein degradation and proteasome activity.
The experiments were performed exactly as previously described (Moradpour
et al., 2001).
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Abstract

FAT10 is a ubiquitin-like protein which is encoded in the major histocompatibil-
ity complex class I locus and is synergistically inducible with interferon-gamma
and tumor necrosis factor-alpha. It encompasses two ubiquitin-like domains
connected by a short linker, and bears a free diglycine-motif at its C-terminus
through which it forms covalent conjugates with its target proteins. Previously,
we have shown that both monomeric FAT10 as well as its conjugates are rapidly
degraded by the proteasome in intact cells and their degradation was further
accelerated by expression of the UBL-UBA domain protein NEDDS8 ultimate
buster 1-long (NUB1L). This degradation was independent of a ubiquitin acti-
vating enzyme and did not rely on the lysine residues of FAT10, suggesting that
poly-ubiquitylation was not involved. Here we show that the 26S proteasome
readily degrades the model substrate FAT10-dihydrofolate reductase (DHFR) but
not ubiquitin-DHFR in vitro, demonstrating conclusively that FAT10-mediated
degradation does not rely on poly-ubiquitylation. Interestingly, the purified 26S
proteasome could only degrade FAT10-DHFR when NUB1L was present. Knock-
down of NUBI1L attenuated the degradation of FAT10-DHFR, suggesting that
NUBI1L modulates the degradation rate of FAT10-linked proteins in cells. In
conclusion, our data establish FAT10 as a ubiquitin-independent but NUB1L-
dependent targeting signal for proteasomal degradation.
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Intfroduction

The proteasome is responsible for the turnover of the majority of intracellular pro-
teins in eukaryotes and is essential for the degradation of misfolded proteins and
the destruction of short-lived regulatory proteins. Most proteins are degraded by
the 26S proteasome, a 2.4M Da multi-subunit complex consisting of the 20S pro-
teasome core particle capped by one or two 19S regulatory particles (Hanna and
Finley, 2007). The 20S proteasome is a cylindrical stack of four 7-membered rings
around a central pore, where subunits a1-o7 make up the outer and subunits 31-
(7 the inner two rings. Six of those subunits — two copies of 51, 52 and (35 — are
catalytically active, and their active sites point toward the central lumen of the
core particle. The 19S regulator, also known as PA700, can be further subdivided
into the proximal “base”, which abuts to the outer a-rings of the 20S proteasome,
and the distal “lid”. The “base” consists of six AAA-family ATPases (Rpt1-Rpt6)
and four non-ATPase subunits (Rpnl, 2, 10 and 13). The ATPases form a hex-
americ ring, which mediates ATP-dependent opening of the pores formed by the
a-subunit rings and unfolding of substrate proteins. The remainder of the approx-
imately 20 PA700 subunits make up the “lid”; and while some of them could be
shown to display deubiquitylating activity, most of their functions are unknown.

Proteins are targeted for proteasomal degradation by the covalent attachment
of a chain of ubiquitin molecules by way of a multi-enzyme cascade. Ubiquitin
first gets activated by an E1 enzyme, then it is transferred to an E2 enzyme and
finally, through the help of an E3 enzyme, becomes conjugated to an acceptor
lysine of a target protein. After attachment of a single ubiquitin molecule, ad-
ditional ubiquitins can become conjugated to each of its seven lysine residues
to form a polyubiquitin chain. Polyubiquitin chains linked through K48 are the
principal targeting signal, with the attachment of a tetraubiquitin chain serv-
ing as the minimal signal required for proteasomal degradation (Thrower et al.,
2000). Substrate recognition of the proteasome is mediated by four subunits of
the 19S regulator; S5a/Rpnl0 and S6/Rpt5, which directly recruit K48-linked
polyubiquitin chains (Deveraux et al., 1994; Lam et al., 2002) as well as S1/Rpn2
and S2/Rpnl, which indirectly recognize substrates by binding to linker proteins
such as Rad23/hHR23 and Dsk2/hPLIC (Elsasser et al., 2002; Saeki et al., 2002b;
Walters et al., 2002).

Aside from this canonical mode of proteasomal degradation, a few alternative
routes into the proteasome exist. The most prominent and well-studied case is
that of ornithine decarboxylase (ODC), the first and rate-limiting enzyme in the
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synthesis of polyamines. Cellular ODC levels are controlled through a negative
feedback mechanism involving the polyamine-induced inhibitor antizyme (AZ)
(Murakami et al., 1992). AZ serves to inactivate ODC by two different mecha-
nisms. Firstly, it disrupts the enzymatically active ODC homodimer, forming an
inactive AZ/ODC heterodimer instead. Secondly, it alters ODC conformation, ex-
posing a C-terminal segment which, in combination with the bound AZ, serves as
a recognition signal for the 26S proteasome. Analogous to ubiquitin, AZ is not de-
graded along with ODC but can promote its destruction even in substoichiometric
amounts (Zhang et al., 2003a).

A small group of proteins can be degraded by the proteasome without the need
for prior attachment of a polyubiquitin chain or the intervention of a negative

regulator such as AZ. Among them are p21Wafl/Cipl

, thymidylate synthase, IxBa,
c-Jun, and a-synuclein, with their common denominator being the presence of a
loosely folded, disordered domain, which in some cases suffices as a signal for
proteasomal processing (Forsthoefel et al., 2004; Liu et al., 2003; Asher et al.,
2005). Furthermore, the proteasome regulator PA28~ has been shown to facilitate
the ubiquitin- and ATP-independent degradation of p21 (Li et al., 2007; Chen

et al., 2007) and the steroid receptor coactivator-3 (Li et al., 2006).

A different case entirely is that of the ubiquitin-like modifier FAT10, which en-
compasses two ubiquitin-like domains connected by a short linker. FAT10 lies
encoded in the major histocompatibility complex class I locus (Fan et al., 1996)
and is inducible with the proinflammatory cytokines IFN-v and TNF-a (Raasi
et al., 1999; Liu et al., 1999). FAT10 can become activated by the E1 type enzyme
UBAG6 (E1-L2, UBE1L2) and becomes covalently conjugated to a number of so
far unidentified target proteins through a free diglycine-motif at its C-terminus
(Raasi et al., 2001; Chiu et al., 2007). Both monomeric FAT10 as well as FAT10-
conjugates are rapidly degraded by the proteasome in a ubiquitin-independent
manner; and N-terminal fusions of FAT10 to long-lived proteins such as GFP
and DHFR are degraded with a kinetic similar to that of ubiquitin-fusions (Hipp
et al., 2005). In addition, degradation of FAT10 can be further accelerated by the
UBL-UBA domain protein NEDDS8 ultimate buster 1-long (NUB1L) (Hipp et al.,
2004), which interacts with both FAT10 and the 26S proteasome (Tanji et al.,
2005). Since FAT10 can also directly interact with the 26S proteasome and since
NUBI1L can promote FAT10 degradation even without binding to FAT10, we pos-
tulated that NUB1L may serve as a facilitator of FAT10 degradation (Schmidtke
et al., 2006).
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From our previous data it appeared that FAT10 functions as an inducible alterna-
tive to ubiquitin-mediated proteasomal degradation, but it needs to be rigorously
investigated whether the FAT10 system can operate independently of ubiquitin
conjugation. Two approaches have been used so far to address this issue in intact
cells: the first was the mutation of all 17 lysine residues to arginine which did not
affect proteasomal degradation of FAT10 (Hipp et al., 2005). Although we could
not detect any ubiquitylation of lysineless FAT10, one can not absolutely exclude
that residual ubiquitylation of the N-terminus of FAT10 below detection level may
contribute to proteasome targeting. The second approach was the investigation
of FAT10 degradation in E36ts20 cells which bear a temperature sensitive muta-
tion of the ubiquitin activating enzyme UBE1L. In these cells FAT10 degradation
occured normally at the restrictive temperature (Hipp et al., 2005). However, the
recent discovery of UBA6 (UBE1L2, E1-L2) as a second ubiquitin activating en-
zyme (Pelzer et al., 2007; Chiu et al., 2007; Jin et al., 2007) opens the possibility
that ubiquitylation of FAT10 may rely on UBAG6 activity thus rendering experi-

ments in ts20 cells inconclusive.

In this study we have addressed whether FAT10 can target a linked protein to
the 26S proteasome independently of ubiquitylation in vitro. We found that an
N-terminal FAT10-DHFR fusion protein can be degraded in vitro by purified 26S
proteasomes, but only in the presence of the UBL-UBA domain protein NUBI1L.
Experiments in NUB1L knock-down cells show that NUB1L is indispensable for
proteasome-mediated FAT10 turnover in cells. The herein presented results con-
clusively demonstrate the ubiquitin-independence of FAT10-mediated degrada-
tion and, given that FAT10 can also directly interact with the proteasome, allow
for the conclusion that mere association of FAT10 with the 26S proteasome is not
enough to promote its degradation.

Results

In order to investigate whether purified 26S proteasome can degrade a FAT10-
linked protein in the absence of ubiquitylation we decided to use an N-terminal
fusion of FAT10 to DHFR as a model substrate because Ubs-DHFR has been
shown to be a well behaved substrate for degradation by 26S proteasomes in vitro
(Thrower et al., 2000) and because HA-FAT10-DHFR fusions could be degraded
in a proteasome-dependent manner in intact cells (Hipp et al., 2005). To exclude
any residual ubiquitylating activity in our reactions, we decided on Ub-DHFR
as a negative control. In cells, both yeast and mammalian, Ub-DHFR is readily
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polyubiquitylated and rapidly degraded by the proteasome (Johnson et al., 1995;
Hipp et al., 2005), however, a single ubiquitin moiety is insufficient to promote
proteasomal degradation by 26S proteasomes in vitro (Thrower et al., 2000). A C-
terminal fusion of FAT10 to GST (GST-FAT10) was selected as a second negative
control on the premise that, if the C-terminal attachment of ubiquitin to a protein
has no effect on its degradation (Lévy et al., 1996), the same should also hold true
for FAT10.

FAT10-DHFR, Ub-DHFR as well as GST-FAT10 were recombinantly produced in
E. coli and metabolically labeled with [3°S]-methionine. Degradation was mea-
sured by the release of acid soluble counts and was linear over time (data not
shown). [3°S]-labeled, in vitro transcribed/translated and affinity purified or-
nithine decarboxylase (ODC) served as the positive control for degradation. The
proteinaceous components of our in vitro degradation assays are depicted in fig-
ure 14. In panel A a coomassie staining of the purified proteins is shown while in
panel B the autoradiogram of the same proteins is presented.

In accordance with the literature (Zhang et al., 2003a), degradation of ODC al-
ready occurred to a minor extent when incubated with 26S proteasome alone
(Fig. 15A, compare bars 1 and 3) and could be greatly increased by the addition
of recombinant, unlabeled AZ (Fig. 15A, bar 4). Incubation of the reaction mix in
the presence of the proteasome inhibitor epoxomycin reduced the release of acid
soluble counts to background levels (Fig. 15A, bar 5). The observed degradation of
ODC in the absence of AZ is most likely due to the degradation of monomeric ODC
by dissociated 20S proteasome (Asher et al., 2005), and native SDS-PAGE did in-
deed reveal low levels of 20S proteasome in our preparations of 26S proteasome
(data not shown). Fig. 15B reveals our assay to be devoid of any ubiquitylat-
ing activity, as Ub-DHFR was not degraded by the proteasome under any of the
conditions investigated.

In a previous study, we were able to show FAT10 to be capable of direct inter-
action with the 26S proteasome (Schmidtke et al., 2006), however, incubation of
FAT10-DHFR with purified 26S proteasome alone was not sufficient to promote
its degradation over background level in vitro (Fig. 15C, bar 2) which also oc-
cured in the presence of epoxomycin (Fig. 15C, bar 5). Remarkably, the addition
of purified, recombinant NUB1L was able to induce degradation of FAT10-DHFR
by the 26S proteasome in a dose dependent manner (Fig. 15C, bar 3 and 4). In
contrast, FAT10-DHFR was completely stable when incubated with purified 20S
proteasomes, even in the presence of recombinant NUB1L (Fig. 15C, bars 8 and

65



Chapter 2

< <
A S8 s . &
S ¢ S & 9
SLE § S SIS
%Q%QQQ\@ Qo & %9 &
S s o & & <7
=]
-
—
t_’ —
g - = 60
E - -6
-—= e S - 30
e =21
- - 60
— = 46
- — - 30

- 21

Figure 14: Purified components for in vitro degradation. (A) Silver stained SDS-gel of
purified 26S proteasome (about 500nQ), purified 20S proteasome (about 250ng) and
the recombinant purified proteins NUB1L, antizyme, ornithine decarboxylase (ODC),
GST-FAT10, ubiquitin-dinydrofolate reductase (Ub-DHFR) and FAT10-DHFR (between 10
and 50ng each). (B) Autoradiogram of the radioactively labelled ODC, GST-FAT10,
Ub-DHFR, and FAT10-DHFR.

9). Experiments with GST-FAT10 as a substrate showed that modification with a
C-terminal FAT10-tag was insufficient to promote degradation even under condi-
tions where N-terminal fusions were efficiently degraded, and despite the ability
of GST-FAT10 to interact with both NUB1L and the 26S proteasome in vitro (Hipp
et al., 2004; Schmidtke et al., 2006, and data not shown).

To determine whether NUBI1L is essential for the degradation of FAT10-DHFR
in vivo, we created HeLa cell transfectants stably expressing two shRNAs di-
rected against both NUB1 as well as NUB1L. We selected three different clones
with knock-down efficiencies of 91.2% (clone G6), 90.5% (clone F9) and 89.1%
(clone H10), as determined by quantitative RT-PCR, to use in the subsequent
pulse-chase experiments. Western blots of cell lysates probed with two differ-
ent antibodies against NUB1 as well as an anti-HSP90 antibody as a loading
control revealed faintly detectable levels of NUB1L protein in only one of the
clones (F9) and with only one of the antibodies (Fig. 16A and C). Densitometric
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Figure 15: The degradation of FAT10-DHFR by the 26S proteasome in vitro is inde-
pendent of ubiquitylation but relies on NUB1L. The Y-axis always represents percent of
acid soluble counts per hour. The in vitro reactions were performed with the com-
ponents indicated above each panel. Inhib. refers to degradation obtained in the
presence of the specific proteasome inhibitor epoxomycine. (A) Antizyme (A7) de-
pendent degradation of ornithin decarboxylase (ODC) as positive control for 26S pro-
tfeasome activity. (B) HA-Ubiquitin-DHFR (Ub-DHFR) is noft significanly degraded by the
purified 26S proteasome. (C) NUBTL-dependent degradation of HA-FAT10-DHFR by
purified 26S proteasome. A small and a normal sized (+) sign designate degradation
in the presence of low (2ng) and high (20ng) amounts of NUB1L, respectively.
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evaluation of the NUB1L bands obtained by three dilutions of lysates on graded
semi-quantitative Western blots (Fig. 16A) revealed that the residual expression
of NUBI1L protein in the shRNA transfectants was 2% (G6), 8.5% (F9), and 4%
(H10), respectively. As NUBI1L is the dominant isoform in HeLa cells, no NUB1
was detectable even in wild-type cells.
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Figure 16: Efficient knock down of NUBIL in stable Hela transfectants expressing two
NUBIL shRNAs. Shown are Western blots of wild-type HelLa-cells (WT) and 3 different
stable transfectants expressing two NUB1L specific ShRNAs (clones F?, G6 and H10). 10,
5 and Tul of cell lysate (indicated above the panels) were loaded for each cell type.
(A,C Western blots probed with two different NUB1/NUBT1L peptide specific antibodies
(A, van der Spuy et al., 2003); (B, Biomol). The arrowheads on the left show the position
of NUB1L.(B, D Loading confrol for panels (A) and (C) with anti-HSPQ0 antibody.

Next, we transiently transfected the three NUB1L knock-down clones as well
as wild-type HeLa cells with an expression contruct for HA-FAT10-DHFR (Hipp
et al., 2005). Subsequent to transfection, the degradation of HA-FAT10-DHFR
was monitored in pulse-chase experiments. As shown in figure 17, the degrada-
tion of HA-FAT10-DHFR was markedly slowed down in the three NUB1L knock-
down clones compared to wild-type HeLa cells, and the reduction in HA-FAT10-
DHFR degradation correlated with the extent of NUB1L deficiency. This result
strongly suggests that in intact cells, NUB1L is required for the degradation of
FAT10-linked proteins by the proteasome.
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Figure 17: Knock-down of NUBIL attenuates the degradation of HA-FAT10-DHFR. (A)
Shown are autoradiograms of HA-FATT10-DHFR immunoprecipitations from wild-type
HelLa cells (WT) and the NUB1L shRNA transfected clones G6, F9, und H10 described
in figure 3. Cells were pulse labeled with (3°S)-methionine/cysteine for one hour and
subsequently chased for the indicated time periods (in h). (B) Graphic representation
of the phosphorimager-assisted quantitative evaluation of three different experiments
as exemplified in panel (A); the extent of FAT10 degradation in percent is plotted ver-
sus the chase time. Shown are the means +/-SD for HelLa wild-type cells (diamonds),
and the fransfectants F9 (dots), H10 (friangles), and G6 (cubes).

Discussion

Ubiquitin has long lost its unique status as the sole mediator of proteasomal
degradation. While other, non-proteolytic functions of ubiquitin have been dis-
covered, several alternative routes into the proteasome have also been scouted.
The ubiquitin-like modifier FAT10 was shown to be as potent as ubiquitin in tar-
geting artificial fusion proteins for proteasomal degradation. The present study
shows that FAT10-linked proteins are efficiently degraded by the 26S proteasome
in vitro, but only in the presence of the UBL-UBA domain protein NUB1L.

Degradation by the proteasome can be divided into two main categories: in-
ducible destruction, which is chiefly mediated by attachment of a K48-linked
polyubiquitin chain to the target protein, and degradation “by default” of pro-
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teins which contain intrinsic targeting signals (Asher et al., 2006). A diverse
group of proteins has been described which can be characterized by the presence
of one or more loosely folded domains and which can be degraded by the 20S pro-
teasome without the need for prior ubiquitylation or ATP-dependent unfolding.
Members of this group include IxBa (Alvarez-Castelao and Castarfio, 2005), p53
(Asher et al., 2005), p21Wafl/Cipl (Touitou et al., 2001), a-synuclein (Tofaris et al.,
2001), thymidylate synthase (Forsthoefel et al., 2004), and ODC (Asher et al.,
2005). As many of these proteins function as part of a multimeric complex, and
“default” degradation can only be observed when they are present in monomeric
form, it has been suggested that assembly into a larger complex masks the un-
structured regions — which are considered to function as the targeting signal —
and thereby protects them from degradation. It is interesting to note that most,
if not all of these proteins can also be actively targeted to the 26S proteasome by

attachment of a polyubiquitin chain or — in the case of ODC — by interaction with
AZ.

The structure of FAT10 remains yet to be solved, however, the high sequence sim-
ilarity to ubiquitin and ISG15 suggests that it is in all likelihood composed of two
ubiquitin-fold domains (Narasimhan et al., 2005), which are anything but loosely
folded. One can thus safely assume that FAT10 has evolved as a component of
a specialized regulatory system responsible for targeting a subset of proteins for
proteasomal degradation, and is not merely degraded due to an intrinsic instabil-
ity. This notion is further supported by the finding that purified 20S proteasome
— which was fully competent in the cleavage of short peptide substrates (data not
shown) — was unable to degrade HA-FAT10-DHFR in vitro (Fig. 15C), and that
C-terminal attachment of a FAT10-tag does not promote degradation (data not
shown).

The precise mechanism by which FAT10 is targeted to the proteasome has some-
what remained a mystery. Discovery of the UBL-UBA domain protein NUB1L as
a non-covalent interaction partner and an accelerator of FAT10 degradation (Hipp
et al., 2004) suggested that it might interact with FAT10 through its C-terminal
UBA domains and with the 19S regulator through its N-terminal UBL domain
and thus physically link FAT10 to the proteasome. It was soon revealed, however,
that while NUB1L did interact with FAT10 through all three of its UBA domains,
only the UBL domain was required to accelerate its degradation, and that FAT10
was perfectly able to interact with the 26S proteasome on its own (Schmidtke
et al., 2006). Recent studies investigating other members of this family, most
notably Rad23/hHR23 and Dsk2/hPLIC, have revealed functional redundancy in
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the targeting of polyubiquitylated substrates to the proteasome (Elsasser et al.,
2004) and have uncovered, in at least some cases, an uncoupling of proteasomal
anchoring and degradation (Verma et al., 2004a). The current results provide the
final piece of evidence that the same also applies to the degradation of FAT10 and
its conjugates. While the 26S proteasome is able to directly interact with FAT10,
it fails to degrade FAT10-DHFR in vitro. Nevertheless, the addition of NUB1L
is sufficient to facilitate FAT10 degradation (Fig. 15C). It remains subject to in-
vestigation whether the requirement for a facilitator applies to all of FAT10’s
conjugates or whether it can perhaps be circumvented by the presence of intrinsic

degradation signals in some of the target proteins.

As of yet, the binding sites of FAT10 and NUBI1L to the proteasome are still un-
known. Although NUB1 was shown to interact with S5a/Rpn10 through a short
C-terminal region between amino acids 536 and 584 (Tanji et al., 2005), other
studies demonstrated an absolute requirement of the N-terminal UBL domain
for its interaction with the 26S proteasome (Schmidtke et al., 2006). Interest-
ingly, binding of the UBL domain does not seem to be mediated by S5a/Rpn10.
Likewise, S5a/Rpn10, S6’/Rpt5 and S2/Rpnl are no likely candidates as receptors
for FAT10, as they all failed to interact in GST-pulldown assays (data now shown).
Because DHFR needs to be unfolded in an ATP-dependent manner before it can
be processed by the proteasome (Liu et al., 2002), PA700 is the most likely can-
didate for regulating FAT10 access to the proteasome, as it is the only regulator
which contains ATPases to confer unfoldase activity.

The important role for NUB1L in mediating the degradation of FAT10 and FAT10-
linked protein has been confirmed in three independent HeLa clones stably ex-
pressing two different NUB1L shRNAs each. Compared to the parental cells
the degradation rate of HA-FAT10-DHFR was reduced by approximately 50%
(Fig. 17), indicating that the expression of NUB1L mRNA and protein, which
was reduced by over 90%, became a rate limiting factor for HA-FAT10-DHFR
degradation (Fig. 16). It hence appears, that both in vitro and in vivo, NUB1L
is indispensable for the proteasomal degradation of HA-FAT10-DHFR. Whether
the residual degradation of HA-FAT10-DHFR relies on a second factor that can
mediate degradation of this substrate by the proteasome or whether it is due to
the residual expression of minute amounts of NUB1L in the knock-down lines

remains to be determined in NUB1L gene deficient mice which are not yet avail-
able.
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Combined with our studies on FAT10 degradation in UBE1 mutant ts20 cells
and the fact that deletion of all lysines of FAT10 abolished the prominent mono-
ubiquitylation and faint poly-ubiquitylation of wild-type FAT10 in HEK293 cells
but nevertheless had not effect on FAT10 degradation (Hipp et al., 2005), the
present in vitro studies establish FAT10 as the second member of the ubiquitin
family that serves as an autonomous signal for targeting proteins for degradation
by the 26S proteasome.

Materials and methods

Proteasome purification. Purification of the 20S proteasome was performed
exactly as described elsewhere (Schmidtke et al., 1996). 26S proteasome was pu-
rified as described (Ben-Shahar et al., 1999) with the following modifications: all
initial purification procedures were performed at 4°C. 26S proteasome was pre-
pared from 10 livers of 8-13 week old C57BL/6 mice. The livers were cut and ho-
mogenized in 10 ml/liver of buffer A (20mM Tris-HCI (pH 7.5), 1mM DTT, 1 mM
EDTA, 1.5mM ATP, and 0.25M Sucrose) using a blender and a Potter-Elvehjem
grinder. After ammonium sulfate precipitation as described (Ben-Shahar et al.,
1999), gel filtration chromatography was performed at 15°C on a Sepharose 6B
fast-flow column (1.6 x 100 cm, GE Healthcare) equilibrated in buffer B (20 mM
Tris-HCI (pH 7.5), 1 mM DTT, 1 mM ATP, and 20% (v/v) glycerol). The pellet of the
38% ammonium sulfate precipitation was dissolved in 10 ml of buffer B and was
loaded onto the column. 10ml fractions were collected, and 26S proteasome ac-
tivity was assayed with 50 ul samples of column fractions as described previously
(Schmidtke et al., 2000). The fractions with proteasome peak activity were com-
bined and loaded onto a 6 ml Resource-Q column (GE Healthcare) equilibrated in
buffer B. The column was then washed with 5 column volumes of buffer B and
developed with a linear gradient from 0 to 0.8 M NaCl in buffer B over 60 ml.
The 26S proteasome eluted from the column between 0.35 and 0.4 M salt. The
proteolytically active fractions from the ion exchange column were concentrated
to 500 il by ultrafiltration in a Centricon 100 device (Amicon). The sample was
loaded onto a 20-40% (v/v) glycerol gradient in buffe B (12.5ml in a 14 x 89 mM
tube). After centrifugation at 28,000rpm for 18 h at 4°C, fractions of 0.6 ml were
collected, and 26S proteasome activity was assayed in 20 ul samples. The qual-
ity of the preparation was tested with in vitro transcribed/translated ODC and
recombinant antizyme. The proteasome preparation was stored in aliquots at
80°C.

72



Chapter 2

Expression constructs. Plasmids for ODC and antizyme were kindly provided
by Dr. Philip Coffino (San Francisco, USA). Expression constructs for GST-FAT10
and His-NUB1L have been described (Hipp et al., 2004). HA-FAT10-DHFR and
HA-ubiquitin-AV-DHFR expression constructs (Hipp et al., 2005) were ampli-
fied by PCR and cloned into an expression vector with a Tev-protease cleavage
site after the GST reading frame, which was kindly provided by Dr. Michael
Groll (Munich, Germany). Because the HA-ubiquitin-AV-DHFR construct could
not be cleaved with the Tev-protease, it was also cloned into the pQE30 vector

(Qiagen).

Generation of shRNA constructs. Three siRNA oligonucleotides against
NUBIL were designed and provided by Dharmacon Inc. and tested in transient
transfection using HeLa cells and X-tremeGENE siRNA (Roche) for transfection.
The degree of RNA repression was determined by quantitative reverse transcrip-
tase PCR (qRT PCR) as described (Schmidtke et al., 2006). The most effec-
tive of our oligonucleotides (5-CCTCAGATGTGGTGGTTAA-3’) and one reported
earlier (5-CGATGGTGCTTGAACTAAA-3’) (Tanji et al., 2006) were selected for
shRNAIi expression. Overlapping double-strand DNA oligonucleotides with these
sequences and the antisense sequences separated by the hairpin loop were gener-
ated, the missing parts from the overlap filled with Pfu-polymerase and the con-
structs were cloned into pSUPER vector (Oligoengine) via BamHI and HindIII.
From these constructs we cleaved out the H1 promoter and the shRNA oligo via
EcoRI and Xhol and cloned them into the vectors pPRETRO-SUPER (Screeninc)
and pMSVneo (Clontech). This allowed us to transfer and express both shRNA
constructs with two different retroviruses in parallel into the same cell and se-
lect with two different resistance markers. Packing of the shRNA constructs into
retroviruses, propagation, titration, and transfection was performed exactly as
described by the supplier (Clontech). Tissue culture and selection of stable clones
has been described elsewhere (Schmidtke et al., 2006).

Expression and purification of recombinant proteins. The plasmids coding
for the respective proteins were transformed into BL21 (DE3) [pLysE] cells. Each
transformation was allowed to grow over night in 200 ml LB-medium. The next
morning, the culture was diluted 1:200 in 500 ml fresh LB-medium and allowed to
grow until an ODggy of 0.6 to 0.8 was reached. The expression of the proteins was
induced with IPTG( 1 mM final concentration) for 4-6 hours. Next, the culture
was centrifuged at 5000 x g for 10 minutes, the supernatant removed and the
pellet washed once in PBS. The pellets were frozen at -80°C if not immediately
processed.

73



Chapter 2

Recombinant expression of radioactively labelled proteins was a modification of
methods described previously (Ben-Shahar et al., 1999; Zhang et al., 2003a). Plas-
mids were transformed into the methionine-auxotroph E. coli strain B834 (DE3)
(Novagen Inc.) and allowed to grow over night in 200 ml of LB-medium. The
next morning, the culture was diluted 1:200 in 100 ml fresh LB-medium and al-
lowed to grow to an ODgoo of 0.5. The culture was centrifuged at 5000 x g for
10 minutes and the pellet washed twice in PBS. After the final wash the cells
were resuspended in 50 ml M9 minimal medium supplemented with thiamine
(20 pug/ml) and all amino acids (except methionine and cysteine) at 50 or 100 mg/1
and incubated for 1 hour at 37°C with agitation. The expression of the proteins
was induced with IPTG (1 mM final concentration) for 4-6 hours in the presence
of 1 mCi TranS? Label (ICN). After the expression, the culture was processed as
described above.

Purification of His-NUB1L, His-antizymel (AZ), His-ornithine decarboxy-
lase (ODC), and His-ubiquitin-dihydrofolatereductase (DHFR). After bac-
terial expression in E. coli, the cell pellets were resuspended in PBS and lysozyme
(100ng/ml) was added. The suspension was kept on ice for 30 min followed by
sonication and centrifugation at 20000 x g for 20 min. The supernatants were
adjusted to 500 mM NaCl and 0.1% Triton X-100 before loading on Protino Ni-
IDA resin (Macherey Nagel). The resin was washed with PBS containing 500 mM
NaCl and 1% Triton X-100, followed by 50 mM Tris-HCI (pH 7.5), 2mM DTT,
5mM MgCly, 10% glycerol. The proteins were eluted with 50 mM Tris-HCI (pH
7.5), 2mM DTT, 5 mM MgCls,, 20% glycerol, 200 mM Imidazole. The samples were
concentrated and the imidazole was removed by ultrafiltration in a Centricon 10
or Centricon 30 concentrator (Millipore).

Purification of GST-FAT10-DHFR and GST-FAT10. The cells were lysed as
described above. Triton X-100 was added to the supernatant after centrifuga-
tion to a final concentration of 1%, and the proteins were incubated with GSH-
Sepharose 4B (GE Healthcare) over night. The GSH-resin was washed with PBS/
Triton X-100. The GST-FAT10 preparation was washed with 50 mM Tris-HCI
(pH 7.5), 2mM DTT, 5mM MgCl,, 20% glycerol, and the bound protein eluted
with the same buffer containing 20 mM reduced glutathione. The samples were
concentrated and the glutathione was removed by ultrafiltration in a Centricon
10 concentrator (Millipore). The GST-FAT10-DHFR preparation was washed two
times with Tev-protease buffer. A 50% slurry of beads in Tev-buffer was prepared
and 2 units of Tev-protease (Invitrogen) were added. The reaction was allowed to
proceed for six hours at room temperature. After the incubation the beads were
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centrifuged, the supernatant was removed, and the beads were washed with Tev-
buffer. The supernatant and the wash were combined and diluted in 50 mM Tris-
HCI (pH 7.5), 2mM DTT, 5 mM MgCls, 20% glycerol. The DTT was removed and
the protein was concentrated by ultrafiltration. The Tev-protease was removed
by Nit*-affinity chromatography as suggested by the supplier (Invitrogen).

Preparation of radiolabeled in vitro transcribed/translated ODC was performed
by a T7 polymerase-dependent transcription-translation (TNT)-coupled system
from reticulocyte lysate (Promega) in the presence of TranS5 label as recom-
mended by the supplier. Following the translation reaction, unincorporated [3°S]-
labeled methionine/cysteine was removed and the buffer was exchanged to 50 mM
Tris-HCI (pH 7.5), 2mM DTT, 5 mM MgCl,, 20% glycerol by gel filtration chro-
matography on a NICK column (GE healthcare). The protein was concentrated
by ultrafiltration in a Centricon 30 unit. Specific activity for [3®°S]-labeled pro-
teins was estimated to be about 5 x 10* c.p.m./pmol. After buffer exchange to
50mM Tris-HCI pH 7.5, 10 mM KCI, 5mM MgCly, 1mM DTT, 1mM ATP and
20% glycerol, the concentration of labeled proteins was estimated by SDS-PAGE
and coomassie blue staining, using unlabeled proteins as a standard.

In vitro degradation assays. Protein degradation assays were performed
as previously outlined (Ben-Shahar et al., 1999; Hoyt et al., 2006) with some
modifications. The assays were performed in 50 ul reaction volumes at 37°C
for one hour and contained 50 mM Tris-HCI, pH 7.5, 5mM MgCl;, 1mM ATP,
20% glycerol, an ATP regenerating system (2 mM dithiothreitol, 10 mM creatine
phosphate, 1.6 mg/ml creatine kinase), 1 mg/ml acetylated bovine serum albumin
(Promega) and proteasomes. Reactions were initiated by addition of substrate
(usually 20000cpm) and quenched by addition of 50 ul of 20% (w/v) trichloroacetic
acid. The trichloroacetic acid-insoluble material was removed by centrifugation
(14,000 x g, 15min) at 4°C, and 3 x 30 ul of the supernatant was removed and re-
leased counts were measured in a scintillation counter. Percentage degradation of
radiolabeled proteins was determined as the released counts/min divided by total
input in counts/min. Total input counts were determined by substituting water
for trichloroacetic acid in the reactions. Background counts/min were determined
in reactions devoid of proteasomes, and were typically 1% to 3% of total input

counts.

Western blot and immunoprecipitation. Determination of NUB1L protein
expression was performed by Western blotting using anti-NUB1L peptide anti-
bodies provided by Biomol and Dr. Michal E. Cheetham (London) (van der Spuy
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et al., 2003), both at a 1:10000 dilution. Cells were harvested, washed, and lysed
in 200 1 50 mM Tris-HCI, pH 7.8 and 0.01% SDS. After sonication and centrifuga-
tion, the supernatant was removed and the OD at 260nm and 280nm determined.
All lysates were diluted to an ODgygy of 0.15 and 10, 5 and 1 ul was loaded onto
SDS-PAGE. As a loading control the HSP90-specific antibody H-114 (Santa Cruz
Biotechnology) was used. Cultivation and transfection of HeLa cells, pulse chase

analysis, immunoprecipitation, SDS-PAGE and audioradiography have been de-
scribed in detail before (Hipp et al., 2004).
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Abstract

During misfolded protein stress, the cytoplasmatic protein Histone Deacetylase
(HDAC) 6 functions as a linker between the dynein motor and polyubiquitin to
mediate the transport of polyubiquitylated cargo to the aggresome. Here we iden-
tify a new binding partner of HDAC®6, the ubiquitin-like modifier FAT10, which
is cytokine-inducible and — like ubiquitin — serves as a signal for proteasomal
degradation. In vivo, the two proteins only interacted under conditions of pro-
teasome impairment. The binding of HDAC6 to FAT10 was mediated by two
separate domains, its C-terminal ubiquitin-binding zinc-finger (BUZ domain) as
well as its first catalytic domain, even though catalytic activity of HDAC6 was
not required for this interaction. Both endogenous and ectopically expressed
FAT10 as well as the model conjugate FAT10-GFP localized to the aggresome
in a microtubule-dependent manner. Furthermore, FAT10-containing as well
as ubiquitin-containing aggresomes were reduced in both size and number in
HDACG6 deficient fibroblasts. We conclude that if FAT10 fails to subject is tar-
get proteins for proteasomal degradation, an alternative route is taken to ensure
their sequestration and possibly also their subsequent removal by transporting
them to the aggresome via the association with HDACS6.
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Intfroduction

The ubiquitin-proteasome system (UPS) is responsible for the targeted destruc-
tion of the majority of intracellular proteins. Proteasomal degradation is a tightly
controlled process and can serve either of the following two functions in the cell —
it can have a regulatory role by destroying and thus inactivating specific proteins
such as cell cycle regulators, key enzymes and transcription factors (Hershko and
Ciechanover, 1998), or it can ensure the removal of non-functional, damaged or
misfolded proteins from the cell (Goldberg, 2003). Substrates are targeted to the
268S proteasome by covalent modification with Lys48-linked polyubiquitin chains.
Enzymatic cascades involving a ubiquitin-activating enzyme (E1), a ubiquitin-
conjugating enzyme (E2), and a ubiquitin-ligase (E3), catalyze the formation of
an isopeptide bond between the c-amino group of a lysine residue in the target
protein and the C-terminal diglycine motif of ubiquitin. Specificity in ubiquitin
conjugation is conferred by a multitude of different E3 enzymes, which recruit
one of a limited number of E2 enzymes as well as the target protein, to facilitate
attachment of the polyubiquitin chain (Hershko and Ciechanover, 1998; Pickart
and Fushman, 2004). While Lys48-linked polyubiquitylation is the main route
of targeting for proteasomal degradation, there are a few exceptions to this rule.
These include the ubiquitin-independent degradation of select proteins such as
ornithine decarboxylase (Murakami et al., 1992) or p21 (Chen et al., 2004) as
well as the attachment of polyubiquitin chains of unconventional linkage, such as
Lys29-linked chains (Pickart and Fushman, 2004), or the modification with the
ubiquitin-like modifier FAT10 (Hipp et al., 2005).

Under normal condidions, the proteasome is responsible for the destruction of the
majority of misfolded proteins in the cell. However, when the capacity of the pro-
teasome is exceeded, the resulting accumulation of aggregation-prone misfolded
proteins tends to have deleterious effects on the cell, which might contribute to
a variety of conformational diseases such as Parkinson’s disease, amyotrophic
lateral sclerosis or dementia with Lewy bodies (Gregersen et al., 2006). Over
the past few years, evidence has been uncovered for a compensatory mechanism
by which, under conditions where proteasomal degradation is no longer possi-
ble, misfolded proteins are transported to pericentriolar inclusions termed ag-
gresomes via dynein-dependent retrograde transport along the microtubule net-
work (Johnston et al., 1998, 2002; Garcia-Mata et al., 2002). Once sequestered
in the aggresome, these proteins can now be removed by the lysosomal pathway
via autophagy (Iwata et al., 2005; Pandey et al., 2007b). Making the connec-
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tion between the UPS and aggresome formation is one of the proposed functions
of histone deacetylase 6 (HDACG6) which, in addition to two catalytic domains,
contains a ubiquitin binding zinc finger (BUZ, also known as PAZ, ZnF-UBP or
DAUP domain) and a dynein binding domain. The latter two domains are uti-
lized by HDACG6 to function as a linker between the dynein motor complex and
polyubiquitylated cargo during its transport to the aggresome (Hook et al., 2002;
Seigneurin-Berny et al., 2001; Kawaguchi et al., 2003). In addition to its function
as a linker, HDACS6 is also involved in aggresome formation and protein qual-
ity control in other ways — it mediates microtubule stability by deacetylation of
a-tubulin (Hubbert et al., 2002), it is involved in the transport of components
of the autophagy apparatus to the aggresome (Iwata et al., 2005) and it is re-
quired for the induction of major cellular chaperones via HSF1 after misfolded
protein stress (Boyault et al., 2007). In addition, it can also deliver proteins to the
aggresome directly, even under conditions where the proteasome is functioning
normally, if they are marked with a Lys63-linked polyubiquitin chain (Olzmann
et al., 2007).

In addition to ubiquitin, the ubiquitin-like modifier FAT10 can serve as a sig-
nal for proteasomal degradation (Kerscher et al., 2006). Like ubiquitin, FAT10
can become covalently conjugated to its target proteins via a free diglycine mo-
tif at its C-terminus (Raasi et al., 2001; Chiu et al., 2007). It is encoded in the
major histocompatibility class I locus, encompasses two ubiquitin-like domains
(UBLs) connected by a short linker (Fan et al., 1996) and can be induced with
the proinflammatory cytokines IFN-y and TNF-a (Raasi et al., 1999; Liu et al.,
1999). Overexpression of FAT10 leads to apoptosis in a conjugation-dependent
manner (Raasi et al., 2001). Attachment of FAT10 causes the rapid degradation
of long-lived proteins, which is dependent on the 26S proteasome but occurs in-
dependently of ubiquitylation (Hipp et al., 2005). In contrast to ubiquitin, FAT10
has a relatively short half-life since it is also subject to proteasomal degradation
in its monomeric form and, additionally, it is probably not recycled but instead
degraded along with its substrates (Hipp et al., 2004).

The herein presented results uncover a role for HDAC6 not only in the trans-
port of polyubiquitylated cargo, but also in the transport of the ubiquitin-like
modifier FAT10 and a FAT10-linked protein. We show that, after inhibition of
proteasome activity, FAT10 interacts with HDAC6 and localizes to the aggre-
some in a microtubule-dependent manner. This interaction is mediated by the
ubiquitin-binding zinc finger and the first catalytic domain of HDACG6 as well as
both ubiquitin-like domains of FAT10 and is not dependent on catalytic activity
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of HDAC6. Combined with previous findings, these results suggest that the role
of FAT10 is the rapid and inducible destruction of its target proteins via conju-
gation and subsequent degradation. If the primary way of degradation by the
proteasome fails, an alternative route is taken to ensure their removal by seques-
tering them in the aggresome.

Results

FAT10 interacts with HDACé after proteasome inhibition

A yeast two-hybrid screen using FAT10 as a bait against a human lymph node
cDNA library (Hipp et al., 2004) identified HDAC6 as a novel interaction part-
ner of FAT10. Sequencing of the plasmid recovered from the transformant re-
vealed that the insert did not encode a full length copy of HDAC6 but rather an
N-terminal truncation containing only the last 106 amino acids of the protein.
This C-terminal part of HDAC6 encompasses little more than the zinc-finger do-
main (BUZ) which is responsible for the interaction with free ubiquitin and ubiq-
uitin conjugates (Seigneurin-Berny et al., 2001; Hook et al., 2002). To confirm the
interaction with FAT10 in vivo, we transfected HEK293T cells with FLAG-tagged
HDACG6 as well as hemagglutinin (HA)-tagged FAT10 and treated them with pro-
teasome inhibitor before performing co-immunoprecipitation experiments. In ac-
cordance with the finding that HDAC6 only associated non-covalently with polyu-
biquitylated proteins if the proteasome is impaired (Kawaguchi et al., 2003), we
observed robust interaction of FAT10 with wild-type HDAC6 only after protea-
some inhibition (Fig. 18A, lanes 1 and 2). As shown in figure 18B, transiently
transfected HDACG6 was also capable of interacting with endogenous FAT10 af-
ter proteasome inhibition. To our surprise, deletion of the BUZ domain did not
abolish the interaction between FAT10 and HDACG6 (Fig. 18A, lanes 3 and 4), sug-
gesting that — while being able to bind FAT10 on its own as shown by the yeast
two-hybrid screen — the BUZ domain is not the only domain of HDAC6 which is
capable of binding to FAT10.

HDACS6 has no influence on the rate of FAT10 degradation

Since overexpression of the other interaction partner discovered in the yeast-
two hybrid screen, the ubiquitin-domain protein NEDDS8 ultimate buster-1 long
(NUBI1L), leads to a marked acceleration of FAT10 degradation (Hipp et al.,
2004), and since HDACG6 is able to attenuate the proteasomal degradation of poly-
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Figure 18: HDACSG6 interacts with FAT10 only under proteasome inhibition and has no
influence on the degradation rate of FAT10. (A) HEK293T cells, tfransiently transfected
with HA-FAT10 and either wild-type (wt) FLAG-HDAC6, a ABUZ mutant, or empty vec-
tor, were treated with 5uM of the proteasome inhibitor MG 132 or DMSO as a negative
control for 6 hours before lysis, anti-FLAG immunoprecipitation (IP) and analysis by
Western blot (WB). (B) HEK293T cells were fransiently transfected with FLAG-HDAC6
followed by treatment with 500 U/ml TNF-ac and 200 U/ml IFN-v for 16 hours and 5uM
MG 132 for another 6 hours before lysis, anti-FLAG immunoprecipitation (IP) and analy-
sis by Western blot (WB). (C) HEK293T cells fransfected with either HA-FAT10 alone (left
panel), HA-FAT10 and FLAG-HDAC6 together (center panel) or FLAG-HDAC6 alone
(right panel) were pulse labeled with (3°S)-methionine and chased for the indicated
fimes. Cell lysates were subjected to anti-HA and anti-FLAG immunoprecipitation fol-
lowed by SDS-PAGE and autoradiography.

ubiquitylated misfolded proteins (Boyault et al., 2006), we decided to investigate
whether overexpression of HDAC6 had an effect on the rate of FAT10 degrada-
tion. We performed pulse-chase assays with FAT10 in the presence or absence of
HDACG6, however, as can be seen in 18C, coexpression of HDAC6 did not affect
the degradation of FAT10.

HDAC6 binds FAT10 via the zinc finger (BUZ) and the first catalytic domain
(CATI)

To identify additional FAT10-binding domains of HDAC6, we performed co-
immunoprecipitation experiments with truncation mutants of HDAC6. To this
aim, cells were transfected with FAT10 and each of the HDAC6 mutants depicted
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in figure 19B and treated with proteasome inhibitor. In these experiments, we
were able to identify the first deacetylase (CAT1) domain of HDACG6 as a sec-
ond domain responsible for interacting with FAT10. Interestingly, this is not
the domain which exhibits a-tubulin deacetylase activity (Haggarty et al., 2003).
Both the isolated BUZ as well as the CAT1 domain were able to associate with
FAT10 after proteasome inhibition, but not as strongly as the full length protein.
However, the longer proteins which lack only the N-terminal (AN) or C-terminal
(ABUZ) domain were able to precipitate amounts of FAT10 which were compara-
ble to those pulled down by wild-type HDAC6. The 1-503 mutant showed weak
interaction with FAT10 only in some of the experiments performed, while the
1-840 mutant was never able to bind FAT10, which might be explained by incor-
rect folding or the formation of multimers which could result in blockage of the
FAT10 binding site.

To confirm the results obtained in cell lines in an in vitro setting, we performed
a GST-pulldown assay using recombinant GST-FAT10 and in vitro transcribed
and translated [3°S]-methionine labeled HDAC6. As shown in figure 20A, only
GST-FAT10, but not GST alone, was able to pull down the CAT1 and the BUZ
domain as well as full length HDACG6. Both of the isolated domains showed robust
interaction with FAT10, while the isolated BUZ domain only interacted weakly
in the co-immunoprecipitation experiments. In vitro as well as in intact cells, the
full length protein displayed the highest affinity for FAT10. Taken together, these
results demonstrate that both the BUZ as well as the CAT1 domain are sufficient
to bind FAT10 on their own, but do so much more efficiently in the context of the
full length protein.

Binding of FAT10 to HDAC6é is not mediated through its C-terminal diglycine
motif

Previous studies have suggested the interaction between HDACG6 and ubiquitin to
be largely mediated by its free C-terminal diglycine (Pai et al., 2007; Reyes-Turcu
et al., 2006), therefore we decided to investigate whether the C-terminal diglycine
motif of FAT10 was required for its interaction with HDAC6. As demonstrated
in figure 20C, both wild-type FAT10 as well as a mutant lacking the C-terminal
diglycine were able to pull down comparable amounts of radiolabeled HDACS.
Further evidence that its C-terminal diglycine is not required comes from ex-
periments in which a linear fusion of FAT10 to GFP was transiently transfected
into HEK293T cells. In this fusion protein, the two C-terminal glycines of FAT10
were exchanged for alanine and valine (AV), yet it was still able to localize to
aggresomes (Fig. 23A) and could still be coprecipitated with HDACG6 (Fig. 26A).
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Figure 19: Both the BUZ domain and the first catalytic domain (CAT1) of HDACé are
able to bind FAT10. (A) HEK293T cells, fransfected with HA-FAT10 and the indicated
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for 6 hours. Cell lysates were subjected to anti-FLAG immunoprecipitation (IP) and
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84



Chapter 3

A & < B Q
S oé\' eé\ f‘o’\f< &
N &
170 - s ]
130 j HDAC6 wt 43
34 - !
B -— HDA AT1 26 - |
i o8 ¢ -
26 7 e —
HDAC6 BUZ 17 4
17 4
D N N
é\@ Q\?/"\Co\
S S S
C s N O o o
& SR o
°\0\ é\ é’ @ é’ VO 43 -1
N O © o N

130 +

26 -

170 {3 — ! 34-““
_—
— |

Figure 20: Both full length HDAC6 as well as the isolated CAT1 and BUZ domains in-
teract with FAT10 in vitro. The diglycine motif of FAT10 is not required for its interac-
tion with HDAC6. (A) GST-pulldown of (3°S)-methionine labeled in vitro transcibed and
franslated HDAC6 mutants with recombinant FAT10. Bound proteins were analyzed by
SDS-PAGE and autoradiography. CAT1 = first catalytic domain, BUZ = ubiquitin bind-
ing zinc finger. (B) Coomassie-staining of the recombinant proteins used in A. (C)
GST-pulldown of (3%S)-methionine labeled HDAC6 with recombinant wild-type FAT10
or FAT10 lacking the C-terminal diglycine motif (AGG). (D) Coomassie-staining of re-
combinant FAT10 used in C.

The catalytic activity of HDAC6 is not required for interaction with FAT10

The role of the deacetylase activity of HDAC6 in aggresome formation remains
somewhat mysterious. On one hand, reintroduction of either the ABUZ or a cat-
alytically inactive mutant into HDAC6 knock-down cells resulted in little to no
rescue of aggresome formation. On the other hand, formation of ubiquitin-free ag-
gresomes, which appear after expression of the aggregation-prone GFP chimera
GFP-250, which is not ubituitylated (Garcia-Mata et al., 1999), does not seem
to require HDACG6 at all (Kawaguchi et al., 2003). Then again, the inhibition
of tubulin deacetylase activity has a profound effect on the transport of LC3, a
component of the autophagy apparatus, to the aggresome, but affects the trans-
port of polyubiquitylated misfolded huntingtin to a much lesser extent (Iwata
et al., 2005). We therefore decided to investigate whether the catalytic activity
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of HDACG6 was required for its interaction with FAT10. In fact, this turned out
not to be the case. A catalytically dead mutant, in which the deacetylase activity
was inactivated by two point mutations in the active sites, interacted with FAT10
just as well as the catalytically active wild-type HDACS6 (Fig. 21A). Treatment of
cells with the broad-spectrum deacetylase inhibitor trichostatin A even lead to an
increased association of HDAC6 with FAT10, which could already be observed in
the absence of proteasome inhibition (compare Fig. 21B lanes 1 and 2 vs. 5 and
6). To elucidate whether this increase was a direct effect of HDACG6 inhibition or
a secondary consequence of inhibiting one or more of the many deacetylases also
affected by TSA, we repeated the experiment using the HDAC6 specific tubulin
deacetylase inhibitor tubacin (Haggarty et al., 2003). Treatment of cells with
tubacin had hardly any effect on the association of FAT10 with HDAC6 although
it markedly increased the level of acetylated a-tubulin (Fig. 21C). The addition of
neither inhibitor affected HDAC6-FAT10 interaction in in vitro pull-down exper-
iments (Fig. 28), suggesting that the inhibition of catalytic activity has no influ-
ence on the binding capacity of HDACG6 for FAT10. We therefore conclude that the
deacetylase activity of HDACSG is dispensable for its interaction with FAT10.

FAT10 is acetylated, but acetylation is not required for interaction with HDACé

The findings that (1) HDACS6 interacts with FAT10 through one of its catalytic
domains, that (2) treatment with trichostatin A slightly increases the interac-
tion between the two proteins and that (3) two-dimensional gel electrophoresis of
FAT10 reveals several closely migrating bands with a similar molecular weight
but distinct isoelectric points (Raasi et al., 2001) collectively raise the question if
FAT10 is acetylated and whether this might be a prerequisite for its interaction
with HDACG6. To address this question, we investigated whether immunoprecip-
itated FAT10 showed reactivity with an antibody against acetylated lysine. As
can be seen in Fig. 29A, FAT10 can indeed be acetylated, although this is in all
likelihood not a very dynamic process, as treatment of cells with trichostatin A
for 6 hours did not change the level of FAT10 acetylation. In addition, FAT10
does not appear to be a substrate of HDACG6 either, since FAT10 exhibited sim-
ilar levels of acetylation when expressed in the presence or absence of HDAC6
(Fig. 29B). The degree of FAT10 acetylation is estimated to be low as judged
from 2D gels (Raasi et al., 2001) and since exposure times for the anti-acetylated
lysine Western blots (Figs. 21E and 29) were at least 10-fold longer than for
the anti-HA blots. In fact, the pool of FAT10 which interacted with HDAC6
after proteasome inhibition did not appear to be acetylated at all, as indicated
by the complete absence of anti-acetyl-lysine reactivity of the FAT10 which co-
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Figure 21: Neither acetylation of FAT10, nor catalytic activity of HDACé are required for
interaction between the two proteins. (A) HEK293T cells transfected with HA-FAT10 and
either wild-type (wt) FLAG-HDAC6 or a catalytically dead mutant (mut) were treated
with 5uM MG 132 or DMSO as a negative control for 6 hours before lysis, anti-FLAG
immunoprecipitation (IP) and analysis by Western blot (WB). (B) HEK293T cells frans-
fected with HA-FAT10 and FLAG-HDAC6 were freated with 5uM MG132, 1M noco-
dazole, 5uM of the HDAC inhibitor trichostatin A (TSA) or mock treated for 6 hours
before lysis, anti-FLAG immunoprecipitation (IP) and analysis by Western blot (WB).
(C) HEK293T cells transfected with HA-FAT10 and FLAG-HDAC6 were treated with 5uM
MG132, 20uM tubacin or mock treated for 6 hours before lysis, anti-FLAG immuno-
precipitation (IP) and analysis by Western blot (WB). (D) HEK293T cells, transfected
with FLAG-HDAC6 and either wild-type (wt) or a lysine-less HA-FAT10 mutant (KO), were
freated with 5uM MG 132 or DMSQO for 6 hours before lysis, anti-FLAG immunoprecipita-
tion (IP) and analysis by Western blot (WB). (E) HEK293T cells transfected with HA-FAT10
and FLAG-HDAC6 were treated with 5uM MG 132, 5uM TSA or mock treated for 6 hours
before lysis, anti-FLAG immunoprecipitation (IP) and analysis by Western blot (WB) with
an acetyl-Lysine antibody (AcK). An asterisk denotes the position of the antibody light
chain, an arrow the position of HA-FAT10 on the anti-AcK Western blot.
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precipitates with HDACG6 (Fig. 21E). Moreover, a mutant of FAT10 in which all
lysines were mutated to arginine (Hipp et al., 2005) — thus preventing it from
being ubiquitylated or acetylated — was still able to interact with HDAC6 as well
as, if not better than, wild-type FAT10 (Fig. 21D). Still, the ability of catalyti-
cally dead or inhibited HDACG6 to interact with FAT10 might solely be mediated
through the C-terminal BUZ domain. To exclude this possibility, we performed
co-immunoprecipitation experiments with an isolated, catalytically dead CAT1
domain. As can be seen in figure 27A, the mutated CAT1 domain was still able
to pull down FAT10. In addition, the isolated CAT1 domain was still capable of
interacting with the lysine-less mutant of FAT10. Figure 27B demonstrates that
recombinant GST-FAT10 was able to pull down similar amounts of the wild-type
and mutated in vitro transcribed and translated [3°S]-methionine labeled CAT1
domains. Together, these findings suggest that, while a small portion of the intra-
cellular FAT10 is acetylated, acetylation is not required for its binding to HDAC6
nor is FAT10 a substrate of HDACG6 deacetylase activity.

FAT10 and FAT10-GFP localize to the aggresome after proteasome inhibition

As FAT10 interacts with HDACG6 after proteasome inhibition, and as HDACS6 is
involved in the transport of polyubiquitylated proteins to the aggresome upon pro-
teasome impairment (Kawaguchi et al., 2003), we investigated whether HDAC6
may likewise transport FAT10 to the aggresome. To test this hypothesis, we
investigated whether treatment of transiently HA-FAT10-tranfected HEK293T
cells with proteasome inhibitor had an influence on the subcellular localization
of FAT10 as analyzed by confocal immunofluorescence microscopy. In untreated
cells, FAT10 was evenly distributed throughout the cytoplasm and showed vary-
ing degrees of localization to the nucleus (Fig. 22A, a and i). HDACG6, on the
other hand, was completely excluded from the nucleus and showed only cytoplas-
matic localization (Fig. 22A, b). As reported by Kawaguchi et al., proteasome
inhibition induced relocalization of HDACG6 to a single prominent juxtanuclear
structure — and indeed also caused FAT10 to localize to the very same structure
(Fig. 22A, e-h). To determine the identity of the observed inclusion bodies, we
analyzed them for the presence of known aggresome markers other than HDAC6.
We never observed formation of more than one of these inclusion bodies per cell,
and combined with the observation that they colocalizd with ~-tubulin (Fig. 22A,
m-p), a component of centromeres, this leads us to infer that they form at the
microtubule organizing center. In addition, we observed a characteristic distor-
tion and enlargement of the centromeres upon proteasome inhibition (compare

Fig. 22A, j and n), which is another hallmark of aggresome formation (Johnston
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et al., 1998). The colocalization with ubiquitin conjugates (Fig. 22A, g-t) and 20S
proteasome (Fig. 22A, u-x) further substantiates the evidence that the observed
inclusion bodies are indeed bona fide aggresomes.

To exclude the possibility that the localization of FAT10 to aggresomes is only
an artefact of overexpression, we treated cells with TNF-a and IFN-v to induce
expression of FAT10 and examined whether the endogenous protein behaved
similarly to the overexpressed version. The localization of both exogenous and
cytokine-induced FAT10 in cells not treated with proteasome inhibitor was abso-
lutely identical (compare Fig. 22A, a and Fig. 22B, a), and while the aggresomes
formed in the absence of overexpression tended to be smaller, there is no ques-
tion that endogenously expressed FAT10 also localized to aggresomes (Fig. 22B,
e-h).

Since HEK293T cells produce extremely low levels of FAT10 conjugates (Hipp
et al., 2005; Chiu et al., 2007), we assume the FAT10 observed in figure 22 to be
mostly monomeric. To investigate whether FAT10 linked proteins are also trans-
ported to the aggresome, we transfected cells with our model conjugate — a linear,
N-terminal fusion of FAT10 to GFP. This model conjugate is rapidly degraded by
the proteasome (Hipp et al., 2005) and, as shown in figure 23A, m-p, also local-
ized to the aggresome after proteasome inhibition. In fact, cells transfected with
wild-type GFP did form aggresomes under proteasome inhibition, but these did
not contain GFP (Fig. 23A, e-h), suggesting that FAT10mediated targeting to the
aggresome is specific and not an artefact of protein overexpression in the face of
proteasome inhibition. Quantification of three independent experiments revealed
a statistically significant increase in the formation of GFP-containing aggresomes
only after proteasome inhibition and transfection with FAT10-GFP but not GFP
alone (Fig. 23B). Taken together, these data provide compelling evidence for a
specific localization of FAT10 to the aggresome after proteasome inhibition.

Transport of FAT10 to aggresomes depends on an intact microtubule network

To test whether FAT10 also relies on the tubulin network for transport to aggre-
somes, we treated cells with the microtubule depolymerizing agent nocodazole in
addition to proteasome inhibitors and observed the effect this had on the local-
ization of FAT10. In accordance with the central role of retrograde microtubule-
dependent transport in the formation of aggresomes (Kopito, 2000), depolymeriza-
tion of microtubules also lead to the disruption of FAT10 containing aggresomes.
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Figure 22: FATI10 localizes to aggresomes under proteasome inhibition. (A) HEK293T
cells fransiently transfected with HA-FAT10 and FLAG-HDAC6 were freated with 5uM
MG 132 or DMSO as a negative control for 6 hours and immunostained with antibod-
ies for HA (green), FLAG (red) and DAPI (blue; a-h). HEK293T cells transfected with
HA-FAT10 were treated with 5uM MG 132 or DMSO for 6 hours and immunostained with
anti-HA (green), DAPI (blue) and anti-y-tubulin (red; i-p), anti-Ubiquitin (red; g-t) or
anti-20S proteasome (red; u-x). (B) HEK293T cells treated with TNF-a and IFN-y for 16
hours were incubated in the presence of 5uM MG132 or DMSO for an additional 6
hours and immunostained with antibodies against endogenous FAT10 (green), Ubig-
uitin (red) and DAPI (blue). Scale bars = 5um.

Instead of localizing to one prominent juxtanuclear aggresome upon proteasome
inhibition (Fig. 24A, d-f), FAT10 accumulated under nocodazole treatment in
several microaggregates which were evenly dispersed throughout the cytoplasm
(Fig. 24A, g-i).

Since catalytic activity of HDAC6 is required for the transport of poly-
ubiquitylated proteins to the aggresome (Kawaguchi et al., 2003), but is dispens-
able for the interaction with FAT10 (Fig. 24 and 28), we set out to investigate the
effect of the HDACG6 specific inhibitor tubacin (Haggarty et al., 2003) on the for-
mation of FAT10 containing aggresomes. Unfortunately though, we were not able
to draw many conclusions regarding the formation of aggresomes from this exper-
iment, since the combination of tubacin and MG132 lead to profound cell death
in FAT10 transfected cells already a few hours after treatment. Up until that
point, however, the formation of aggresomes appeared to be comparable between
cells treated with tubacin or the inactive control compound niltubacin (data not
shown). Thus it is clear that the transport of FAT10 to the aggresome requires
a functional microtubule network, but the question whether it also requires the

deacetylase function of HDAC6 remains unsolved.
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Figure 23: The model conjugate FAT10-GFP localizes to aggresomes under protea-
some inhibition. (A) HEK293T cells fransfected with FLAG-HDAC6, GFP or FAT10-GFP
were treated with 5uM MG 132 or DMSO for 6 hours and immunostained with anti-GFP
antibody (green), anti-FLAG antibody (red) and DAPI (blue). Scale bars = 5um. (B)
Quantification of percentage of cells with GFP containing aggresomes, n > 100. Error
bars represent the standard error of the mean (s.e.m.), statistical analysis was carried
out using Student's f fest.
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Figure 24: Localization of FAT10 to aggresomes is dependent on the tubulin network
and on HDACé6. (A) HEK293T cells transfected with HA-FAT10 were freated with 5uM
MG132, 1M nocodazole or mock treated for 6 hours and immunostained with anti-
HA antibody (green) and DAPI (blue). Scale bars = 5um. (B) HDAC6 wild-type (a-h)
or knock-out (i-p) cells were transiently transfected with HA-FAT10 followed by treat-
ment with 5uM MG 132 or DMSQO for 4 hours and immunostained with anti-HA antibody
(green), anti-Ubiquitin antibody (red) and DAPI (blue). Scale bars = 5um.
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HDACS is required for the proper formation of FAT10-containing aggresomes

To assay whether HDACG6 is essential for the localization of FAT10 to the ag-
gresome, we set out to investigate the formation of aggresomes and subcellular
localization of FAT10 in cells derived from mice lacking the Adac6 gene (Zhang
et al., 2008b). Cells stably expressing an siRNA directed against HDAC6 have
previously been shown to be defective in the formation of polyubiquitin-containing
aggresomes. After inhibition of the proteasome, in comparison to wild-type cells,
fewer of these cells contained aggresomes and those aggresomes which did form
were smaller in size (Kawaguchi et al., 2003). Our experiments revealed HDAC6-
deficient cells to have a similar phenotype. When treated with 5 uM of the protea-
some inhibitor MG132 for 4 hours, HDAC6 knock-out cells were still able to form
polyubiquitin-containing aggresomes (Fig. 24B). However, fewer cells (approx-
imately 40% less) contained an aggresome in comparison to HDAC6 wild-type
cells (Fig. 25B) and the aggresomes which still formed were significantly smaller
in size (Fig. 25C). In those cells which were transiently transfected with HA-
FAT10, the subcellular localization — including the localization to aggresomes —
of FAT10 mirrored that of polyubiquitin (compare Figs. 24B h and p). The quan-
tification of aggresome size as determined by anti-HA immunofluorescence also
revealed HDAC6 knock-out cells to have significantly smaller FAT10-containing
aggresomes (Fig. 25D). As cells lacking HDACG6 are partially deficient in the for-
mation of FAT10- as well as polyubiquitin-containing aggresomes, HDACG6 cer-
tainly plays an important role in their formation, even though it does not appear
to be essential for the transport of neither polyubiquitin nor FAT10 to the aggre-
some or the formation of aggresomes in general.

Both ubiquitin-like domains of FAT10 interact with HDAC6 and localize to ag-
gresomes under proteasome inhibition

Since the isolated ubiquitin-like domains of FAT10 exhibit differences in their
ability to be degraded by the 26S proteasome and to interact with NEDDS8 ul-
timate buster 1 long (Schmidtke et al., 2006), we decided to examine whether
there were also differences in their ability to bind to HDAC6 or to localize
to aggresomes. To investigate the interaction with HDACG6, we performed co-
immunoprecipitation experiments similar to the ones described above, only this
time we used wild-type HDAC6 and N-terminal fusions of either full length
FAT10 or the isolated N- and C-terminal ubiquitin-like domains of FAT10 with
GFP. We found that GFP-fusions with both the N- or C-terminal domain of FAT10
as well as full length FAT10 were able to interact with HDAC6 under proteasome
inhibition (Fig. 26A). In addition, immunofluorescence studies revealed that both
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Figure 25: HDAC6-deficient cells have defects in aggresome formation. (A) Verifica-
tion of HDAC6 knock-out by Western blot. (B) Quantification of the percentage of
cells with ubiquitin containing aggresomes, n > 100. (C) Quantitative evaluation of
the size of ubiquitin containing aggresomes, n > 50. (D) Quantitative evaluation of
the size of FAT10 containing aggresomes, n > 10. Error bars represent the standard
error of the mean (s.e.m.), statistical analysis was carried out using Student's t test,

domains localized to aggresomes under proteasome inhibition (Fig. 26B). We can
therefore conclude that each ubiquitin-like domain of FAT10 is sufficient to inter-
act with HDAC6 and mediate localization to the aggresome.

Discussion

FAT10 is unique among the family of ubiquitin-like proteins as it is the only
member — aside from ubiquitin — which can lead conjugated proteins directly to
proteasomal degradation. Here we report the discovery of a third non-covalent
interaction partner of FAT10, the cytosolic deacetylase HDAC6. HDAC6 has a
binding domain for ubiquitin-like proteins in its C-terminus which belongs to the
family of ‘ubiquitin carboxyl-terminal hydrolase-like zinc finger’ (Znf-UBP) do-
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Figure 26: Both ubiquitin-like domains of FAT10 interact with HDACé and localize to
aggresomes under proteasome inhibition. (A) HEK293T cells transfected with FLAG-
HDAC6 and the indicated GFP-fusions were treated with 5uM MG 132 for 6 hours be-
fore lysis, anti-FLAG immunoprecipitation (IP) and analysis by Western blot (WB). (B)
HEK293T cells transfected with either the N-terminal (a-c) or C-terminal (d-f) domain
of FAT10 fused to GFP were treated with 5uM MG 132 for 6 hours and immunostained
with anti-GFP antibody (green) and DAPI (blue). Scale bars = 5um.

mains, also known as either ‘deacetylase/ubiquitin-specific protease’ (DAUP) do-
main, ‘polyubiquitin-associated zinc finger’ (PAZ) domain, or ‘binder of ubiquitin

zinc finger’ (BUZ) domain.

Since NUBI1L leads to an accelerated degradation of FAT10 (Hipp et al., 2004)
and HDACG6 has been shown to be involved in the turnover of polyubiquitylated
proteins (Kawaguchi et al., 2003; Boyault et al., 2006), we investigated whether
the overexpression of HDAC6 would have an effect on the rate of FAT10 degra-
dation — but this turned out not to be the case (Fig. 18C). We were able to obtain
evidence that FAT10 is acetylated (Fig. 29), which may in part account for the iso-
electric variants observed for FAT10 on two-dimensional gels (Raasi et al., 2001).
However, the degree of acetylation was neither affected by the overexpression of
HDACG6 nor by treatment of cells with the broad range deacetylase inhibitor tri-
chostatin A (TSA), suggesting that the acetylation of FAT10 is not under dynamic
regulation and that FAT10 is not a deacetylation substrate of HDACG6. Acetyla-
tion of FAT10 was also not required for the interaction with HDAC6 as (1) neither
mutation of the active sites of HDACG6 nor treatment with TSA or tubacin abol-
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Figure 27: Neither acetylation of FAT10 nor catalytic activity of the CAT1 domain are
required for its interaction with FAT10. (A) HEK293T cells were transfected with either
catalytically active (wt) or inactive (mut) FLAG-CAT1 together with either wild-type or
lysine-less (KO) HA-FAT10, followed by treatment with 5uM MG 132 or DMSO for 6 h. Cell
lysated were subjected to anti-FLAG immunoprecipitation and subsequent analysis by
Western blot (WB). (B) GST-pulldown of an (35S)-methionine labeled in vitro transcibed
and translated active (wt) or inactive (mut) CATT domain by recombinant GST-FAT10.

ished FAT10 binding (Fig. 21A-C), as (2) the mutation of all lysine residues of
FAT10 did not alter its association with HDACG6 (Fig. 21D), and as (3) acetylated
FAT10 did not preferentially associate with HDAC6 (Fig. 21E).

Much more revealing were our experiments investigating the hypothesis that
HDACG6 might also shuttle FAT10 to the aggresome in situations of misfolded
protein stress or proteasome inhibition (Johnston et al., 1998; Kawaguchi et al.,
2003). Indeed, proteasome inhibition lead to the accumulation of FAT10 or FAT10-
linked GFP in a single, large juxtanuclear inclusion body. Compelling evidence
has been collected that this inclusion body is an aggresome: firstly, FAT10 colo-
calized in this structure with typical constituent proteins of aggresomes such
as HDACS6, ~-tubulin, polyubiquitin, and the proteasome (Fig. 21). Secondly,
FAT10 localized to this inclusion body only when the proteasome was inhibited,
and did so with a kinetic similar to the one reported for aggresome formation
(Garcia-Mata et al., 1999, Fig. 22 and data not shown). Thirdly, the presence of
an intact microtubule network, which is essential for the formation of aggresomes,
was also required as treatment of cells with the microtubule depolymerizing agent
nocodazole in addition to proteasome inhibition resulted in the formation of mul-
tiple FAT10 containing microaggregates in the cytosol (Fig. 24A). Evidence that
the transport of FAT10 to aggresomes is not merely an artifact of overexpression
comes from experiments in which endogenous FAT10, which was physiologically
induced with IFN-y and TNF-a, displayed a localization similar to that of the
transiently transfected protein (Fig. 22B). In addition, co-immunoprecipitation
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also revealed endogenous, cytokine-induced FAT10 to be associated with HDAC6
(Fig. 18B).

The question whether transport of FAT10 to the aggresome is solely depen-
dent on HDAC6 was adressed in cells derived from HDAC6-deficient mice. A
previous study with cells stably expressing an shRNA directed against HDAC6
(Kawaguchi et al., 2003) revealed HDACG6 to be required for the proper formation
of polyubiquitin-containing aggresomes, as HDAC6 knock-down cells contained
fewer and smaller aggresomes as compared to wild-type cells. However, it was
impossible to determine whether the residual formation of aggresomes was due
to an incomplete knock-down of HDACG6 or a functional redundancy. Our experi-
ments in cells lacking the Adac6 gene now point toward the latter, as these cells
display a similar phenotype (Fig. 24B, 25B and C). We were able to demonstrate
the transport of FAT10 and polyubiquitin to the aggresome to be equally depen-
dent on HDACG6; both FAT10- as well as polyubiquitin-containing aggresomes
were significantly reduced in size in HDAC6-deficient compared to wild-type cells
(Fig. 25C and D).
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Figure 28: Inhibition of catalytic activity has no effect on the interaction between
HDAC6 and FAT10 in vifro . GST-pulldown of (35S)-methionine labeled in vitro tran-
srcibed and translated HDAC6 with recombinant GST-FAT10 in the presence of 20uM
TSA or 160uM tubacin.

The role of tubulin deacetylation in the transport of FAT10 to the aggresome how-
ever remains unclear. We attempted to investigate whether the deacetylase activ-
ity of HDAC6 was required for the transfer of FAT10 into aggresomes by using the
HDACG6 specific inhibitor tubacin. Unfortunately, cells treated with proteasome
inhibitor and tubacin at the same time did not survive long enough to investigate
aggresome formation. We only can say for certain that the catalytic activity of
HDACEG is dispensable for its interaction with FAT10, as both inhibition as well as
mutation of the active sites failed to abolish this interaction (Figs. 21 and 28). In
fact, the association of HDAC6 with FAT10 was even increased after treatment of
cells with the broad-spectrum deacetylase inhibitor TSA (Fig. 21B), which might
be attributed to an increase in a-tubulin acetylation as well as non-specific effects
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of TSA on other targets, especially as treatment of cells with tubacin has a much
less pronounced effect (Fig. 21C).

The question arises why the interaction between HDAC6 and FAT10 can only
be observed under proteasome inhibition. Boyault et al. have proposed a model
in which HDAC6 senses an overload of polyubiquitylated proteins through the
binding of polyubiquitin to its BUZ domain. This then results in the release of
heat-shock factor 1 and HDAC6 from a complex also containing p97/VCP and
HSP90 (Boyault et al., 2007). An alternative model (Pai et al., 2007) suggests
that it is not the accumulation of polyubiquitylated proteins but rather the lack
of unconjugated ubiquitin resulting from proteasome inhibition that facilitates
the interaction of HDAC6 and polyubiquitin. Owing to a much higher affinity of
the BUZ domain for the C-terminus of ubiquitin rather than for polyubiquitin-
conjugates (Reyes-Turcu et al., 2006), the majority of HDAC6 would normally be
bound to free ubiquitin. Under conditions of proteasome impairment, the decline
in the level of monomeric ubiquitin releases HDAC6. In both models, HDACDG6
would then be free to interact with polyubiquitin - and also FAT10-conjugates.
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Figure 29: FATI10 is acetylated but does not appear to be a substrate of HDAC6-
mediated deacetylation. (A) HEK293T cells tfransfected with HA-FAT10 were treated
with 5uM MG132, 5uM TSA or mock treated for 6 h before lysis, immunoprecipitation
(IP) with anti-FAT10 or confrol serum and subsequent analysis by Western blot (WB)
with an acetyl-Lysine antibody (AcK). (B) HEK293T cells tfransfected with either HA-
FAT10, FLAG-HDAC6 or empty vector were treated for 6 h with 5uM MG132 or DMSO
before lysis, anti-FAT10 immunoprecipitation (IP) and analysis by Western blot (WB).
Asterisks denote the position of antibody light chains, arrows the position of HA-FAT10
on the anti-AcK Western blots.

It is interesting that FAT10, which can target proteins for proteasomal degrada-
tion independently of the ubiquitin system, uses the same rescue strategy when
the proteasome is overwhelmed. This implies that the rapid removal of FAT10
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and/or its conjugates is essential for the cell, for example to protect it from the
deleterious effects caused by an excess of free FAT10, which is suggested by the
finding that the ectopic expression of FAT10 induces apoptosis in several cell
types (Raasi et al., 2001; Ross et al., 2006).

The formation of ubiquitin-containing aggregates is a hallmark of many neurode-
generative diseases like Huntington’s or Parkinson’s disease (PD) and dementia
with Lewy bodies (DLB). It is notable that NUB1L, another non-covalent interac-
tion partner of FAT10 (Hipp et al., 2004), accumulates in Lewy bodies of PD and
DLB (Tanji et al., 2007) and localizes to aggresomes under proteasome inhibition
(data not shown). It will hence be interesting to investigate whether FAT10 is also
a component of Lewy bodies and may even be responsible for targeting NUB1L
to these sites. Since the basal expression of FAT10 in the brain is extremely low
(Canaan et al., 2006), an involvement of FAT10 would rely on a strong induc-
tion of fat10 expression with TNF-a and IFN-y which is probably not prevalent
in these chronic neurological disorders. Recently, FAT10 was shown to be highly
upregulated in hepatocellular carcinoma (Lee et al., 2003), and in a drug induced
mouse model of hepatocellular carcinoma FAT10 localized to Mallory-Denk bod-
ies, which are a special form of aggresomes observed in a variety of liver diseases
(Oliva et al., 2008; Zatloukal et al., 2007). On the other hand, the localization of
the fat10 gene in the major histocompatibility class I locus and the fact that it is
inducible by proinflammatory cytokines point toward a function in the immune
response. It remains subject to investigation whether FAT10 is perhaps involved
in the formation of DALIS — which are transient aggresome like structures that
function as storage compartments of antigenic proteins during the maturation of
dendritic cells (Lelouard et al., 2002). In addition, as autophagy has been im-
plicated in the innate as well as the adaptive immune response to intracellular
pathogens, it is tempting to speculate whether FAT10 might be involved in those
processes as well.

Materials and Methods

Tissue culture and transfection. Spontaneously immortalized HDAC6*+ and
HDAC6” MEFs were generously provided by P. Matthias (Zhang et al., 2008b).
MEFs and HEK293T cells were cultivated in DMEM supplemented with 10%
FCS and 100 pg/ml penicillin/streptomycin (all from Invitrogen). HEK293T cells
were transiently transfected using FuGENE 6 (Roche) according to the manufac-
turer’s instructions. MEFs were transiently transfected using the Amaxa MEF2
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Kit according to the manufacturer’s instructions. For the induction of endogenous
FAT10, cells were treated for 16-20 hours with 500 U/ml hTNF-a (Endogen) and
200 U/ml hIFN-v (Endogen).

Yeast two-hybrid screen. The yeast two-hybrid screen was performed as previ-
ously described (Hipp et al., 2004).

Antibodies and reagents. The antibodies used in this study were anti-FLAG
M2 (Sigma), anti-FLAG polyclonal (Sigma), anti-HA HA-7 (Sigma), anti-HA poly-
clonal (Sigma), anti-AcK 103 (Cell Signaling), anti-y-tubulin GTU-88 (Sigma),
anti-Ubiquitin FK2 (Biomol), anti-HC9/20S (Affinity), anti-HDAC6 polyclonal
(Cell Signaling) and anti-GFP polyclonal (Sigma). The anti-FAT10 polyclonal an-
tibody was generated as previously described (Hipp et al., 2005). Horse radish
peroxidase coupled anti-HA HA-7 antibody was purchased from Sigma, anti-
rabbit and anti-mouse antibodies from DAKO. The antibodies used in immuno-
fluorescence, anti-HA 16B12, Alexa Fluor™ 488-coupled, goat anti-rabbit IgG
(H+L), Alexa Fluor™ 488-coupled and goat anti-mouse IgG (H+L), Alexa Fluor™
546-coupled were purchased from Molecular Probes. MG132, nocodazole and tri-
chostatin A were purchased from Sigma.

Plasmids and generation of expression constructs. pcDNA3-FLAG-tagged
wt, ABUZ, 1-840, 1-503 and AN HDACG6 as well as the catalytically dead mutant
were a kind gift from T. P. Yao (Kawaguchi et al., 2003). The additional mutants
were constructed by first inserting a FLAG-tag (5- ATGGACTACAAGGACGACG
ATGACAAG-3’) between the Kpnl and BamHI restriction sites of pcDNA3.1. The
desired fragments of HDACG6 were then amplified by PCR using pcDNA3/FLAG-
HDACG6 wt as a template and cloned into the vector via BamHI and Xbal restric-
tion sites. The following primers were used for PCR: forward 5-TAACGGATCCAC
CTCAACCGGCCAGGATTC-3, reverse 5-TAAGTCTAGATTAGAAGCTGTCAT
CCCAGAGGCA-3’ (1-105); forward 5-TAACGGATCCTCTCCCAGTACACTGAT
TGGG-3’, reverse 5-TAAGTCTAGATTAGTGTGGGTGGGGCATATCCTC-3
(BUZ); forward 5-GTATGGATCCGACAGAGAAGGACCCTCCAG-3’ (841-1215);
forward 5-TAACGGATCCCCGGAAGGCCCTGAGCGG-3’, reverse 5-TAACTCT
AGATTAAAGAACCTCCCAGAAGGGCTCA-3 (CAT1); forward 5-TCTAAGATC
TGTACCCCAGCGCATCTTGC-3, reverse 5-ACAGTCTAGATTATTCTACCTTC
ATGACCCGTAAG-3’ (CAT2). The catalytically inactive CAT1 domain was gen-
erated using the catalytically dead full-length protein as a template. All se-
quences were verified by dideoxy sequencing. pcDNA3.1/HA-FAT10 was gener-
ated as previously described (Raasi et al., 2001), as were pcDNA3.1/HA-FAT10 KO
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(Hipp et al., 2005), pEGFP-N1/FAT10-AV-GFP and pGEX-4T-3/GST-FAT10 (Hipp
et al., 2004), as well as EGFP-N1/FAT10-N-GFP and pEGFP-N1/FAT10-C-GFP
(Schmidtke et al., 2006). pGEX-4T-3/GST-Hisg-FAT10AGG was generated by mu-
tating the C-terminal diglycine to AV. pEGFP-N1 was purchased from Clontech.

Pulse-chase experiments and immunoprecipitation. Pulse-chase experi-
ments were performed as previously described (Hipp et al., 2004). For the im-
munoprecipitation experiments, transiently transfected cells were incubated for
6 hours in the presence of 5 uM MG132, 1 uM nocodazole, 5 uM trichostatin A or
the respective solvent as a negative control. After harvesting, cells were lysed
in 20 mM Tris/HCI pH 7.8 containing 0.1% Triton X-100, 1 M pepstatin, 10 xM
leupeptin, 5 ug/ml aprotinin, 100 xM PMSF, 20 yM MG132, 2mM ATP and 2 mM
MgCl; for 30 min on ice, followed by sonication, addition of 150 mM NaCl and
centrifugation for 15 min at 20000 x g. Cleared lysates were subjected to pre-
clearance with either protein A or protein G affinity gel (Sigma) for 30 min at 4°C
followed by incubation over night at 4°C with 10 ug anti-FLAG M2 antibody and
protein G or 15yl anti-FAT10 or control serum and protein A, respectively. Im-
munoprecipitates were washed 5 times in lysis buffer and analysed by SDS-PAGE
and Western blotting. For the experiments examining the acetylation of FAT10,
5 uM trichostatin A was included in the lysis buffer.

GST-pulldown assay. GST-FAT10 and GST were purified as previously de-
scribed (Hipp et al., 2005). FLAG-tagged wild-type as well as mutant HDAC6
was in vitro transcribed and translated using the TNT® T7 Coupled Reticulo-
cyte Lysate System (Promega) according to the manufacturer’s instructions. Af-
ter preclearance with GSH-Sepharose (GE Healthcare), half of each reaction was
incubated with 30 ul GSH-Sepharose (blocked with 1 mg/ml BSA) and either 50 ug
GST-FAT10, GST-Hisg-FAT10 (AGG) or GST as a negative control in 200 xl of the
lysis buffer used in the immunoprecipitation experiments. Samples were incu-
bated over night at 4°C, washed 5 times and analysed by SDS-PAGE followed by
autoradiography.

Immunofluorescence and confocal microscopy. For the anti-y-tubulin (dilu-
tion 1:500) and anti-20S proteasome (dilution 1:100) stainings, HEK293T cells
were grown on poly-L-lysine (Fluka) coated cover slips, incubated with 5 M
MG132 or solvent only for 6 hours and fixed with ice-cold MeOH:acetic acid (3:1)
for 10 min. For the anti-FLAG M2 (dilution 1:300), anti-Ubiquitin FK2 (dilution
1:100), anti-GFP (dilution 1:200) and anti-FAT10 (dilution 1:200) stainings, cells
were grown on poly-L-lysine coated cover slips, incubated with 5 yM MG132, 1 ;M
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nocodazole or solvent only for 6 hours (HEK293T cells) or 4 hours (MEFs), fixed
with 4% paraformaldehyde for 30 min and permeabilized with 0.1% Triton X-100
for 10 min at room temperature. Cells were first labeled with the primary an-
tibodies, followed by washing and incubation with the respective Alexa Fluor™
labeled secondary antibodies (dilution 1:300), followed by washing and incubation
with the Alexa Fluor™ labeled anti-HA antibody (dilution 1:300) where applica-
ble. All antibodies were diluted in 0.2% gelatine, except for the anti-y-tubulin
and anti-FAT10 stainings, were 1.5% normal goat serum was added. All incu-
bations were carried out for 1h at room temperature. Images were aquired and
analyzed with a LSM 510 confocal laser-scanning microscope (Carl Zeiss) using
a 63x plan-apochromat, oil-immersion objective (NA=1.4). Statistical analysis of
the number of aggresome-containing cells was performed by randomly selecting
approximately 100 cells and scoring them for the presence of a large, juxtanuclear
aggresome. Statistical analysis of aggresome size was carried out by randomly se-
lecting approximately 50 (for the anti-ubiquitin staining) or 10 (for the anti-HA
staining after HA-FAT10 transfection) aggresome-containing cells. Aggresome
sizes were then quantified using Imaged (Rasband, 1997).
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CD8" T-cell response after LCMV infection
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Intfroduction

Nearly all types of cells present on their surface an array of peptides repre-
sentative of their physiological state, which will be scanned by cytotoxic (CD8")
T cells or natural killer (NK) cells for potential abnormalities, such as infec-
tion by viruses or intracellular bacteria. These peptides are derived from en-
dogenous proteins, which include all normal cellular constituents as well as for-
eign antigens introduced into the cell as components of the invading pathogen
(Germain, 1994). The targeting and degradation of these antigens is mostly
achieved through polyubiquitylation and subsequent proteasomal degradation
(Kloetzel, 2004). The peptides produced by the proteasome are then translocated
into the endoplasmatic reticulum (ER) by the MHC locus-encoded transporters
associated with antigen processing (TAPs) (Townsend and Trowsdale, 1993) and
are further trimmed to the correct size by a set of ER resident aminopeptidases
(Kloetzel and Ossendorp, 2004). With the help of several chaperones, such as
tapasin as well the more ubiquitous chaperones calnexin and calreticulin, the gen-
erated peptides are finally loaded onto MHC class I molecules and subsequently
transported to the surface (Antoniou et al., 2003).

For a cytotoxic T cell to take action upon recognizing an infected cell, however,
it first needs to become activated through the action of a professional antigen-
presenting cell. In most cases, this activation is mediated through the action
of dendritic cells (DCs), which in their immature form patrol through periph-
eral organs and continuously sample their surroundings via phagocytosis or
macropinocytosis. Upon contact with specific pathogen-associated molecular pat-
terns such as LPS — which are recognized through Toll-like receptors (TLRs) —
they become activated, mature and migrate to the lymph knode, where they
present their collected antigens to circulating T cells. As professional antigen-
presenting cells, DCs not only present endogenous antigens on their MHC class
I molecules but are also able to load them with exogenous antigens in a process
termed “cross presentation”. In addition, mature DCs express a number of co-
stimulatory molecules (such as CD80, CD86 or CD40) on their surface, which, in
combination with the recognition of their cognate peptide-MHC complex, mediate
activation of circulating T cells. Following its activation, the T cell proliferates
vigorously and its decendants proceed to patrol the periphery and kill infected
cells upon recognition of their cognate peptide-MHC complex (Guermonprez et al.,
2002).
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Once the infection is cleared, massive cell death of of antigen-activated T cells
occurs in order to maintain homeostasis and only a few cells which have been ex-
posed to the antigen remain and develop into memory T cells. Removal of super-
fluous T cells is either mediated by activation-induced cell death (AICD), in which
restimulation of expanded T cells in the absence of appropriate co-stimulation
and in combination with the engagement of death receptors such as Fas or TNFR
triggers apoptosis, or by activated cell-autonomous death (ACAD), in which the
absence of survival signals such as IL-2 leads to the induction of apoptosis via the
intrinsic pathway (Krammer et al., 2007).

Due to the localization of its gene in the MHC class I locus (Fan et al., 1996),
as well as its expression profile (mainly restricted to DCs and mature B cells,
Bates et al., 1997) and cytokine inducibility (Raasi et al., 1999), the ubiquitin-like
modifier FAT10 has been suggested to play a role in MHC class I mediated anti-
gen presentation. Until now, however, evidence supporting this hypothesis has
remained sparse. Prompted by the findings that FAT10 is capable of targeting
proteins for proteasomal degradation (Hipp et al., 2005) as well as inducing apop-
tosis (Raasi et al., 2001; Ross et al., 2006), we set out to determine whether it was
possibly involved in the targeting of viral or bacterial antigens for degradation
and subsequent presentation, or perhaps in the downregulation of the immune
response after elimination of the pathogen.

To this aim, we used infection with lymphocytic choriomeningitis virus (LCMV) to
study antigen presentation and antiviral response in FAT10-deficient mice, which
have previously been shown to exhibit minor differences in the number of DCs as
well as the apoptosis of lymphocytes (Canaan et al., 2006). The cytotoxic T cell re-
sponse to LCMYV is essential for the elimination of virus from infected mice and, in
C57BL/6 mice, is shaped by CD8* T cells specific for the dominant GP-derived epi-
topes GP33 41/DP, GP3s 41/KP?, GPa76 956/DP, and NP-derived NPsgg 404/D, as well
as the subdominant epitopes GPgs_101/D?, GP115 125/K?, and NPyys5_212/K? (van der
Most et al., 1996; Gallimore et al., 1998; van der Most et al., 2003).

Results and Discussion

In order to uncover a potential role of FAT10 in the antiviral response, FAT10-
deficient and wild-type C57BL/6 mice were infected with LCMV and the number
of LCMV-specific cytotoxic T cells at seven, 14 and 20 days after infection was
analyzed by intracellular cytokine staining. Spleen cells were separately stimu-
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lated ex vivo with six different H-2P-restricted epitopes and subsequently stained
for expression of CD8 as well as for production of IFN-y. The total number of
LCMYV-specific cytotoxic T cells was determined by combining the number of cells
specific for each of the epitopes. As figure 30 demonstrates clearly, no difference
in the number of LCMV-specific CD8* T cells could be observed on day seven post
infection. However, at both 14 and 20 days after infection FAT10-deficient mice
contained significantly more LCMV-specific CD8* T cells than C57BL/6 mice.
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Figure 30: Figure 30. FAT10-deficient mice retain more LCMV-specific CD8* T cells af-
ter infection than wild-type mice. Mice were infected with 200 pfu of LCMV-WE and
the frequency of specific IFN-y producing CD8* T cells was analyzed by intracellular
cytokine staining (ICS) 7, 14 and 20 days post infection. Statistical analysis was per-
formed using Student's t test, error bars represent the standard deviation (SD). * =p <
0.1, n.s. = not significant, n = 5. One representative experiment out of two is shown.

It will now be important to determine whether this difference is due to the failure
of FAT10-deficient mice to eliminate the pathogen or rather the result of defects
in T cell homeostasis. In wild-type mice, LCMV infection is usually cleared after
seven to nine days, therefore the determination of virus titers a week or longer
after infection should clarify whether or not the observed increase in T cell num-
bers is a result of continued antigen supply due to persistent infection. Should
this be the case, it would be highly interesting to see whether one of LCMV’s pro-
teins was perhaps a target of FAT10-conjugation — suggesting that FAT10 could
be required for the efficient presentation of LCMV-derived epitopes and thus for
the recognition and elimination of infected cells.
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As both wild-type as well as FAT10-deficient mice display similar numbers of
LCMV-specific T cells on day seven post infection, however, it seems more likely
that the observed increase in specific T cell numbers at later time points is a
result of defects in T cell homeostasis. In this case, it would be imporant to clarify
whether this effect was due to a lack of T cell apoptosis or rather an increase in
proliferation, which could for example be determined though BrdU incorporation
or CFSE-labeling of T cells. Again, it seems more likely that the increased cell
numbers are a result of impaired T cell death, since FAT10 could be shown to
induce apoptosis in a number of different settings (Raasi et al., 2001; Ross et al.,
2006).

The contraction phase of an immune response is characterized by massive cell
death of antigen-specific T cells, which in most cases coincides with the clear-
ance of infection (Sprent and Tough, 2001; Badovinac and Harty, 2002). As DCs
are inherently short-lived cells (Kamath et al., 2000), removal of the pathogen
from the host results in the immediate loss of T cell activation as pathogen-
derived epitopes are no longer presented to circulating T cells in combination
with co-stimulatory molecules. Interestingly, apoptosis of DCs after maturation is
mostly regulated through the intrinsic pathway via the downregulation of BCL-2
(Nopora and Brocker, 2002) and BCL-Xy, (Hon et al., 2004). Apoptosis of acti-
vated T cells, in turn, is regulated through a combination of both extrinsic as
well as intrinsic pathways. T cell receptor restimulation of already activated and
expanded T cells in the absence of appropriate co-stimulation can lead to the
induction of activation-induced cell death (AICD) (Green et al., 2003). ACID is
mediated mostly through the engagement of death receptors such as Fas (Dhein
et al., 1995) or TNFR1 (Sytwu et al., 1996) and can be modulated both through
the upregulation of these receptors (Li-Weber and Krammer, 2003) as well the
inhibitory protein cFLIP (Refaeli et al., 1998; Schmitz et al., 2004). Activated
cell-autonomous death (ACAD), on the other hand, is mostly mediated via the in-
trinsic pathway through the upregulation of the pro-apoptotic proteins BIM and
PUMA (Hildeman et al., 2002; Erlacher et al., 2006) due to the absence of ap-
propriate survival signals, such as cytokine deprivation. In addition, ACAD can
be further promoted by the down-regulation of BCL-X;, and BCL-2 during T cell
expansion (Sandalova et al., 2004; Schmitz et al., 2003).

Whether FAT10 primarily plays a role in the apoptosis of T cells themselves, or
rather in the death of DCs and therefore the downregulation of T cell activation,
could be determined by isolating either T cells or DCs and subjecting them to
different apoptotic stimuli. Preliminary results from the study of bone marrow-
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derived dendritic cells (BMDCs) argue against a role of FAT10 in the death of DCs,
as BMDCs derived from FAT10-deficient as well as wild-type mice displayed no
differences in the rate of maturation-induced apoptosis (data not shown). How-
ever, as BMDCs constitute a highly artificial system, these experiments will need
to be repeated with spleenic DCs for a definite answer. In addition, spleenic T cells
could be assayed for differences in apoptosis after bulk stimulation through recep-
tor cross-linking with anti-CD3 and anti-CD28 antibodies and subsequent restim-
ulation with either anti-CD3 antibodies alone, treatment with PMA/ionomycin or
FasL to induce ACID; or they could be cultivated in cytokine-free medium to in-
duce ACAD.

Materials and Methods

Mice. FAT10 gene-targeted mice were generated as previously described (Canaan
et al., 2006) and were backcrossed on the C57BL/6 background until the 10* gen-
eration was obtained. Genotyping of mice was performed as described previously,
except for an alternative set of primers which was used to amplify the neomycin
gene: NeoF2 (5°-TATCGCCTTCTTGACGAGTTC-3’) and NeoR2 (5-CATCAGGTG
GAGTCTCTCTC-3’). C57BL/6 mice (H-2") mice were obtained originally from
Charles River Laboratories. Mice were kept in a specific pathogen-free facility
and used at 6 - 10 weeks of age. Animal experiments were approved by the
Regierungsprasidium Freiburg.

Virus. LCMV-WE was obtained originally from F. Lehmann-Grube (Hamburg,
Germany) and propagated in the fibroblast line L.929. Mice were infected with a
low dose of 200 pfu of LCMV-WE i.v., and the specific CTL response was analyzed
at days 7, 14 and 20 post infection.

Intracellular staining (ICS) for IFN-v. Splenocytes (2 x 10%) were incubated in
round-bottom 96-well plates with 107 M of the specific peptide in 100 ;1 medium
containing 10 ug/ml brefeldin A for 5h at 37°C. The staining, fixation, and per-
meabilization of the cells were performed exactly as previously described (Basler
et al., 2004). Briefly, cells were first stained with an anti-CD8-Tri-color conjugate
(Caltag) at 4°C followed by fixation in 4% paraformaldehyde. Cells were then
permeabilized in 0.1% saponin, stained with an anti-IFN-v-FITC conjugate (BD

Biosciences) and analyzed in a FACScan flow cytometer.
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Peptides. The synthetic peptides GP33_4; (KAVYNFATC), GPgs_101 (CSANNS-
HHYTI), GP115_125 ISHNFCNL), GP276286 (SGVENPGGYCL), NPsp5_212 (YTVKY-
PNL), and NP3g6_404 (FQPQNGQFI) were obtained from Echaz Microcollections.

BMDCs. Bone marrow-derived dendritic cells were generated as previously de-
scribed (Schlosser et al., 2008). Briefly, bone marrow cells from FAT107 as well
as C57BL/6 mice were cultured in the presence of GM-CSF for seven days. Af-
ter differentiation, non- and semiadherent cells were harvested and treated wih
1ug/ml LPS to induce maturation. 24 and 48 hours later, cells were stained with
FITC-coupled annexin-V and propidium iodide (both BD Biosciences) according
to the manufacturer’s instructions and analyzed for cell death in a FACScan flow
cytometer.
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Generation of mouse monoclonal

antibodies directed against human FAT10

Birte Kalveram, Gunter Schmidtke and Marcus Groettrup

Unpublished results.
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Intfroduction

Antibodies are invaluable tools for the study of endogenous proteins and can be
utilized for example for the determination of tissue specific expression patterns
through western blot or histology or the analysis of intracellular localization by
immunofluorescence. We have previously generated two polyclonal antibodies by
immunizing rabbits with either recombinant GST-FAT10 or KLH-coupled syn-
thetic peptides (Hipp et al., 2005; Raasi, 2001), which have been successfully used
in a number of applications such as western blotting, immunoprecipitation and
immunofluorescence. Unfortunately, use of the GST-FAT10 antiserum has been
somewhat limited by its high level of cross-reactivity and we therefore decided to
generate monoclonal antibodies directed against human FAT10 through the im-
munization of mice with recombinant GST-FAT10. Furthermore, the availability
of two antibodies derived from different species will enable us to perform a num-
ber of additional applications, such as for example the detection of low levels of
FAT10 protein in different tissues through the combination of immunoprecipita-
tion and western blot.

Results and Discussion

Since a previous attempt to generate FAT10-specific monoclonal antibodies in
BALB/c mice failed to yield any viable hybridomas, we decided to use FAT10-
deficient mice for the immunization in the hope that these would carry a higher
number of FAT10-specific precursor cells. Two mice were immunized with re-
combinant human GST-FAT10 and after three rounds of booster immunizations
displayed a titer high enough to warrant performing the fusion. Unfortunately,
immunizations had to be carried out with a GST-fusion protein as proteolytic re-
moval of GST resulted in the immediate precipitation of untagged FAT10. Sim-
ilarly, expression of FAT10 with a smaller tag (e.g. Hisg) did not yield any sol-
uble protein either. To exclude those hybridomas which produced antibodies di-
rected against GST, hybridoma supernatants were screened by ELISA for reactiv-
ity against both GST-FAT10 as well as GST alone. The initial screening yielded
five positive clones, two of which could be stabilized after two (in the case of 4F1)
or three (in the case of 3A11) rounds of subcloning. Isotyping by ELISA revealed
both antibodies to be of the IgG2a isotype.
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The antibodies produced by both clones recognize transiently transfected and
endogenous FAT10

To determine whether the antibodies were able to recognize FAT10 in a west-
ern blot, HEK293T cells were transiently transfected with FLAG-FAT10, treated
with 500 U/ml hTNF-a and 200 U/ml hIFN-v for 16 hours or left untreated. The
cell lysates were subsequently analyzed by western blot with a 1:1000 dilution
of the purified antibodies in 3% BSA, which resulted in a 6.8 ug/ml (3A11) or
4.4 ng/ml (4F1) working dilution, respectively. Both antibodies were able to rec-
ognize FAT10 equally well and the signal strength was comparable to that of an
anti-FLAG western blot of the same lysates (Fig. 31). Interestingly, the antibod-
ies from both hybridomas produce in the same background bands, are of the same
isotype and recognize the N-terminal UBL domain of FAT10 (Fig. 36 and data
now shown). This suggests that, even though both hybridomas are independent
clones, they probably produce the same antibody.
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Figure 31: The antibodies produced by both hybridomas recognize ectopically ex-
pressed as well as endogenous FAT10 in a western blot. HEK293T cells were fransiently
tfransfected with human FLAG-FAT10, treated with IFN-y and TNF-« or left untreated
and cell lysates were analyzed by western blot with either anti-FLAG antibody (right
panel) or clone 3A11 (left panel) or clone 4F1 (middle panel) at working dilufions of
4.4ug/ml and 6.8ug/ml, respectively.

Neither antibody is able to recognize murine FAT10

In order to determine whether the antibodies were perhaps also capable of recog-
nizing murine FAT10 in addition to the human protein, equal amounts of recom-
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binant human and mouse GST-FAT10 were loaded onto an SDS-PAGE and sub-
sequently probed with a 1:1000 dilution of the purified antibodies in 3% BSA. Un-
fortunately, neither clone 3A11 nor clone 4F1 was capable of recognizing murine
FAT10 in a western blot (Fig. 32).
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Figure 32: The antibodies produced by both hybridomas recognize only human and
not murine FAT10. Clones 3A11 (leff panel) and 4F1 (middle panel) at working dilutions
of 4.4ug/ml and 6.8ug/mil, respectively, were tested for reactivity with recombinant
human (GST-hFAT10) as well as mouse (GST-mFAT10) FAT10 by western blot. A blot
probed with anti-GST antibody (Sigma) serves as the loading control (right panel).

The antibodies produced by both hybridomas recognize FAT10 in immuno-
fluorescence

To determine whether the antibodies could be used to detect FAT10 in immuno-
fluorescence stainings, HEK293T cells were grown on poly-L-lysine-coated cover
slips, transiently transfected with HA-FAT10, fixed with 4% paraformaldehyde
and stained with either anti-HA antibody or either 3A11 or 4F1 hybridoma su-
pernatant which was first concentrated approximately 50-fold and subsequently
diluted 1:5 in 1.5% normal goat serum. As can be seen in figure 33, the antibodies
produced by both clones recognize FAT10 equally well and with little background

in immunofluorescence.
The antibodies produced by both clones are able to immunoprecipitate FAT10

HEK293T cells were transiently transfected with HA-FAT10 or left untreated and
their lysates were subjected to an immunoprecipitation with 5 ug of either anti-
HA antibody or anti-FAT10 clone 3A11 or clone 4F1. The precipitates as well as
the lysates before and after the IP were subsequently analyzed by western blot
with an anti-HA antibody. As can be seen in figure 34, the antibodies produced
by both clones are able to precipitate HA-FAT10 with the same efficiency as an
anti-HA antibody.
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Figure 33: Immunofluorescence of hybridoma supernatants. HEK293T cells were
grown on poly-L-lysine-coated coverslips, fransiently fransfected with human HA-FAT10
and treated with 5uM MG132 or solvent only for 6 hours. Cells were then fixed and
stained with either an alexa-488-coupled anti-HA antibody (green) or 3A11 or 4F1 hy-
bridoma supernatants followed by an alexa-546-coupled secondary anti-mouse an-
fibody (red) as well as DAPI (blue). Untransfected cells serve as the negative conftrol.
Scale bar = 5um.

The monoclonal anti-FAT10 antibody recognizes both monomeric FATI0 as
well as FAT10-conjugates

As both hybridomas most likely produce the same antibody, the optimal working
dilution was only titrated for one of the clones (4F1) and was determined to lie be-
tween 50 and 100 ng/ml. HEK293T cells were either left untreated or transiently
transfected with HA-FAT10 and cell lysates as well as 1:2 and 1:10 dilutions of
the HA-FAT10 lysates were analyzed by western blot with a 100 ng/ml dilution of
anti-FAT10 (clone 4F1) antibody in 3% BSA. Both short and long exposures of the
same blot are shown in figure 35 and the longer exposure reveals the presence of
high molecular weight FAT10-conjugates in the cells transfected with HA-FAT10.
A Ponceau staining of the membrane serves as a loading control.
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Figure 34: The antibodies produced by both hybridomas are able to immunoprecipi-
tate FAT10. HEK293T cells were transiently transfected with HA-FAT10 or left untreated
and the cell lysates were subjected to immunoprecipitation with & ug of either anfi-
HA antibody, clone 3AT11 or clone 4F1. The precipitated proteins as well as the lysates

before (input) as well as after (supernatants) the IP were analyzed by anti-HA western
blot.

The monoclonal anti-FAT10 antibody specifically recognizes the N-terminal
UBL domain of FAT10

To acquire information about the specificity of the antibody and the localization
of the epitope recognized by it, HEK293T cells were transiently transfected with
constructs containing N-terminal fusions of the isolated UBL domains or full-
length FAT10 to GFP. Several other ubiquitin-like modifiers, namely ubiquitin-
GFP, SUMO-GFP, LC3B-GFP and FLAG-NEDDS8 were also transfected. In ad-
dition, expression of endogenous FAT10 was induced by treatment of cells with
IFN-v and TNF-a. Lysates of these cells were then analysed by western blot
with either anti-GFP or anti-FLAG antibodies or a 50 ng/ml dilution of clone 4F'1.
Figure 36 reveals that the monoclonal anti-FAT10 antibody recognized both full-
length FAT10 as well as its N-terminal UBL domain. In addition, it demonstrates
that this antibody did not cross-react with any of the other ubiquitin-like modi-
fiers investigated except for LC3 (ATGS). Interestingly, LC3 is the only one among

the proteins assayed for cross-reactivity which shares no sequence homology with
FAT10.
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Figure 35: The antibody recognizes both monomeric FAT10 as well as FAT10 conju-
gates. HEK293T cells were transiently fransfected with HA-FAT10 or left untreated and
cell lysates were analyzed by western blot with a 100 ng/ml working dilution of clone
4F1. Both short as well as long exposures of the same blot are shown. A Ponceau
staining of the membrane serves as a loading control.

Materials and Methods

Purification of recombinant proteins. The GST-FAT10 expression construct
was generated as previously described by cloning the human FAT10 ¢cDNA into
pGEX-4T-3 (GE Healthcare) (Hipp et al., 2004). Recombinant proteins were pu-
rified in batch essentially according to the manufacturer’s instructions. The pro-
teins used for coating ELISA plates were purified in the absence of Triton X-100.
After purification, the buffer was exchanged to either PBS (for use in ELISA)
or 0.9% (w/v) NaCl (for use in immunization) using a HiTrap Desalting 5ml or
NAP-5 column (both GE Healthcare).

Western blot, immunoprecipitation and immunofluorescence. Western
blots, immunoprecipitations and immunofluorescences were performed as previ-
ously described (Kalveram et al., 2008).

Expression constructs. HA-FAT10, HA-FAT10-GFP, HA-Ubiquitin-GFP, HA-
SUMO-GFP (Hipp et al., 2005), HA-FAT10-N-GFP, HA-FAT10-C-GFP (Schmidtke
et al., 2006) as well as GST-FAT10, FLAG-NEDDS8 (Hipp et al., 2004) and FLAG-
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Figure 36: The antibody specifically recognizes the N-terminal UBL domain of FAT10.
Lysates of HEK293T cells transiently transfected with the indicated constructs or freated
with IFN-v and TNF-a were analyzed by western blot with (A) either a 50 ng/ml working
dilution of clone 4F1 or (B) anti-GFP or anti-FLAG antibodies as a loading control.

118



Chapter 5

FAT10 (Chiu et al., 2007) have all been described previously. GFP-LC3B has
been contributed by Trond Lamark (unpublished data). GST-mFAT10 was gener-
ated by amplifying the murine fat10 cDNA by PCR and cloning it into the vector
pGEX2-TK through its EcoRI and Xbal restriction sites (Neha Rani, unpublished
results).

Generation of monoclonal antibodies. Monoclonal antibodies were gener-
ated in essence as previously described (Yokoyama et al., 2006). Briefly, two mice
were each immunized with 100 ug of recombinant GST-FAT10 in lipopeptide. Af-
ter three rounds of booster immunizations, the animals were sacrificed and their
spleens were harvested and a single cell suspension was prepared. Spleen cells
were then fused with SP2/0-Ag14 myeloma cells at a 1:1 ratio and plated into flat-
bottom 96-well plates. After selection with HAT medium, the surviving cells were
screened by ELISA for the production of GST-FAT10 specific antibodies. A GST
ELISA was performed to exclude those hybridomas which produced antibodies
with anti-GST reactivity. The resulting hybridomas were then subjected to three
rounds of subcloning. After expansion, antibodies were purified from hybridoma
supernatants using a protein G column (GE Healthcare).

ELISA. Antisera and hybridoma supernatants were screened by ELISA essen-
tially as previously described (Hornbeck, 1992). Briefly, Microlon ELISA-plates
(Greiner Bio-One) were coated with 20 ug/ml of recombinant protein. Antisera
were diluted 1:25 or 1:50 in blocking buffer, hybridoma supernatants were diluted
1:2 in blocking buffer. Bound antibodies were detected with alkaline phosphatase-
coupled protein G (Calbiochem) diluted 1:2500 in blocking buffer and developed
with 3 mM p-nitrophenyl phosphate (Fluka). Substrate hydrolysis was measured
at 405 nm wavelength in a Tecan microplate reader. Antibody isotypes were deter-
mined using the Mouse Immunoglobulin Isotyping ELISA kit from BD Biosciences

according to the manufacturer’s instructions.
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30 years ago, ubiquitin was first identified as a small protein capable of targeting
cellular proteins for degradation through its covalent attachment (Ciechanover
et al., 1978, 1980; Hershko et al., 1980). Later studies revealed it to be involved
in the degradation of the majority of intracellular proteins in eukaryotes — and
identified the 26S proteasome as the protease responsible for the proteolytic de-
struction of its target proteins (Hershko and Ciechanover, 1998). Polyubiquity-
lated proteins can either bind directly to the proteasome (Deveraux et al., 1994;
Lam et al., 2002), or they can be indirectly delivered via linker proteins such as
hHR23/Rad23 or hPLIC/Dsk2 (Chen and Madura, 2002; Funakoshi et al., 2002).
In addition, evidence has accumulated during the past few years that, under
conditions where the proteasome ceases to function, alternative adaptor proteins
such as HDACG6 or p62 can instead target these substrates for lysosomal degrada-
tion via the autophagic pathway (Kawaguchi et al., 2003; Iwata et al., 2005; Shin,
1998; Bjgrkey et al., 2005).

Although ubiquitin was long thought to be the only protein capable of directly
targeting others for destruction through its covalent attachment, the ubiquitin-
like modifier FAT10 has recently emerged as cytokine-inducible alternative to
ubiquitin-mediated proteasomal degradation. Interestingly, despite the fact that
FAT10 can mediate the degradation of its substrates independently of ubiqui-
tylation (Hipp et al., 2005 and chapter 2), its modus operandi is in many ways
analogous to that of ubiquitin. Like ubiquitin, FAT10 can become covalently
conjugated to its target proteins through its C-terminal glycine residue (Raasi
et al., 2001) and can directly interact with the 26S proteasome. Alternatively,
FAT10 can also be tethered to the proteasome through interaction with the UBL-
UBA domain protein NUB1L, which — in addition to its role as an alternative
proteasomal receptor for FAT10 — also functions as a facilitator of FAT10 degra-
dation (chapter 1). As could be demonstrated for some polyubiquitylated sub-
strates, mere physical attachment of a model FAT10-conjugate to the proteasome
was insufficient to promote its degradation, which was instead dependent on the
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presence of NUB1L (chapter 2). Interestingly, the facilitator-function of NUB1L
relied solely on its ability to interact with the proteasome and not with FAT10
(chapter 1). Whether this requirement for facilitation only holds true for some
FAT10-conjugates, however, or whether the degradation of all of its target pro-
teins is dependent on NUB1L remains subject to investigation.

Strikingly, FAT10 not only promotes the proteasomal degradation of its target
proteins in a manner analogous to that of ubiquitin, but also relies on the same
fail-safe mechanism under conditions of proteasome impairment. When a cell
suffers from misfolded protein stress, either due to direct inhibition of the protea-
some or because it becomes overwhelmed by the accumulation of a large number
of incorrectly folded proteins, the cytoplasmatic deacetylase HDAC6 associates
with both polyubiquitin- as well as FAT10-conjugates and mediates their dynein-
dependent transport to the aggresome — where they are first sequestered and
subsequently cleared by autophagy (Kawaguchi et al., 2003; Iwata et al., 2005
and chapter 3). In both cases, the interaction with HDACS is strictly dependent
on inhibition of the proteasome (Kawaguchi et al., 2003 and chapter 3), which
raises the question of how the cell is able to recognize the accumulation of protea-
somal substrates and how HDACS6 is prevented from interacting with them under

conditions where the proteasome is functioning normally.

Two models have recently been proposed in which HDACG6 directly acts as a sen-
sor of misfolded protein stress. The first model is based on the structures of
the BUZ domains contained in the ubiquitin-specific proteases IsoT (Reyes-Turcu
et al., 2006) and Ubp-M (Pai et al., 2007), which both bind ubiquitin through its
free C-terminal diglycine motif. Pai et al. propose that HDACG6 acts as a sensor of
the level of free ubiquitin in the cell by binding to monomeric ubiquitin through
its BUZ domain as well as through a second, so far unidentified, domain. Ow-
ing to a much higher affinity of the BUZ domain for the C-terminus of ubiquitin
rather than for polyubiquitin-conjugates, the majority of HDAC6 would normally
be bound to free ubiquitin. Under conditions of proteasome impairment, however,
the decline in the level of monomeric ubiquitin would release HDAC6, and pos-
sibly also induce a conformational change of HDACG6, thus enabling it to bind to
polyubiquitin chains — and to FAT10.

Although this is certainly an elegant model which has the benefit of explaining
the necessity of an additional binding domain for ubiquitin-like modifiers, there
are several pieces of evidence which argue against it. First of all, several stud-
ies have shown the BUZ domain of HDACG6 to be capable of interacting with both

121



Discussion

monomeric ubiquitin as well as polyubiquitin chains, and have also demonstrated
the BUZ domain to be essential for the latter (Seigneurin-Berny et al., 2001; Hook
et al., 2002; Kawaguchi et al., 2003). As the structure of this particular BUZ do-
main has yet to be solved, it is not entirely unlikely that it perhaps does not
interact with ubiquitin through its C-terminal diglycine motif after all. Further-
more, even though the CAT1 domain of HDACG6 could be identified as a second
FAT10-binding domain in addition to its BUZ domain (chapter 3), there is no ev-
idence which suggests the CAT1 domain to be able to interact with ubiquitin as
well.

Another group has subsequently suggested an alternative model in which HDAC6
senses an overload of polyubiquitylated proteins through the binding of poly-
ubiquitin to its BUZ domain (Boyault et al., 2007). They were able to show that,
under normal physiological conditions, HDAC6 forms a repressive complex to-
gether with heat-shock factor 1 (HSF1) as well as p97/VCP and HSP90. Based
on this observation, they proposed that upon proteasome impairment the accu-
mulating polyubiquitylated proteins would disrupt this complex, resulting in the
release of both active HSF1 as well as HDAC6 — and this effect could indeed be
mimicked by the addition of pentaubiquitin-chains, which did not contain a free
C-terminal diglycine, to the purified complex.

Regardless of whichever mechanism regulates the association of FAT10 with
HDACSG, the finding that it utilizes not only one, but both of the cell’s major path-
ways for intracellular protein degradation suggests that the rapid removal of both
monomeric FAT10 as well as its conjugates is essential for the cell. Several other
findings further corroborate the notion that FAT10 functions as a quick and tem-
porally restricted means to promote the specific degradation of a select group of
proteins. First of all, it is not constitutively expressed in most cell types (Raasi
et al., 1999; Liu et al., 1999; Canaan et al., 2006) and FAT10 gene-targeted mice
kept under standard laboratory conditions display only minimal phenotypic ab-
normalities (Canaan et al., 2006). Both of these findings strongly suggest that
FAT10 is not involved in the day-to-day turnover of cellular proteins. Secondly,
FAT10-mediated degradation can be rapidly turned on by exposure of cells to
proinflammatory cytokines (Raasi et al., 1999), but it can be just as quickly turned
off again as, in addition to being degraded along with its conjugates, unused
FAT10 is also rapidly removed from the cell (Hipp et al., 2004, 2005). Thirdly,
even though both ectopic overexpression as well as physiological induction by cy-
tokines — the latter of which would also serve to induce any potentially missing
factors required for the conjugation of FAT10 to its target proteins — result in a
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massive increase of cellular FAT10 levels, only very few FAT10-conjugates can be
observed.

Now, why would an organism evolve such a specialized “rapid response” degrada-
tion system when it already has the fully functional, constitutive ubiquitin system
at its disposal? Since FAT10 is only found in higher eukaryotes, it is in all like-
lihood not a remnant of the times prior to the invention of ubiquitin — which is
probably the reason for the existence of another highly specialized system, namely
the antizyme-mediated degradation of ODC.

Both the localization of the fat10 gene in the MHC class I locus as well as its
expression profile and cytokine inducibility strongly point toward a role of FAT10
in the immune response. A large number of studies has implicated both ubiquitin
as well as autophagy in the recognition and removal of intracellular pathogens.
The presence of a dedicated clearance system for these pathogens would present
several advantages for the cell. Firstly, competition for its components by normal
cellular constituents would be avoided, so that, once induced, it could concen-
trate all its efforts on the removal of the dangerous intruders. Secondly, many
pathogens actively evade or even manipulate the host’s machinery for ubiquityla-
tion and autophagic degradation (Loureiro and Ploegh, 2006; Munro et al., 2007;
Schmid and Miinz, 2007), so this relatively new system could have evolved as a
response to the pathogens’ evasive strategies.

Up until now, no evidence for an involvement of FAT10 in MHC class I dependent
antigen processing has been found. Experiments performed in a mouse fibroblast
cell-line revealed the overexpression of FAT10 to have no influence on the level of
overall MHC class I surface expression as well as on the presentation of two viral
epitopes, the MCMV-derived epitope pp89iss.176/L? as well as the LCMV-derived
epitope NP1i5.196/L% (Raasi et al., 2001). However, a function of FAT10 in anti-
gen processing might rely on the action of additional cytokine-inducible proteins,
which would be missing in this model of ectopic overexpression. Furthermore,
the two viral proteins investigated may not be among the few which are targeted
for proteasomal degradation by FAT10. Then again, FAT10 might not only be in-
volved in the targeting of single proteins to the proteasome but also in the trans-
port of entire viral particles to the aggresome in an attempt to facilitate their re-
moval via autophagy. Indeed, many viral core particles share characteristics with
protein aggregates and are actively transported to the microtubule-organizing

center, although the precise details of this targeting mechanism remain unknown
(Wileman, 2006).
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Alternatively, FAT10 could be responsible for the degradation of host factors in-
volved in viral or bacterial replication. Depending on the nature of those proteins,
their prolonged removal after clearance of the pathogen could very well have dele-
terious effects on the cell, which would be an elegant explanation for both the
ability of FAT10 to induce apoptosis upon 24 to 48 hours after expression (Raasi
et al., 2001) as well as the requirement for the rapid removal of unconjugated
FAT10 (Hipp et al., 2004).

Of course, rather than being a side-effect, the induction of apoptosis — for example
through proteasomal degradation of IAPs or other anti-apoptotic proteins — could
instead be the principal function of FAT10. Indeed, several findings obtained
through the study of FAT10-deficient mice argue in favor of this hypothesis. In
comparison to wild-type animals, these mice display minor differences in the
apoptosis of lymphocytes as well as a pronounced hypersensitivity to endotoxin-
mediated septic shock (Canaan et al., 2006), which could easily be explained by
a failure to remove cytokine-producing cells by apoptosis. Furthermore, inves-
tigation of their antiviral response revealed these mice to exhibit a prolonged
CD8" T-cell response after LCMV infection, which is probably due to defects in
the removal of superfluous antigen-activated T-cells after clearance of the virus
(chapter 4).

The findings that FAT10 is capable of targeting its substrates to the aggresome
(chapter 3) and that it has been found to be a component of Mallory-Denk bodies
(Oliva et al., 2008), which are a specialized type of aggresome found in chronic
liver disease (Zatloukal et al., 2007), raise the question whether FAT10 is per-
haps involved in the pathogenesis of degenerative diseases. Alternatively, as the
aggresome-like structures found in many neurodegenerative diseases have been
found to exhibit cytoprotective functions by facilitating the removal of toxic pro-
tein aggregates from the cell (Taylor et al., 2003; Olanow et al., 2004), FAT10
could also be actively involved in the sequestration of these aggregates. However,
a widespread role of FAT10 in the removal of misfolded proteins seems unlikely,
as it is only induced in the course of an immune response and both the liver as well
as the brain of healthy individuals display no signs of FAT10 expression (Canaan
et al., 2006).

The results described in this thesis represent a great advancement in understand-
ing the mechanistics of FAT10-mediated protein degradation. In the future, it
will be imperative to shed some more light onto the physiological functions of
FAT10-conjugation. To this aim, efforts are already well on the way to identify
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the nature of FAT10’s target proteins. In addition, post-mortem brains of pa-
tients with Huntington’s or Alzheimer’s disease are being investigated for signs of
FAT10 enrichment and FAT10 gene-targeted mice will be utilized to examine the
requirement for FAT10 in a drug-induced model of Mallory-Denk body formation.
Furthermore, continuing studies investigating the role of FAT10 in lymphocyte
homeostasis as well as in the response to a number of additional intracellular
pathogens are also being conducted.
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