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Die kovalente Konjugierung von Ubiquitin an Zielproteine wird durch eine Drei-Schritt 

Enzymkaskade durchgeführt. Die Bildung einer Isopeptidbindung zwischen Ubiquitin und 

einem Lysin des Substrats erfordert die Aktivierung des C-terminalen Glycinrests von 

Ubiquitin durch ein aktivierendes Enzym (E1), das zuerst Ubiquitin adenyliert und es dann 

auf das Cystein im aktiven Zentrum überträgt, um eine Thioester-Bindung zu bilden. Das 

aktivierte Ubiquitin wird danach auf das Cystein des aktiven Zentrums eines Ubiquitin-

konjugierenden Enzyms (E2) weitergegeben. Das Ubiquitin-beladene E2 und ein 

spezifisches Substratprotein werden dann von einer Ubiquitin Proteinligase (E3) gebunden, 

die den Transfer des aktivierten Ubiquitins auf das Zielprotein katalysiert. Bisher 

vermutete man, dass dieses System in einer hierarchischen Weise aufgebaut ist, mit einem 

einzigen E1, dutzenden von E2s und hunderten von E3s. Der Konjugierungsmechanismus 

trifft nicht nur auf Ubiquitin zu, sondern auch auf die Familie der Ubiquitin-ähnliche 

Proteine, wie ISG15, NEDD8 and SUMO. Für das IFN-γ und TNF-α induzierbare 

Ubiquitin-ähnliche Protein FAT10 wurden bisher keine Enzymekaskade charakterisiert, 

obwohl bekannt ist, dass FAT10 und seine Konjugate schnell vom Proteasom abgebaut 

werden, was noch durch die Interaktion mit NUB1L beschleunigt werden kann. 

 
Das Ziel dieser Doktorarbeit war die Charakterisierung des Konjugierungswegs von 

FAT10, beginnend mit der Identifizierung neuer aktivierender Enzyme. Ein weiteres Ziel 

war es, das FAT10 Konjugat einer murinen Fibroblastenzellline zu identifizieren. 

 
Während der Suche eines neuen, aktivierenden Enzyms, wurde UBA6 (UBE1L2) als 

zweites Ubiquitin-aktivierendes Enzym identifiziert, das in Ubiquitylierungsassays UBE1 

ersetzen kann, sodass Ubiquitin auf das E2 Enzym UBCH5B und anschließend auf die E3 

Enzyme E6-AP und HECTH9 übertragen werden kann. Weiterhin kann MDM2-vermittelte 

Ubiquitylierung von p53 stattfinden, wenn UBE1 von UBA6 vertreten wird. UBA6 mRNA 

ist in den Hoden der Maus hochreguliert, was auf eine organ-spezifische Funktion 

hindeuten könnte. Die anderen schon bekannten E1 Enzyme wurden auf die Aktivierung 

von FAT10 negativ getestet. In einem Hefe-Zwei-Hybrid Test interagierte UBA6 

allerdings mit FAT10. Der Austausch der Markierungen von HA-UBA6 und GST-FAT10 
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zu GST-UBA6 und HA-FAT10 in in vitro Interaktionstests ermöglichte daraufhin nicht 

nur die Aktivierung von Ubiquitin sondern auch von FAT10. 

 

Das UBA6-spezifische E2 Enzym USE1 interagierte mit FAT10 in einem Hefe-Zwei-

Hybrid Interaktionsverfahren. UBA6-aktiviertes FAT10 kann auf USE1 in vitro und in 

vivo übertragen werden, was zu der Bildung eines kovalenten Konjugats führte. Diese 

stabile Bindung wurde durch Auto-FAT10ylierung von USE1 in cis, hingegen nicht in 

trans erreicht. siRNA-vermittelte Runterregulierung von USE1 mRNA führte zur 

Reduktion der FAT10-Konjugatbildung, was die Annahme zulässt, dass USE1 ein 

wichtiges E2 Enzym in der FAT10-Konjugierungskaskade ist. Die Ko-Expression von 

FAT10 und NUB1L führte zum Abbau des USE1-FAT10 Konjugats durch das Proteasom 

und deutet auf eine negative Selbstregulation durch Automodifikation von USE1 mit 

FAT10 hin. 

 
Diese Doktorarbeit zeigte weiterhin, dass das Protein, das in einer stabil transfizierten 

murinen Fibroblastenzellline an FAT10 gebunden war, als ein Fragment des SV40 großen 

T Antigens identifiziert wurde. Peptide der massenspektrometrischen Analyse zeigten, dass 

das FAT10-gebundene Fragment hauptsächlich aus der DNA bindenden Domäne des 

großen T Antigens besteht. Ein monoklonaler Antikörper gegen die N-terminalen 59 

Aminosäuren des großen T Antigens erkannte das Konjugat nicht, was darauf hindeutet, 

dass ein N-terminaler Teil verloren ist. Das große T Antigen Fragment konnte nicht mit der 

FAT10-Mutante interagieren, der das C-terminale Diglycin-Motif fehlt. 

 
Zusammenfassend kann man sagen, dass die Ergebnisse, die in dieser Doktorarbeit 

vorgestellt wurden, ein zweites Ubiquitin-aktivierendes Enzym identifizieren und 

Einblicke in den Konjugierungsweg von FAT10 geben. Darüber hinaus stärken die 

Ergebnisse die Rolle von FAT10 in dem Abbau von Substraten und zeigen einen 

autoregulatorischen Prozess der FAT10-Konjugierung mit der Hilfe von NUB1L auf. Die 

Erkenntnisse bilden eine gute Grundlage, um FAT10 Substrate zu identifizieren und die 

physiologische Rolle von FAT10 in der Immunantwort aufzuklären. 
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A three-step enzyme cascade carries out the covalent conjugation of ubiquitin to target 

proteins. The formation of an isopeptide bond between ubiquitin and a lysine residue in a 

substrate requires the activation of the C-terminal glycine residue of ubiquitin by an 

activating enzyme (E1), which first adenylates ubiquitin and then transfers it onto its active 

site cysteine to form a thioester bond. The activated ubiquitin is subsequently passed onto a 

cysteine in the active site of a ubiquitin-conjugating enzyme (E2). The ubiquitin-charged 

E2 enzyme and a specific substrate protein are then both bound by a ubiquitin protein 

ligase (E3), which catalyzes the transfer of the activated ubiquitin onto the substrate 

protein. This system was thought to be arranged in a hierarchal way with one E1, dozens of 

E2 enzymes and hundreds of E3 enzymes. The mechanism of conjugation not only applies 

to ubiquitin but also to the family of ubiquitin-like modifiers like ISG15, NEDD8 and 

SUMO. For the IFN-γ and TNF-α inducible modifier FAT10 no enzyme cascade has been 

characterized, even though it is known that FAT10 and its conjugates are rapidly degraded 

by the proteasome, which can be enhanced by the interaction of NUB1L. 

 
The aim of this thesis was the characterization of the FAT10 conjugation pathway, starting 

with the identification of novel activating enzymes. The identification of the so far elusive 

FAT10 conjugate in a murine fibroblast cell line was another aim of this study. 

 
During the course of experiments for the search of a new activating enzyme, UBA6 

(UBE1L2) was identified as a second ubiquitin-activating enzyme, which can substitute for 

UBE1 in ubiquitylation assays with UBCH5B as E2 enzyme and E6-AP and HECTH9 as 

E3 enzymes. Furthermore, the MDM2-mediated ubiquitylation of p53 can occur, when 

UBE1 is replaced by UBA6. UBA6 mRNA is up-regulated in testes of mice, indicating an 

organ-specific function. Other well-known E1 enzymes were tested negative for the 

activation of the ubiquitin-like modifier FAT10. UBA6 turned out to interact with FAT10 

in a yeast two-hybrid screen, which encouraged us to exchange the tags on HA-UBA6 and 

GST-FAT10 to GST-UBA6 and HA-FAT10 in GST pulldown assays. Under these 

conditions UBA6 could be shown to activate not only ubiquitin but also FAT10. 
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The UBA6-specific E2 enzyme USE1 could interact with FAT10 by a yeast two-hybrid 

screening. UBA6-activated FAT10 can be transferred onto USE1 in vitro and in vivo, 

leading to the formation of covalent conjugates. This was achieved by auto-FAT10ylation 

of USE1 in cis but not in trans. siRNA mediated down-regulation of USE1 mRNA resulted 

in a reduction of FAT10 conjugate formation suggesting that USE1 is an important E2 

enzyme in the FAT10 conjugation cascade. The co-expression of FAT10 and NUB1L led 

to the degradation of the USE1-FAT10 conjugate by the proteasome pointing to a negative 

self-regulation by the auto-modification of USE1 with FAT10. 

 
This thesis further showed that the protein linked to FAT10 in a stably transfected murine 

fibroblast cell line was identified as a fragment of the SV40 large T antigen. Peptides from 

the mass-spectrometric analysis revealed that the fragment linked to FAT10 mainly 

consists of the DNA binding domain of the large T antigen. A monoclonal antibody against 

the N-terminal 59 amino acids of large T did not recognize the conjugate indicating that 

also an N-terminal part is missing. The large T fragment did not bind to the FAT10 mutant, 

which lacks the diglycine motif. 

 
In conclusion, the results presented in this thesis identify a second ubiquitin-activating 

enzyme and provide insight into the conjugation pathway of FAT10. Furthermore, they 

strengthen the role of FAT10 in substrate degradation and reveal an auto-regulatory 

process for FAT10 attachment with the help of NUB1L. The findings provide useful tools 

to identify FAT10 substrates and to elucidate the physiological role of FAT10 in the 

immune response in the future. 
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1.1 Ubiquitin 

In the early 1970s ubiquitin, a small 76 amino acid polypeptide, was discovered and over 

the years characterized as a protein that marks other proteins for degradation by a 

multienzyme complex called the 26S proteasome (Ciechanover, 2005; Welchman et al., 

2005). Ubiquitin is found in a family of genes, where some encode linear fusions of several 

ubiquitin units (Ozkaynak et al., 1987; Wiborg et al., 1985), while others are encoded as 

ubiquitin-fused ribosomal proteins (Finley et al., 1989). Thus, a precursor protein is 

synthesized that requires processing by ubiquitin-specific proteases, which are also termed 

deubiquitinating enzymes (DUBs). These proteases are not only responsible for the 

processing of ubiquitin precursor proteins but also remove ubiquitin moieties from target 

proteins (Amerik and Hochstrasser, 2004). After processing ubiquitin forms an isopeptide 

bond via its free C-terminal glycine residue at the ε-amino group of lysine residues of 

target proteins. In some situations also N-terminal conjugation of ubiquitin can occur 

(Ciechanover and Ben-Saadon, 2004). The conjugation process is accomplished by 

sequential action of an enzyme cascade comprising three enzymes. E1 serves as an 

activating enzyme, E2 as a conjugating enzyme and E3 functions as a ubiquitin protein 

ligase linking ubiquitin to its target (Herrmann et al., 2007). Occasionally, an E4 enzyme is 

required for stabilization and extension of the polyubiquitin chains (Hoppe, 2005). Most 

commonly, several ubiquitin moieties form an isopeptide-linked chain on a lysine residue 

of target proteins. This process is referred to as polyubiquitylation. The polyubiquitin 

chains of four or more ubiquitin moieties are usually linked via lysine 48, mediating 

protein degradation via the proteasome (Thrower et al., 2000). Since ubiquitin has seven 

lysines, there are other possibilities for chain formation. Much less frequently, Lysine 29 

linked chains are formed, leading also to degradation of target proteins (Johnson et al., 

1995). Proteolysis is yet the major function of ubiquitin (Passmore and Barford, 2004). 

 
Other functions of ubiquitin chains have been characterized: K63-linked polyubiquitylation 

leads to functional changes in the protein by inducing a change in conformation and 

protein-protein interaction or subcellular localization acting in DNA repair, endocytosis, 

stress response, and activation of protein kinases. The attachment of just one ubiquitin 

molecule to a substrate is termed monoubiquitylation and directs towards regulatory 

changes in endocytosis, DNA repair, endosomal sorting, transcription, and membrane 

function. Moreover, multiubiquitylation refers to the linkage of multiple monoubiquitin 
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units in a protein, also regulating endocytosis (Haglund and Dikic, 2005; Passmore and 

Barford, 2004).  

 
The crystal structure of ubiquitin shows a β-grasp fold, also known as the ubiquitin fold, 

which is characteristic for the ubiquitin-like protein family. It comprises five anti-parallel 

β-strands around a vertical α-helix (Hochstrasser, 2000). The ubiquitin-like proteins can be 

subdivided into two groups. The ubiquitin-binding proteins (UBPs), which contain 

ubiquitin-like domains for non-covalent interactions with ubiquitin and the ubiquitin-like 

modifiers (ULM) conjugating covalently to target proteins (Groettrup et al., 2008). In 

prokaryotes, no functionally similar proteins exist, however, two proteins possess a 

ubiquitin fold, i.e. ThiS and MoaD, which facilitate the incorporation of sulphur into the 

organic cofactors thiamine and molybdopterin, respectively (Pickart and Eddins, 2004). 

This indicates that the ubiquitin fold structure is highly conserved in all kingdoms. 

 

 

1.2 Ubiquitin-like modifiers 

 

1.2.1 NEDD8 

NEDD8 was found within a set of genes that were downregulated in neural precursor cells 

during brain development in mice. It is the ubiquitin-like modifier that is closest to 

ubiquitin holding 80% sequence homology (Kumar et al., 1993). In yeast, a homologue 

designated RUB1 occurs, which can be conjugated via its C-terminal diglycine motif 

(Liakopoulos et al., 1998). Like ubiquitin, NEDD8 must be processed from a precursor 

form to reveal the glycine on the C-terminus for conjugation. This is achieved by a 

diversity of deneddylating enzymes, e.g. the NEDD8-specific deneddylase 1 (DEN1)/ 

NEDD8 protease (NEDP1) (Mendoza et al., 2003; Wu et al., 2003), UCH-L3 (Wada et al., 

1998) and UCH-L1, which also remove NEDD8 from substrates. UCH-L3 and UCH-L1 

also function as DUBs (Hemelaar et al., 2004). 

 
Target proteins of NEDD8 are mainly members of the cullin family, which are mostly 

present in SCF E3 complexes (Schwartz and Hochstrasser, 2003). However, there is one 

exception to this rule, as anaphase-promoting complex 2 (Apc2), also a member of the 

cullin family, does not show neddylation (Pan et al., 2004). Neddylation regulates the 
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specificity and activity of E3 ubiquitin ligases by NEDD8 binding to CUL1. Upon 

neddylation the inhibitor protein of cullin CAND1 cannot interact with the complex 

anymore, leading to activation of the E3 ligase activity (Liu et al., 2002). Additionally, 

attachment of NEDD8 is responsible for the recruitment of E2 enzymes (Kawakami et al., 

2001). COP9 signalosome removes NEDD8 from CUL1 enabling the binding of CAND1 

and deactivating the SCF complex (Yang et al., 2002). In the last few years, substrate 

diversity other than cullins has increased. For example, tumor suppressor protein p53 is 

neddylated by the RING (really interesting new gene) finger E3 ubiquitin ligase MDM2, 

which leads to an inhibitory effect in transcriptional activity of p53. MDM2 itself can also 

conjugate to NEDD8 during this process resembling auto-ubiquitylation of E3s (Xirodimas 

et al., 2004). A second E3 ligase, F-box protein FBXO11, can also mediate the conjugation 

of NEDD8 to p53 with the same outcome (Abida et al., 2007). Other NEDD8 substrates 

include von Hippel-Lindau (VHL) tumor suppressor protein, p73, epidermal growth factor 

receptor and breast cancer-associated protein 3 (Gao et al., 2006; Oved et al., 2006; Stickle 

et al., 2004; Watson et al., 2006). Just recently ribosomal proteins were identified as a 

subset of neddylated targets, controlling their stability (Xirodimas et al., 2008). 

 

1.2.2 SUMO 

The SUMO (Sentrin) gene is conserved from yeast to human. Whereas in yeast only one 

SUMO gene (designated SMT3 in Saccharomyces cerevisiae) is present, vertebrates 

express four SUMO genes, named SUMO-1, SUMO-2, SUMO-3, and SUMO-4. SUMO-1 

has 50% sequence identity to SUMO-2 and SUMO-3, which are more closely related, 

differing only in three N-terminal amino acids (Hay, 2007). SUMO modification 

predominately takes place at the lysine of a consensus motif ψKxE (ψ representing a large 

hydrophobic residue and x any residue) (Rodriguez et al., 2001; Sampson et al., 2001). 

SUMO-2 and SUMO-3 contain this consensus site in the N-terminal region. Therefore they 

are able to form chains like ubiquitin itself (Tatham et al., 2001). As most ubiquitin-like 

modifiers, SUMO is processed from a precursor molecule to generate its mature C-

terminus revealing the diglycine motif by the hydrolase activity of SUMO-specific 

proteases (SENPs) (Hay, 2007). The three SUMO proteins cover different cellular 

compartments according to their substrate distribution. SUMO-1 localizes to the nuclear 

membrane, SUMO-2 to nuclear bodies and nucleoli and SUMO-3 resides in the cytoplasm 

and in nucleoli (Hay, 2005). 
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RanGAP1 was the first substrate identified for SUMO-1 modification. Only the 

sumoylated form connects with the cytoplasmic fibers of the nuclear pore complex and the 

mitotic spindle apparatus (Mahajan et al., 1997; Matunis et al., 1996). Furthermore, the 

promyelocytic leukemia protein (PML) requires sumoylation at three sites to then permit 

PML nuclear body formation and the sequestration of other SUMO-1-conjugated proteins 

like Sp100 (Shen et al., 2006). Many SUMO substrates have been identified and the scope 

extends from signalling molecules to nuclear envelope proteins and cell membrane 

proteins, however, approximately one third of the SUMO targets are transcriptional 

regulators (Herrmann et al., 2007). For instance, activator protein-1, a heterodimeric 

transcription factor, can accept any of the three SUMO molecules on the subunits c-Jun or 

c-Fos, resulting in the down-regulation of the activity of the heterodimer (Bossis et al., 

2005).  

 
Sumoylation and ubiquitylation sometimes lie close together, even though with diverse 

consequences. An example is IκB, the inhibitor of NF-κB, which can be ubiquitylated at 

lysine 21 leading to its degradation, or sumoylated at the same site resulting in the 

stabilization of the protein (Desterro et al., 1998). Furthermore, sumoylation is influenced 

by other protein modifications like phosphorylation or acetylation. SUMO attachment is 

inhibited by phosphorylation of for example p53 or PML, whereas acetylation of histone 

H4 promotes sumoylation (Welchman et al., 2005). 

 

1.2.3 ISG15 

ISG15 (IFN-stimulated protein of 15kDa) was first discovered in 1979 as a type I 

interferon induced protein with a molecular weight of approximately 15kDa (Farrell et al., 

1979; Korant et al., 1984). Later, ISG15 was characterized as a ubiquitin homologue 

containing two ubiquitin-like domains, also termed ubiquitin cross reactive protein 

(UCRP) (Haas et al., 1987), which conjugates to cellular proteins (Loeb and Haas, 1992). 

Similar to ubiquitin processing, a precursor polypeptide of ISG15 is processed at the C-

terminus to liberate the diglycine motif, which is probably achieved by a human ortholog 

of Ubp1, but has not been further characterized (Potter et al., 1999). Protease UBP43 

(USP18) uncouples ISG15 from substrates in a specific manner (Malakhov et al., 2002). 

 
Because of the strong induction with type I interferons, ISG15 was thought to be involved 

in antiviral response in the immune system. However, not until recently this hypothesis 
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was substantiated by several findings that indicate this function. Now it is known that 

ISG15 interacts with several antiviral effector proteins like MxA, protein kinase R (PKR) 

and RNaseL, or conjugates to targets, which are involved in the type I interferon response, 

for example Janus kinase 1 (JAK), STAT1 or retinoic acid inducible gene I (RIG-I) (Zhao 

et al., 2005). The generation of ISG15 knockout mice also shed more light on its antiviral 

function, since they showed enhanced susceptibility to viruses like Sindbis virus, influenza 

A and B viruses and herpes simplex virus 1 (Lenschow et al., 2005; Lenschow et al., 2007; 

Osiak et al., 2005). Furthermore, ISG15 inhibits the release of HIV-1 virions and interferes 

with the ubiquitylation of HIV-1 proteins (Okumura et al., 2006). ISG15 also blocks the E3 

ligase NEDD4, which renders cells resistant to Ebola virus (Okumura et al., 2008). It was 

further shown that some viruses inhibit the conjugation of ISG15 (Guerra et al., 2008; 

Yuan and Krug, 2001), and consequently the antiviral effector function of ISG15. Apart 

from its intracellular role in conjugation to target proteins, secretion of ISG15 from 

immune and non-immune cells was reported stimulating the IFN production of T cells 

(D'Cunha et al., 1996). 

 

1.2.4 FAT10 

FAT10 is an IFN-γ and TNF-α inducible ULM possessing two ubiquitin-like domains in 

tandem array like the related protein ISG15 (Liu et al., 1999; Raasi et al., 1999). It was first 

discovered as a gene that is expressed in the MHC class I region close to the HLA-F locus 

(Fan et al., 1996) leading to the designation of HLA-F associated transcript 10 (FAT10) 

(Liu et al., 1999). The expression of FAT10 mRNA is high in mature dendritic cells and B 

cells (Bates et al., 1997) and also in organs of the immune system like spleen, gut, 

lymphnodes and especially the thymus (Lukasiak et al., 2008). FAT10 contains a free 

diglycine motif at the C-terminus resulting in the attachment to target proteins (Chiu et al., 

2007; Raasi et al., 2001). The function of FAT10 is so far poorly understood, however, it 

was described that FAT10 plays a role in caspase-dependent apoptosis of a murine 

fibroblast cell line overexpressing FAT10 (Raasi et al., 2001) and human renal tubular 

epithelial cells, which upregulate FAT10 after infection with HIV-1 (Ross et al., 2006). 

Additionally, MAD2 is a non-covalent binding partner of FAT10 (Liu et al., 1999) as well 

as NUB1L (Hipp et al., 2004). NUB1L has the ability to accelerate the degradation of 

FAT10 itself and several fusion proteins of FAT10 and also of a covalently linked FAT10 

conjugate in the aforementioned stable mouse fibroblast transfectant. The degradation of 
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FAT10 is independent of ubiquitin (Hipp et al., 2005; Hipp et al., 2004); therefore FAT10 

is the first ULM to have a similar ability as ubiquitin in leading target proteins to the 

proteasome facilitating their degradation. Very recently, HDAC6 was also reported to 

interact non-covalently with FAT10 under proteasomal inhibition, leading to the 

localization of FAT10 in aggresomes (Kalveram et al., 2008). 

 
FAT10 was also characterized as a protein, which is upregulated in cancer cells, being 

overexpressed in hepatocellular carcinoma (HCC) and several other cancer types (Lee et 

al., 2003). It was suggested that FAT10 is connected with the formation of the 

malignancies, since MAD2 interacts with FAT10 during mitosis, and chromosome 

instability occurs when FAT10 levels are elevated (Liu et al., 1999; Ren et al., 2006). 

Furthermore, p53 downregulated the expression of FAT10 mRNA in cancer cell lines 

(Zhang et al., 2006), which led to the implication that FAT10 has a role in tumor 

development. More recently, however, Lukasiak et al. suggested that FAT10 is rather an 

indicator for an interferon response, given that FAT10 expression in HCCs was merely 

upregulated when also IFN-γ was present. Moreover, FAT10 fails in holding oncogenic 

ability (Lukasiak et al., 2008). 

 
Several facts indicate a function of FAT10 in the immune system, for example that the 

FAT10 gene is encoded in the MHC class I, FAT10 is induced by cytokines or its gene 

expression is enhanced in immune cells and organs as described above. The generation of 

FAT10-deficient mice did not shed more light on the function of this ubiquitin-like protein 

as the knockout mice showed only minimal alterations. Nevertheless, hypersensitivity 

against LPS was reported (Canaan et al., 2006). Another study found that FAT10 inhibited 

hepatitis B virus expression in a hepatoblastoma cell line (Xiong et al., 2003). Moreover, 

the involvement of FAT10 in the regulation of CD4+ T cell anergy, acting as a downstream 

factor of FOXP3 was also described (Ocklenburg et al., 2006) as well as the induction of 

FAT10 expression during dendritic cell (DC) maturation with poly(I:C) or LPS (Ebstein et 

al., 2008). However, the biological role of FAT10 remains unclear. 
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1.2.5 Other ubiquitin-like modifiers 

To date 13 ULMs including all SUMO modifiers have been identified in mammals as 

illustrated in Table 1. Apart from the well-characterized ULMs, some other important 

proteins are described in the following section. 

 

ATG8 and ATG12 

Two ULMs, i.e. ATG8 and ATG12, have been identified in the autophagy system, which 

represents a main degradation system in the cell. These proteins show structural similarity 

to ubiquitin, but have no evident sequence identities with any ULM family members. 

ATG12 has a single glycine residue at the C-terminus, which does not demand processing 

like most ULMs, and it is essential for the conjugation to its substrate ATG5. ATG12 

functions in the process of autophagosome formation and completion. ATG8, also known 

as Aut7 or Cvt5, is the second ULM discovered in the autophagy pathway. Dissimilar to 

ATG12, it requires processing at its C-terminus by a cysteine protease called ATG4, which 

does not show sequence identity to DUBs. ATG8 is attached to phosphatidylethanolamine, 

a membrane phospholipid. It is necessary for the assembly of intermediate membrane 

structures of autophagosomes (Geng and Klionsky, 2008; Ohsumi, 2001; Ohsumi and 

Mizushima, 2004). 

 

URM1 

In the year 2000, another ULM was discovered in yeast, which was named ubiquitin-

related modifier 1 (URM1). Unlike most ULMs, URM1 does not need processing at the C-

terminal end. The homology of the protein sequence is more prominent with the sulphur 

carrier proteins ThiS and MoaD of Escherichia coli than with ubiquitin itself (Furukawa et 

al., 2000; Xu et al., 2006). The function of URM1 in higher eukaryotes is so far not known, 

even though homologues like human URM1 (Furukawa et al., 2000) and MOCS2A 

(Schmitz et al., 2008) exist. In yeast however, Ahp1 (alkyl hydroperoxide reductase 1) acts 

as a conjugation partner, which decreases the levels of alkyl hydrogen peroxides (Goehring 

et al., 2003a). A potential role of URM1 is therefore suggested in the oxidative stress 

response as well as in invasive growth and budding in yeast (Goehring et al., 2003b). 
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UFM1 

Ubiquitin-fold modifier 1 (UFM1) was identified when the novel E1 type enzyme UBA5 

was discovered. The modifier shows a similar structure to ubiquitin, hence its name. The 

solution structure of UFM1 shows the typical ubiquitin fold; however, sequence homology 

to ubiquitin is not very high and some structural differences are described (Sasakawa et al., 

2006). Processing of the C-terminus of UFM1 is necessary and it reveals a single glycine 

residue, not a diglycine as in ubiquitin (Komatsu et al., 2004). Specific UFM1 proteases 

are responsible for this step (Kang et al., 2007). Furthermore, conjugates of UFM1 on 

target proteins were evident in cell lines and tissues (Komatsu et al., 2004); however, none 

have been identified so far. A possible function in endoplasmic stress response has been 

evoked since UFM1 was upregulated in the hearts of transgenic mice that express MCP-1 

(monocyte chemoattractant protein-1) specifically in the heart, causing the development of 

ischemic heart disease (Azfer et al., 2006). 

 

 

 

Table 1. The ubiquitin and ULM protein family (modified from Kerscher et al., 2006). 
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1.3 Ubiquitin-binding proteins 

 

1.3.1 A short overview 

Ubiquitin-binding domains (UBDs) are characteristic for ubiquitin-binding proteins. By 

now, 16 different domains have been described. UBA, UIM, MIU, DUIM, CUE, and GAT 

represent the largest class of UBDs, which demonstrate an α-helical structure. There are 

also zinc finger containing UBPs, like NZF, A20 ZnF, ZnF UBP, and UBZ. Other binding 

domains are Ubc, UEV, UBM, GLUE, Jab1/MPN, and PFU. All these domains are 

mediators of the effects of protein ubiquitylation, recognizing specifically ubiquitin 

moieties. Even though they have structurally different assets, non-covalent interaction with 

ubiquitin occurs mostly at the so-called hydrophobic patch, including amino acids Leu8, 

Ile44, and Val70. One exception is the ZnF UBP, which binds to the C-terminus of ubiquitin 

(Hicke et al., 2005; Hurley et al., 2006). In proteolysis, the UBA (ubiquitin-associated) and 

UIM (ubiquitin-interacting motif) domains play a major role, since both recognize 

polyubiquitin chains. On the one hand, the UIM of the proteasome subunit S5a/Rpn10 can 

directly bind ubiquitin. On the other hand, adaptor proteins that encompass a UBA domain 

and a UBL (ubiquitin-like) domain mediate the interaction of substrates and the 

proteasome, which tethers to the UBL domain (Kirkin and Dikic, 2007). In the following 

section the UBL-UBA protein, NUB1L, will be described in more detail. 

 

1.3.2 NUB1L 

NEDD8 ultimate buster-1 long (NUB1L) is a 615-amino-acid protein, consisting of an N-

terminal UBL domain and three C-terminal UBA domains. It was shown that all three 

UBA domains of NUB1L, dissimilar to other UBL-UBA proteins, do not bind to 

monoubiquitin or polyubiquitin chains (Raasi et al., 2005). Alternatively, NUB1L interacts 

with two different ULMs, i.e. NEDD8 (Tanaka et al., 2003) and FAT10. However, it was 

shown that FAT10 probably binds to NUB1L much stronger than to NEDD8 (Hipp et al., 

2004). NUB1L is a splice variant of NUB1, which contains 14 amino acids less than 

NUB1L, leading to the deletion of the second UBA domain. However, both are expressed 

in many tissues throughout the organism (Tanaka et al., 2003). NUB1 was reported to 

reduce NEDD8 expression by targeting it to the proteasome (Kito et al., 2001) and to bind 
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to the 26S proteasome subunit S5a (Rpn10) in vitro (Kamitani et al., 2001). The 

proteasomal interaction was mapped to a short C-terminal region rather than the UBL 

domain (Tanji et al., 2005). Another study reported that NUB1L could also be co-

immunoprecipitated with the 26S proteasome from HEK cell lysates. In contrast, it 

required the UBL domain for proteasomal interaction. In addition, FAT10 interacts with all 

three UBA domains of NUB1L, the UBL domain then again is not essential for FAT10 

binding (Schmidtke et al., 2006). Furthermore, NUB1L binding of FAT10 leads to 

accelerated degradation of FAT10 monomer as well as FAT10 fusion proteins and FAT10 

conjugates (Hipp et al., 2005; Hipp et al., 2004). The accelerated degradation of FAT10 by 

the proteasome is dependent on the N-terminal UBL domain of FAT10 (Schmidtke et al., 

2006). Moreover, NUB1 is linked to the suppression of Lewy Body-like inclusion 

formation, because it is possibly involved in the degradation of synphilin-1, which is a 

major component of these aggregates in Parkinson’s disease (PD) and other 

neurodegenerative α-synucleinopathies (Tanji et al., 2007; Tanji et al., 2006). NUB1 can 

further interact with AIPL1 (aryl hydrocarbon receptor-interacting protein like 1), which is 

expressed in rod photoreceptors in the retina. Mutations of this gene lead to Leber 

congenital amaurosis (LCA) resulting in severe blindness early in life (Akey et al., 2002). 

It was found that AIPL1 translocates NUB1 form the nucleus to the cytoplasm (van der 

Spuy and Cheetham, 2004) and cooperates with HSP70 and HSP90 in a chaperone 

heterocomplex (Hidalgo-de-Quintana et al., 2008). 
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1.4 Ubiquitin and ubiquitin-like modifier conjugation 

Ubiquitin and ULMs are covalently attached to target proteins and this modification leads 

to diverse regulatory processes in the cell. In the following section a common covalent 

ubiquitin/ULM conjugation pathway is described, as all family members use the same 

mechanism. Furthermore, a description of the different E1s, E2s and E3s of ubiquitin and 

the ULMs will be given in more detail. 

 

1.4.1 Ubiquitin and ubiquitin-like modifier conjugation pathways 

The conjugation of ubiquitin/ULM is catalyzed by a three-step enzyme cascade (Figure 1) 

(Hershko et al., 1983). In the first step, an activating enzyme (called E1) requires ATP to 

adenylate ubiquitin/ULM at its C-terminus. This is followed by an attack of the sulfhydryl 

group of the E1 active site cysteine on the anhydride bond, forming a high-energy thioester 

bond between ubiquitin/ULM and the E1, releasing AMP. Then a second ubiquitin/ULM is 

adenylated and the E1 enzyme is fully loaded, which leads to the binding of an E2 (Figure 

2) (Haas et al., 1982; Knipscheer and Sixma, 2007). In the second step ubiquitin/ULM is 

transferred to the active site cysteine of the E2 conjugating enzyme also forming a thioester 

bond. The E2 now uncouples from the E1 to allow binding to the next enzyme partner in 

the cascade (Eletr et al., 2005; Huang et al., 2005). With the help of an E3 protein ligase, 

ubiquitin/ULM becomes attached to a lysine residue of a substrate via an isopeptide 

linkage of the C-terminal glycine in the final step. E3s can either function as adaptor 

proteins between E2 and substrate known as RING (really interesting new gene) E3 ligases 

or as carrier proteins, receiving ubiquitin from the E2 forming a thioester and transferring 

it onto a substrate. These E3s are known as HECT (homologous to E6-AP C-terminus) E3 

ligases. Mechanistically, ubiquitin/ULM conjugation is driven by the relative affinity of 

the enzymes to each other. The loaded E1 has a higher affinity to free E2s. E3s, however, 

rather bind to ubiquitin/ULM-loaded E2 enzymes than to uncharged E2s (Kerscher et al., 

2006; Pickart, 2001). 
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Figure 1. Ubiquitin/ULM conjugation pathway. E1 catalyzes the activation of the C-
terminus of Ub/ULM in an ATP-dependent manner and the conjugation of the Ub/ULM to 
an active-site cysteine in the E1 through a thioester bond. Ub/ULM is then transferred to a 
cysteine residue in the active site of an E2 enzyme. The final step results in the formation 
of an isopeptide bond with the ε-amino group of a lysine residue in substrate proteins by 
the help of E3 enzymes. In HECT-E3-mediated catalysis, Ub/ULM is transferred from the 
E2 to the HECT-E3 as a thioester conjugate and then by the E3 to the substrate. In RING-
E3-mediated catalysis, Ub/ULM is transferred directly from the E2 to the substrate. RING 
E3s function as an adaptor between the two (Di Fiore et al., 2003). 
 

 

1.4.2 E1 activating enzymes 

Activation is the first step in ubiquitin conjugation and therefore of substrate modification 

(Ciechanover et al., 1981). The enzyme facilitating activation of ubiquitin is called 

ubiquitin-activating enzyme (E1). The mechanism of activation has evolved from ancient 

prokaryotic enzymes in thiamine and molybdopterin biosynthesis. In bacteria, a 

mechanistically similar ATP-dependent activation process takes place, which probably 

resembles a primitive activation of ubiquitin. The ubiquitin-related proteins ThiS and 

MoaD are adenylated by E1-like enzymes ThiF (Duda et al., 2005; Lehmann et al., 2006) 

and MoeB, respectively (Lake et al., 2001; Rudolph et al., 2001), which show structural 
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similarities to the E1 enzyme family. However, covalent attachment of a signal protein to 

target proteins does not exist in prokaryotes. ThiS and MoaD themselves are modified by 

the attachment of a sulphur atom at the C-terminus, which produces thiocarboxylates. 

Therefore, they are required for sulphur transfer in thiamine and molybdopterin 

biosynthetic pathways (Huang et al., 2004).  

 
In eukaryotes, ubiquitin-activating enzyme is highly conserved form yeast to human 

(called UBA1 or UBE1, respectively) (Handley et al., 1991; McGrath et al., 1991), 

emphasizing its important role in ubiquitin conjugation. In yeast, UBA1 plays a significant 

role since its deletion is lethal (McGrath et al., 1991). Several mammalian cell lines with a 

temperature-sensitive mutation in the X-chromosome-linked ube1 gene have been found 

that show a defect in ubiquitin conjugation (Ciechanover et al., 1984; Finley et al., 1984; 

Zacksenhaus and Sheinin, 1990). Until now, it has been presumed that only a single 

activating enzyme for ubiquitin exists, which serves as charger for multiple E2s. This is 

followed by the action of an even larger pool of E3s, catalyzing ubiquitylation of a huge 

number of cellular substrates (Ciechanover, 1998). 

 

 

 
Figure 2. ULM activation cascade. The activation of a ULM can be divided into four 
steps. First, the C-terminus of the ULM is adenylated and a non-covalent complex with the 
E1 is formed. Then, the ULM is attacked by the active site cysteine of E1 forming a 
thioester bond with the ULM, releasing AMP. Next, a second ULM is adenylated. In the 
final step, the thioester-linked ULM is transferred to the active center of the E2. Non-
covalent complexes are marked with a dot, covalent interaction with a hyphen. PPi refers to 
inorganic pyrophosphate (modified from Walden et al., 2003b). 
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In evolution, however, the ube1 gene was copied in some species, like wheat or 

Arabidopsis thaliana. In these plants, several E1 isoforms have been identified, which 

share high sequence homology, but show no functional diversities (Hatfield et al., 1997). A 

second testis-specific ubiquitin-activating enzyme has been discovered on the Y 

chromosome in mice and marsupials termed Ube1y (Kay et al., 1991; Mitchell et al., 

1992). They show around 90% sequence identity to X chromosomal encoded UBE1 and 

most likely diverged from the corresponding autosomal gene (Mitchell et al., 1998). The 

two genes are thought to operate redundantly in spermatogenesis (Odorisio et al., 1996). 

Nevertheless, most species possess only a single UBE1 gene. 

 
The classic E1 enzymes like UBE1 or UBE1L are monomers; however, NEDD8 and 

SUMO both use heterodimeric E1 enzymes. The latter two are the best described in this 

family, since their solution structures in complex with the ULM are available (Lois and 

Lima, 2005; Walden et al., 2003a; Walden et al., 2003b). However, the crystal structure for 

UBA1 was also revealed recently (Lee and Schindelin, 2008). The typical structural 

features for eukaryotic E1 enzymes are two MoeB/ThiF homology domains functioning as 

adenylation domains, which developed from these bacterial proteins. They form a 

Rossmann fold, mostly found in nucleotide binding proteins (Rossmann et al., 1974). The 

C-terminal MoeB/ThiF domain is the active one, binding ATP and the modifier. 

Furthermore, E1s contain a catalytic cysteine domain (CCD) and the C-terminal ubiquitin-

fold domain (UFD), which are responsible for thioester formation and E2 recruitment, 

respectively (Lee and Schindelin, 2008; Lois and Lima, 2005; Walden et al., 2003b). 

 
 
ULM activating enzymes 

NEDD8’s heterodimeric E1 APP-BP1/UBA3 was first identified in the yeast system 

(Liakopoulos et al., 1998) and shortly after also in humans (Osaka et al., 1998). APP-BP1 

corresponds to the N-terminal part of UBE1 showing 17% identity and containing the ATP 

binding domain. UBA3 in turn is compatible with the C-terminal part of UBE1 with 21% 

sequence identity and holds the catalytic center (Gong and Yeh, 1999). AOS1 and UBA2, 

the SUMO E1, also exhibits these structural features, showing 30% and 17% identity to the 

family founding member UBE1, respectively (Desterro et al., 1999; Gong et al., 1999). 

Both these genes are essential in yeast (Johnson et al., 1997). Monomer UBE1L (or 

recently renamed to UBA7) is the specific ISG15-activating enzyme, which shows highest 

similarity to UBE1 (45%). It was identified in lung cancer cells, which express 
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significantly reduced levels of UBE1L (Kok et al., 1993; Kok et al., 1995). IFN stimulation 

enhances the expression of ube1l gene just like that of ISG15. Furthermore, the non-

structural protein NS1B of influenza virus B inhibits the activation of ISG15 by UBE1L in 

vitro (Yuan and Krug, 2001). Retinoic acid also induces UBE1L expression and leads to 

degradation of PML/RARα (retinoic acid receptor) and apoptosis in acute promyelocytic 

leukemia (APL) as well as induced ISG15 conjugation (Kitareewan et al., 2002; Pitha-

Rowe et al., 2004). Activation of URM1 occurs via the enzyme UBA4 in yeast. MOCS3, a 

molybdopterin synthase sulfurylase, was described as the E1-like human homologue of 

UBA4 (Furukawa et al., 2000), which is involved in the biosynthesis of molybdenum 

cofactor in humans, transferring sulphur onto the small subunit of the molybdopterin 

complex MOCS2A, forming a thiocarboxylate (Matthies et al., 2004). UBA4/MOCS3 

probably forms a disulfide bridge rather than a thioester with human URM1 in vitro 

(Schmitz et al., 2008), although in yeast Furukawa et al. reported a thioester formation in 

vivo (Furukawa et al., 2000). URM1 could then be released as a thiocarboxylate similar to 

the MoaD-MoeB complex. This E1 enzyme provides an evolutionary link between ULM 

conjugation and activation of sulfur carrier proteins (Schmitz et al., 2008). The E1 type 

enzyme UBA5 activates UFM1 (Komatsu et al., 2004) but not much is known about this 

ULM pathway to date. Sequence analyses revealed that UBA5 contains a homology 

domain comparable to the C-terminal region of UBE1, however, UBA5 has also a distinct 

part at its C-terminus (Komatsu et al., 2004). It could either function with a so far 

unidentified partner molecule or act as a homodimeric protein, which is more likely since 

the activation of UFM1 can occur in vitro (Komatsu et al., 2004). The E1 enzymes ATG7 

and UBA4 have evolved more directly from MoeB and ThiF, since they have more 

sequence similarities with these ancient activating enzymes. They contain only one 

homology domain, acting as homodimers as their common ancestors ThiF and MoeB 

(Komatsu et al., 2001; Schmitz et al., 2008). Both these E1s also have distinctive 

extensions. ATG7 has N-terminally an autophagy-specific stretch (Huang et al., 2004), and 

UBA4 contains a rhodanese homology domain (RHD) at its C-terminus, pointing to a 

function in sulphur transfer in biosynthetic pathways as mentioned above (Schmitz et al., 

2008) (Figure 3). 

 
It was understood that the members of the ULM family own their private E1-activating 

enzymes, binding and activating in a specific manner. However, exceptions to this rule 

have repeatedly emerged: ATG7, which can activate two modifiers ATG8 and ATG12 
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(Ohsumi, 2001), the SUMO family members, which all are activated by AOS1/UBA2 

(Tatham et al., 2001) and recently also UBA5 was shown to activate not only UFM1 but 

also SUMO-2 (Zheng et al., 2008). All these findings highly increase the complexity of the 

ULM conjugation system. However, the structural variety of the different E1 enzymes 

renders the situation also more complex.  

 
Until now, seven E1 enzymes have been characterized in the family of ubiquitin- and 

ULM-activating enzymes (Table 1; Figure 3). However, there are still modifiers available, 

which have not been assigned to a specific E1, e.g. FAT10, MNSFβ, or HUB1 (Table 1). 

Moreover, a novel E1-like gene nUBE1L localized on chromosome 4 and predominantly 

expressed in testes has been discovered and a splicing variant of this gene called FLJ10808 

is recorded in the genomic databases, which has similarity to full-length UBE1 (Zhu et al., 

2004). However, the activation of the remaining ubiquitin-like modifiers with this E1-like 

protein needs to be investigated. 

 

 
Figure 3. Activating enzymes for ubiquitin and other ULMs. MoeB and ThiF form a 
homodimer, activating E. coli MoaD and ThiS. The N- and C-terminal regions of the 
enzymes are designated with N and C, respectively. The E1s for Ub, ISG15 are 
monomeric, whereas the E1s for NEDD8 and SUMO are heterodimeric. Both types show a 
repeat of the homology domain of MoeB/ThiF (green and yellow). ULMs like URM1, 
UFM1 and ATG8/ATG12 illustrate specific extensions, forming homodimers. Rhodanese 
homology domain is stained in orange, ATG-specific regions in blue and UBA5-specific 
regions in magenta (modified from Huang et al., 2004). 
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1.4.3 E2 conjugating enzymes 

In the human genome tens of ubiquitin-conjugating enzymes are available, whereas in 

yeast there are only 11 E2s. All E2s comprise a conserved domain, called ubiquitin 

conjugating (UBC) domain, of about 150 amino acids. The E2 family can be divided in 

four classes: enzymes consisting of only the UBC domain (class 1), or enzymes having 

additional C-terminal (class 2), or N-terminal extensions (class 3), or extensions on both 

sides (class 4) (Brzovic and Klevit, 2006). These extensions may provide regulation of E3 

association, E2 activity and substrate recognition. E2s serve a distinct biological function, 

since specific E2/E3 interaction leads to substrate tagging. They also provide an additional 

regulatory step, for example by altering their concentration or activity. In the ubiquitin 

conjugation system, many E2s have been identified for the ubiquitin transfer, for instance 

UBCH1, UBC4-testis, UBCH5A-C, UBCH6, UBCH7, UBCH8, UBC13 and more 

(Pickart, 2001; Pickart and Eddins, 2004). 

 
UBCH5 for example is a very common E2 enzyme, belonging to the first subgroup of E2s. 

It was first discovered as an UBC, interacting with HECT E3s (Scheffner et al., 1994). 

Two other E2s have high homology with this enzyme and were therefore grouped into one 

family with UBCH5, designated UBCH5A, B and C (Jensen et al., 1995). In vitro UBCH5 

functions in a large range of ubiquitylation reactions, not only by forming thioester bonds 

with ubiquitin but also by non-covalent interaction as in the case of UBCH5C, playing an 

important role in chain formation (Brzovic et al., 2006). UBCH7 can also interact with the 

HECT E3 ligase E6-AP; however, UBCH6 demonstrates no significant activity with these 

E3 ligases (Nuber et al., 1996). One unique member of the UBC family is BRUCE 

(Apollon), a gigantic 528kDa, Golgi-localized protein and a member of the baculovirus 

IAP repeat (BIR)-domain containing proteins (BIRP) (Hauser et al., 1998). BRUCE 

inhibits apoptosis, having the properties of a chimeric E2/E3 ligase transferring ubiquitin 

onto pro-apoptotic protein Smac (Bartke et al., 2004). BURCE itself is regulated by the 

ubiquitin-dependent degradation, mediated by UBCH5 as E2 and Nrdp1 as RING E3 (Qiu 

and Goldberg, 2005; Qiu et al., 2004). 
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ULM conjugating enzymes 

ULMs like NEDD8 or SUMO only have a single E2 enzyme (UBC12 and UBC9, 

respectively). It appears that UBC9 sometimes does not need an E3 enzyme to link SUMO 

to a substrate as in the case of RanGAP1 (Mahajan et al., 1997; Matunis et al., 1996). 

However, this is so far an exception. Additionally, the SUMO E2 is capable of binding to 

the modifier non-covalently, resulting in SUMO chain formation (Knipscheer and Sixma, 

2007). UBCH8, recognized as an E2 enzyme for ubiquitin, can also act as a conjugating 

enzyme for ISG15. This example shows further overlap between the ubiquitin and ULM 

conjugation pathways (Zhao et al., 2004). IFN can induce the ubch8 gene, as well as other 

E2s like UBCH5 and UBCH6 in T cells (Nyman et al., 2000). Durfee et al. revealed 

recently that the UBE1L-UBCH8 specificity lies within two structural elements of the first 

39 amino acids of UBCH8. Furthermore, the ubiquitin-fold domain of UBE1L mediates 

the binding to UBCH8 and the transfer of ISG15 to UBCH8 (Durfee et al., 2008). 

 
ATG12 and ATG8 have the same E1 enzyme, however, they require a distinct E2, ATG10 

and ATG3 respectively. The transfer of the ULMs might only be possible if the E2 binds 

the E1-complex in a certain way (Kerscher et al., 2006). Like ATG10 and ATG3, UFC1, 

the E2 like enzyme for UFM1, shows no evident sequence homology to UBCs, only to 

some extent in a short stretch at the active site cysteine (Komatsu et al., 2004). 

Structurally, however, UFC1 comprises an E2 fold with an additional N-terminal domain 

(Mizushima et al., 2007). 

 

 

1.4.4 E3 protein ligases 

E3 protein ligases play a role in the transfer from the E2 to its cognate substrate. Two 

major groups of E3s for ubiquitin have been identified: the RING type E3s and the HECT 

type E3s. On the one hand, RING E3 ligases function as adaptor proteins that bring the E2 

and the substrate close together, leading to the transfer of ubiquitin. On the other hand, 

there are the HECT E3s, which can accept ubiquitin from the E2 and have the ability to 

form a thioester bond with ubiquitin at an active cysteine in the conserved HECT domain. 

Ubiquitin is then transferred to the substrate. The two groups do not show sequence 

identity, however, the crystal structures of E3s interacting with their cognate E2 revealed 

structural similarities (Liu, 2004; Pickart, 2001). 
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HECT E3 ligases 

The HECT domain characterizes the HECT E3 ubiquitin-protein ligases. It is located at the 

C-terminal region, comprising around 350 amino acids. This conserved, catalytic domain 

contains an active site cysteine, which is able to form a thioester bond with ubiquitin, 

transferred from the E2. The substrate specificity, however, is determined by the N-

terminal extension of the proteins. With regard to these extensions, HECT E3s can be 

divided into three subgroups: HERC E3s, which in addition contain an RCC1-like domain 

(RLD); NEDD4/NEDD4-like E3s with further WW domains; and SI(ngle)-HECT E3s that 

do not comprise any of these domains, for example E6-AP (Scheffner and Staub, 2007). 

E6-AP is the founding member of the family. Its carboxy terminal region has sequence 

identity to several other proteins (Huibregtse et al., 1995), hence the name of the E3 ligase 

class. Functionally, E6-AP ties ubiquitin in complex with E6 oncoprotein of human 

papilloma virus to the tumor suppressor protein p53, leading to degradation of p53 

(Scheffner et al., 1994). Cognate E2s are frequently UBCH7 and UBCH8 (Pickart, 2001). 

E6-AP also operates independently of E6 association in the degradation of several cellular 

proteins (e.g. HHR23A and B, Blk, Bak, Mcm7 and AIB1); however, the physiological 

importance is not clear yet (Scheffner and Staub, 2007). Additionally, E6-AP can 

autoubiquitylate itself to regulate its own levels in the cell (Nuber et al., 1998). The E3 

ligase E6-AP is not only associated with the development of cervical cancer but also with 

the development of the Angelman syndrome, a hereditary disorder leading to mental 

retardation and impaired movement, caused by loss of function mutations of the E6-AP 

gene (Scheffner and Staub, 2007). 

 

 

RING E3 ligases 

The RING motif is the main characteristic for RING E3s, which organizes a pair of zinc 

ions. Many RING domains bind directly to E2s and function in part as adaptor molecules, 

reducing the distance between E2s and substrates. Two subtypes of RING E3 have been 

described: single-subunit proteins or multi-subunit proteins (Pickart and Eddins, 2004). 

One example for the single subunit RING E3 is the proto-oncogene product c-Cbl, which 

regulates the level of receptor tyrosine kinases like epidermal growth factor receptor 

(EGFR). Additionally to the RING domain, it comprises a tyrosine-kinase binding (TKB) 

site at the amino terminal region facilitating the interaction with the tyrosine 

phosphorylated receptor tyrosine kinase (Liu, 2004). MDM2 is also a single RING E3 that 
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is constitutively ubiquitylating p53 and targeting it to the proteasome. Interestingly, the E3 

ligase itself is regulated by SUMO-1 binding at lysine 446, where also ubiquitin can be 

attached. Sumoylated MDM2 is subsequently degraded more slowly and 

autoubiquitylation is abolished (Pickart, 2001). A novel class of RING E3s are the so-

called TRIM/BRCC proteins, which additionally contain a B-box coiled-coil domain and 

an individual C-terminal region (Meroni and Diez-Roux, 2005). These proteins are also 

involved in various cellular processes like cell proliferation, differentiation and antiviral 

defence, with many of them being upregulated by IFN stimulation (Nisole et al., 2005; 

Ozato et al., 2008). Two important examples are TRM25 (EFP), which ubiquitylates the 

antiviral protein RIG-I (Gack et al., 2007) and 14-3-3α (Urano et al., 2002), as well as 

TRIM11, which down-regulates Humanin, a neuroprotective peptide in Alzheimer’s 

disease (Niikura et al., 2003). 

 
The U-box (UFD2 homology) domain was originally present in a so-called ‘E4’ enzyme, 

having the ability to bind E2s and supporting polyubiquitylation of E3s. Now it is known 

that U-box proteins can also function as E3 ligases, since they show structural homology to 

the RING domain. One familiar member is CHIP (C-terminus of Hsc70 interacting 

protein), associating with chaperones Hcs70 and Hsc90 to target unfolded proteins for 

degradation (Pickart and Eddins, 2004). Recently, to a greater extent single subunit RING-

like E3s come into view, e.g. PHD domain proteins (Coscoy and Ganem, 2003) or PIAS 

proteins (protein inhibitor of activated STAT) (Liu, 2004). 

 
Multisubunit E3s are the enzyme complexes SCF (Skp-Cullin-F-box protein), the VCB 

(VHL-elongin C/elongin B) and the APC (anaphase promoting complex). Each contains a 

RING protein, Roc1/Rbx1 or Apc11, which binds tightly to a scaffolding protein like 

cullin. The RING protein is further responsible for E2~Ub recruitment. Adaptor proteins 

like Skp1 or elonginC/B recruit other proteins, which recognize the substrate. These are the 

F-box protein in SCF and pVHL in the VCB E3 complex (Pickart, 2001). 

 

ULM E3 protein ligases 

NEDD8 has a regulatory function in these cullin based complexes, because NEDD8 is 

conjugated to cullins, stimulating the ubiquitin ligase activity of the E3 ligase. It was 

further suggested that the RING components Rbx1/Roc1 are also responsible for NEDD8 

conjugation (Kamura et al., 1999; Morimoto et al., 2003). In addition, MDM2 was shown 
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to neddylate p53. This leads to an inhibitory effect in the transcriptional activity of p53 

(Xirodimas et al., 2004). In a recent study, SCCRO (squamous cell carcinoma-related 

oncogene) was identified as an important factor of the neddylating E3 complex, which 

recruits the E2 UBC12 and is relevant for the release of the cullin inhibitor CAND1 (Kim 

et al., 2008). RanBP2 demonstrates E3-like activity for SUMO, but neither shows a HECT 

or a RING domain. An interaction with the target molecule was not observed. As shown 

with the model substrate RanGAP1, RanBP1 might be responsible for conformational 

changes in the E2 thioester with SUMO to provide optimal conditions for the transfer to 

the substrate (Pichler et al., 2004; Reverter and Lima, 2005). PIAS proteins can bind to 

UBC9~SUMO and sumoylate targets like p53, cJun and androgen receptors in mammalian 

cells and septins in yeast (Jackson, 2001; Johnson and Gupta, 2001). Polycomb protein 

Pc2, a polycomb group protein, also demonstrates E3 ligase activity, facilitating the 

transfer of SUMO-1 or SUMO-3 to CtBP (carboxyl-terminus binding protein), which is a 

transcriptional corepressor (Kagey et al., 2003). ISG15 uses HECT as well as RING E3s 

known to interact with ubiquitin, since its E2 UBCH8 is able to interact with both 

modifiers. TRIM/RBBC E3 EFP (estrogen responsive finger protein; TRIM25) and HECT 

E3 Herc5 were described to facilitate the conjugation of ISG15 (Dastur et al., 2006; Zou 

and Zhang, 2006). 

 

 

1.5 Aims of the thesis 

FAT10 conjugates to target proteins via its C-terminal glycine (Raasi et al., 2001). 

Therefore, the main project of this thesis was the identification of the FAT10 conjugation 

pathway starting with the elucidation of the FAT10-activating enzyme. Two different 

approaches were chosen: a bioinformatic approach searching databases for new E1 

enzymes and a functional approach testing the known E1 enzymes with FAT10 in vitro or 

in vivo. Furthermore, the identification of the so far unknown FAT10 conjugate of a 

murine fibroblast transfectant (Raasi et al., 2001) was the second aim of this thesis. For this 

purpose the mass-spectrometric analysis was selected as method. 
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2.1 SUMMARY 

UBE1 is known as the human ubiquitin-activating enzyme (E1), which activates ubiquitin 

in an ATP-dependent manner. Here, we identified a novel human ubiquitin-activating 

enzyme referred to as UBE1L2, which also shows specificity for ubiquitin. The UBE1L2 

sequence displays a 40% identity to UBE1 and also contains an ATP-binding domain and 

an active site cysteine conserved among E1 family proteins. UBE1L2 forms a covalent link 

with ubiquitin in vitro and in vivo, which is sensitive to reducing conditions. In an in vitro 

polyubiquitylation assay, recombinant UBE1L2 could activate ubiquitin and transfer it 

onto the ubiquitin-conjugating enzyme UbcH5b. Ubiquitin activated by UBE1L2 could be 

used for ubiquitylation of p53 by MDM2 and supported the autoubiquitylation of the E3 

ubiquitin ligases HectH9 and E6-AP. The UBE1L2 mRNA is most abundantly expressed 

in the testis, suggesting an organ specific regulation of ubiquitin activation.  

 

 

2.2 INTRODUCTION 

Conjugation of ubiquitin to target proteins occurs via a well-known enzymatic pathway 

(Hershko and Ciechanover, 1998; Pickart, 2001). In the first step, the activating enzyme 

(E1) forms an initial ubiquitin adenylate intermediate, which is then transferred to the 

active site cysteine of the E1, forming a thiolester linkage between this cysteine and the C-

terminal glycine of ubiquitin (Ciechanover et al., 1981; Haas et al., 1982). Next, ubiquitin 

is transferred to a conjugating enzyme (E2) and then to a protein ligase (E3), which forms 

an isopeptide bond between ubiquitin and a lysine within the target protein (Hershko et al., 

1983). The attachment of ubiquitin to substrates has several effects on cellular processes. 

In most cases, Lys-48-linked polyubiquitin chains are connected to target proteins, leading 

to degradation via the 26S proteasome. On the other hand, chains linked via Lys-63 of 

ubiquitin or monoubiquitylation are involved in DNA repair, endocytosis, or activation of 

kinases (Haglund and Dikic, 2005).  

 
The ubiquitin-activating enzyme is highly conserved in yeast (McGrath et al., 1991), plants 

(Hatfield et al., 1990), and humans (Handley et al., 1991). So far, it has been assumed that 

only a single activating enzyme for ubiquitin exists. The E1 enzyme plays an essential role 

in yeast since the deletion of the yeast E1 enzyme called UBA1 is lethal (McGrath et al., 
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1991). Moreover, a hypomorphic allele of UBA1 was identified, which impairs ubiquitin 

conjugation to substrate proteins (Swanson and Hochstrasser, 2000). Several mammalian cell 

lines with mutations that render the Ube1 gene temperature sensitive showed a severe 

defect in ubiquitin conjugation when shifted to a non-permissive temperature (Finley et al., 

1984; Zacksenhaus and Sheinin, 1990). However, since the defect was not absolute, it 

could not be excluded that other ways of activating ubiquitin may exist (Ciechanover and 

Schwartz, 1998). So far, several members of the family of ubiquitin-like modifiers, 

including ubiquitin, SUMO, NEDD8, ISG15, APG12, and UFM1, have been shown to 

possess their private E1-activating enzymes, which specifically bind and activate their 

cognate modifier (Jentsch and Pyrowolakis, 2000).  

 
While searching for an E1 enzyme specific for the ubiquitin-like modifier FAT10, we 

investigated a so far barely studied putative E1 enzyme named UBE1L2. Surprisingly, this 

enzyme, although failing to activate any of the tested ubiquitin-like modifiers, was readily 

able to activate ubiquitin in vitro and in vivo. Since UBE1L2 is highly expressed in testis, 

this second ubiquitin-specific E1 type enzyme may serve an organ-specific function. 

 

 

2.3 EXPERIMENTAL PROCEDURES 

 
Vector constructs 

For generation of HA-UBE1L2, cDNA of total RNA from SW620 colon carcinoma cells 

was used to PCR amplify human UBE1L2 using 5’-CGA AGA GGT ACC TAT GGA 

AGG ATC CGA GCC TGT-3’ as forward and 5’-GCC AGA CTC GAG TTA ATC AGT 

GTC ATG ACT GA-3’ as reverse primers. The PCR product was cloned with an N-

terminal HA tag into the vector pcDNA3.1 using Asp-718 and XhoI restriction sites. 

UBE1L2 was also cloned in pGEX2TK using 5’-AGA GCT AGC ATG GAA GGA TCC 

GAG CCT GT-3’ as forward and 5’-GCGGCTAGCTTAATCAGTGTC ATG ACT GA-3’ 

as reverse primer. The PCR product was then cut with NheI restriction enzyme and ligated 

into the XbaI digested vector. cDNA prepared from total RNA of HEK293T cells was used 

to amplify human Ufm1∆C2 using 5’-CGC GGA TCC ATG TCG AAG GTT TCC-3’ as 

forward and 5’-CGC GAA TTC TTA TCC AAC ACG ATC TCT AGG-3’ as reverse 

primer and human Urm1 using sense 5’-CGC GGA TCC ATG GCT GCG CCC TTG 
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TCA-3’ and antisense 5’-GCG GAA TTC TCA GCC GCCGTGCAG AGT G-3’ primers. 

Both PCR products were cloned into pGEX2TK using BamHI and EcoRI for Ufm1∆C2 

and BamHI and XmaI sites for hUrm1. Bacterial expression constructs (pGEX-2TK) 

encoding glutathione S-transferase (GST) fusion proteins of ubiquitin, Nedd8, SUMO-1, 

and ISG15, respectively, and a mammalian expression vector (pcDNA3) for HA-tagged 

human UBE1 were generated by PCR-based approaches (further details will be provided 

upon request).  

 

Expression and purification of GST fusion proteins 

The plasmids pGEX, pGEX-ubiquitin (Scheffner et al., 1993), pGEX-ISG15, pGEX-

Nedd8, pGEX-Sumo-1, pGEX-FAT10 (Hipp et al., 2004), pGEX-Ufm1∆C2, and pGEX-

hUrm1 were used for expression of GST and GST fusion proteins. Expression vectors were 

transformed into BL21(DE3)pLysS bacteria, and expression was induced with 1 mM 

isopropyl-β-D-1-thiogalactopyranoside. pGEX-UBE1L2 was transformed into competent 

bacteria of Escherichia coli host strain BL21-CodonPlus (DE3)-RIPL (Stratagene), and 

expression was induced with 0.1 mM isopropyl-β-D-1-thiogalactopyranoside. Purification 

was carried out using glutathione-SepharoseTM 4B (Amersham Biosciences) according to 

the manufacturer’s protocol. 

 

GST pulldown assay 

HA-UBE1L2 and HA-UBE1 were in vitro transcribed and translated with the TNT T7-

coupled reticulocyte lysate system (Promega) as recommended by the manufacturer. 10 µl 

of the lysate were incubated for 30 min at room temperature with GST or GST fusion 

proteins bound to 40 µl of glutathione-SepharoseTM4B in a total volume of 50 µl 

containing 20mM Tris/HCl, pH 7.6, 50 mM NaCl, 10 mM MgCl2, 4 mM ATP, 0.1 mM 

dithiothreitol, and 5 units/ml inorganic pyrophosphatase. After washing five times with 

phosphate-buffered saline, SDS sample buffer was added to the beads either with or 

without β-mercaptoethanol before boiling. The samples were analyzed on 10% SDS-

PAGE and detected by autoradiography. The expression of the GST fusion proteins was 

visualized by Coomassie Blue staining. 
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Immunoprecipitation assay 

HEK293T cells were transfected with pcDNA3.1-HA-UBE1L2 or pcDNA3.1-HA-UBE1 

either with or without p3xFLAG-CMV-ubiquitin (Marchese and Benovic, 2001) using 

FuGENE 6 (Roche Applied Science). 16 h after transfection, cells were lysed in 20 mM 

Tris, pH 7.6, 50 mM NaCl, 10 mM MgCl2, 4 mM ATP, 0.1 mM dithiothreitol, 5 units/ml 

inorganic pyrophosphatase, 20 mM creatine phosphate, and 4 µg/ml creatine 

phosphokinase. Immunoprecipitation was performed with 40 µl of HA-affinity matrix 

(Sigma) for 2 h at 4 °C. Beads were washed twice with NET-TON buffer (650 mM NaCl, 

5 mM EDTA, 50 mM Tris/HCl, pH 8.0, 0.5% Triton X-100, 0.05% NaN3, 1 mg/ml 

ovalbumin) and three times with NET-T buffer (150 mM NaCl, 5 mM EDTA, 50 mM 

Tris/HCl, pH 8.0, 0.5% Triton X-100, 0.05% NaN3) prior to boiling in SDS sample buffer 

either with or without 10% β-mercaptoethanol. Samples were separated on 10 or 15% 

SDS-PAGE and analyzed by Western blot probed with anti-HA Peroxidase conjugate 

(Sigma) and monoclonal and polyclonal anti-FLAG antibodies (Sigma). 

 

Ubiquitylation assays 

For in vitro ubiquitylation experiments, E6-AP, UBE1, and UbcH5b were expressed in the 

baculovirus system or in E. coli BL21 as described (Nuber et al., 1996). HectH9 and 

Mdm2 were expressed as GST fusion proteins in E. coli BL21 (Adhikary et al., 2005; 

Singh et al., 2007). For in vitro autoubiquitylation, 10 µg of E6-AP or GST-HectH9 were 

incubated in the absence or in the presence of 2 µg of UBE1 or 200 ng of GST-UBE1L2, 

50 ng of UbcH5b, and 20 µg of ubiquitin (Sigma) in 120-µl volumes. For in vitro 

ubiquitylation of p53, 1 µl of rabbit reticulocyte lysate-translated 35S-labeled p53 was 

incubated with 50 ng of UBE1 or GST-UBE1L2, 50 ng of UbcH5b, and 20 µg of ubiquitin 

in the absence or in the presence of 200 ng of GST-Mdm2 in 40-µl volumes (Singh et al., 

2007). In addition, reactions contained 25mM Tris-HCl (pH 7.5), 50 mM NaCl, 1 mM 

dithiothreitol, 2 mM ATP, and 4 mM MgCl2. After incubation at 30 °C for 2 h, total 

reaction mixtures were electrophoresed in 8% SDS-polyacrylamide gels, and proteins were 

stained with Coomassie Blue. 
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Quantitative real-time RT-PCR 

Real-time RT-PCR was used to quantify expression levels of the ube1l2 gene in different 

mouse organs. Total RNA was extracted from indicated organs of 1-month-old C57BL/6 

mice using a NucleoSpin® RNA II extraction kit (Macherey-Nagel). 1 µg of total RNA 

was reverse-transcribed using oligo(dT) primers and the reverse transcription system 

(Promega). Quantitative PCR was performed with the LightCycler® instrument (Roche 

Applied Science) using the LightCycler® TaqMan® Master reaction mix with ube1l2-

specific forward (5’-GTT CTC GCC CTT GTG TCA-3’) and reverse primers (5’-GAT 

TGC CTA GGG ATT CCA CA-3’) and probe number 84 of the Universal Probe Library 

(Roche Applied Science). Mouse hprt (hypoxanthine guanine phosphoribosyl transferase) 

was used as reference gene with the following primers: 5’-GCT GGT GAA AAG GAC 

CTC-3’ (forward) and 5’-CAC AGG ACT AGA ACA CCT-3’ (reverse). This reaction was 

performed with SybrGreen®. 

 

 

2.4 RESULTS 

2.4.1 Identification of a novel human E1-like enzyme, UBE1L2 

We originally tried to identify a possible E1 enzyme for the ubiquitin-like modifier FAT10 

by performing NCBI BLAST searches looking for proteins with homology to UBE1. 

Throughout the search, a protein sequence with 40% identity to the UBE1, named 

UBE1L2 (ubiquitin-activating enzyme E1-like protein 2) or MOP-4 (monocyte protein 4), 

was found comprising 1052 amino acids (Figure 4). The theoretical molecular mass of 

UBE1L2 is 118 kDa, which corresponds well to the apparent molecular mass on SDS-

PAGE. The ube1l2 gene is only found in vertebrates (human, mouse, chicken, fish) but 

neither in invertebrates (Drosophila, Caenorhabditis elegans) nor in plants or yeast. 

Recently, a splice variant of this gene named nUBE1L has been described as being strongly 

expressed in adult human testis (Zhu et al., 2004). The sequence of UBE1L2 also contains 

two important consensus motifs conserved among E1 enzymes: the highly conserved ATP-

binding motif (GXGXXGCE; amino acids 467–474) and the putative active site with the 

consensus sequence PXCTXXXP (amino acids 623–631) surrounding Cys-625, which may 

form a thiolester with ubiquitin. 
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Figure 4. UBE1L2, a novel E1 enzyme. The program ClustalW was used to align the 
amino acid sequences of human UBE1 (GenBank accession number NP_695012) and 
UBE1L2 (GenBank accession number NP_060697). The putative ATP-binding site 
(residues 467–474) and the active site (residues 623–631) are underlined. Asterisks 
indicate identical amino acids; single and double dots indicate weakly and strongly similar 
amino acids, respectively. 
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2.4.2 UBE1L2 specifically activates ubiquitin in vitro 

Initially, the ability of UBE1L2 to activate ubiquitin or ubiquitin-like proteins by thiolester 

formation was investigated in vitro. GST-tagged ubiquitin and the ubiquitin-like proteins 

FAT10, ISG15, NEDD8, SUMO-1, UFM1, and URM1 were used to investigate an 

interaction with in vitro transcribed and translated HA-UBE1L2 in the presence of ATP in 

GST pulldown experiments. Samples were subjected to SDS-PAGE under reducing or 

non-reducing conditions. From Figure 5A, it is evident that HA-UBE1L2 was unable to 

activate GST-FAT10 or other GST-tagged ubiquitin-like modifiers, although each of the 

used recombinant GST modifier proteins was able to interact specifically with their 

respective cognate E1 enzyme in vitro (data not show). Intriguingly, we found that 

UBE1L2 could form a thiolester linkage specifically with GST-ubiquitin, as seen in a 

higher molecular weight band when samples were applied to the gel in the absence of 

reducing agent (Figure 5A). The covalent linkage between UBE1L2 and ubiquitin could be 

broken in the presence of β-mercaptoethanol, suggesting that the two proteins were 

thiolester-linked (Figure 5B). 

 

 

2.4.3 Co-immunoprecipitation of UBE1L2 and ubiquitin under non-reducing 

conditions 

To determine whether the interaction between UBE1L2 and ubiquitin also occurs in intact 

cells, HEK293T (human embryonic kidney) cells were transfected with expression 

constructs for either HA-UBE1L2 or HA-UBE1 alone or together with a FLAG-ubiquitin 

construct to carry out co-immunoprecipitation experiments. UBE1L2 was 

immunoprecipitated with anti-HA monoclonal antibody, and samples were analyzed by 

immunoblotting with anti-FLAG and anti-HA antibody. Figure 5C and 5D illustrate that 

FLAG-ubiquitin co-precipitated with HA-UBE1L2 in cells co-expressing the two proteins. 

FLAG-ubiquitin and HA-UBE1L2 were found together in a high molecular weight band 

under non-reducing conditions (Figure 5C). A reduction by boiling in 10% β-

mercaptoethanol strongly reduced this band (Figure 5D), but complete separation of 

UBE1L2 and ubiquitin could not be achieved, which may indicate that UBE1L2 is also 

isopeptide linked to ubiquitin to a low extent or that the reduction was incomplete. This 

phenomenon was also observed in a similar experiment with HA-UBE1 and FLAG-
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ubiquitin, where under reducing conditions, some adduct remained (Figure 5E and 5F). 

Taken together, it appears that human UBE1L2 also activates ubiquitin in intact cells. 

 

 

2.4.4 UBE1L2 transfers activated ubiquitin onto UbcH5b and supports E3-

mediated polyubiquitylation 

Many E3 ligases including HectH9 and E6-AP serve as their own ubiquitylation substrates 

in vitro (autoubiquitylation) (Adhikary et al., 2005). Thus, autoubiquitylation assays are 

ideally suited to determine whether UBE1L2 can indeed function as an E1 ubiquitin-

activating enzyme in protein ubiquitylation. To test whether UBE1L2 has E1 activity, 

HectH9 and E6-AP were expressed in bacteria (HectH9) or in the baculovirus system (E6-

AP) and incubated in the presence of UBE1 or UBE1L2 under standard ubiquitylation 

conditions (Adhikary et al., 2005; Nuber et al., 1996). As E2, bacterially expressed 

UbcH5b was used, which is known to interact with the E3s tested. As expected, incubation 

of HectH9 or E6-AP in the presence of UBE1, UbcH5b, and ubiquitin resulted in efficient 

autoubiquitylation of the respective E3 (Figure 6A and 6B). Interestingly, bacterially 

expressed UBE1L2 facilitated ubiquitylation of HectH9 (Figure 6A) as well as E6-AP 

(Figure 6B) with an efficiency similar to UBE1. In addition, UBE1L2 supported Mdm2-

mediated ubiquitylation of p53 in vitro (Figure 6C) (Singh et al., 2007). Taken together, 

these data clearly show that UBE1L2 can substitute for UBE1 in the ubiquitylation 

reactions tested and, thus, functions as an ubiquitin-activating enzyme. 
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Figure 5. UBE1L2 activates GST-ubiquitin (GST-Ubi) in vitro and in vivo. (A) and (B) 
purified recombinant GST and GST fusion proteins were bound to glutathione-
SepharoseTM4B matrix and incubated with in vitro transcribed and translated UBE1 (left) 
or UBE1L2 (right). The input of [35S] Met/Cys-labeled UBE1 and UBE1L2 is loaded for 
comparison (in). The samples were analyzed under non-reducing (A) or reducing (B) 
conditions. Shown are autoradiographs of the samples after the pull down, the respective 
input separated on SDS-PAGE (upper panel), and corresponding Coomassie Blue-stained 
SDS-PAGE of GST and GST fusion proteins used for the pull down (lower panel). (C) and 
(D), co-immunoprecipitation (IP) of HA-UBE1L2 and FLAG-ubiquitin (Ub) in transiently 
transfected cells. HA-UBE1L2 and FLAG-ubiquitin were expressed in HEK293T cells 
either alone or together as indicated. After immunoprecipitation against the HA tag of 
UBE1L2, the samples were separated on SDS-PAGE under non-reducing (C) or reducing 
conditions (D), and Western blotting (WB) was performed with anti-HA peroxidase 
conjugate and anti-FLAG polyclonal and monoclonal antibodies. For comparison, the same 
co-immunoprecipitation experiment was performed after transient transfection of 
HEK293T cells with HA-UBE1 and FLAG-ubiquitin expression constructs under non-
reducing (E) and reducing conditions (F). The experiments have been repeated twice with 
similar outcome. 
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Figure 6. UBE1L2 facilitates E3-mediated ubiquitylation. (A) and (B), bacterially 
expressed GST-HectH9 (A) and baculovirus-expressed E6-AP (B), respectively, were 
incubated in the absence or presence of UBE1, GST-UBE1L2, ubiquitin, and UbcH5b as 
indicated. After 2 h at 30 °C, whole reaction mixtures were separated by SDS-
polyacrylamide gel electrophoresis and proteins visualized by Coomassie Blue staining. 
The running positions of the non-modified form (HectH9, E6-AP) and the ubiquitylated 
forms (asterisk) of HectH9 and E6-AP are indicated. The arrowhead indicates the running 
position of baculovirus-expressed UBE1. (C), in vitro translated, radiolabeled p53 was 
incubated in the absence or presence of UBE1, GST-UBE1L2, ubiquitin, UbcH5b, and 
GST-Mdm2 as indicated for 2h under standard ubiquitylation conditions. The reaction 
products were analyzed by SDS-polyacrylamide gel electrophoresis followed by 
fluorography. Running positions of the non-modified form (p53) and the ubiquitylated 
forms (asterisk) of p53 are indicated. Note that in the presence of recombinant UbcH5b, in 
vitro translated p53 is ubiquitylated to some extent already in the absence of Mdm2 (Singh 
et al., 2007). 
 

 

2.4.5 Expression analysis of ube1l2 in several mouse organs 

Next, we determined the expression profile of UBE1L2 mRNA in different mouse organs. 

The mouse has a bona fide UBE1L2 protein that is well conserved with an identity of 88% 

to its human homologue. Quantitative real-time RT-PCR was conducted for lung, liver, 

kidney, intestine, brain, thymus, spleen, lymph nodes, uterus, ovaries, and testis. The 

UBE1L2 mRNA expression was normalized to HPRT expression in each organ, and the 

relative UBE1L2 expression level was calculated with the value for the kidney being 

arbitrarily set to one. As shown in Figure 7, it is striking that UBE1L2 expression in the 

testis is about 5-fold higher than in any of the other organs tested, which could point at a 

testis-specific function of UBE1L2. 
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Figure 7. Expression of UBE1L2 mRNA in different mouse organs. The UBE1L2 
mRNA content was analyzed by real-time RT-PCR in several mouse organs. The values 
were normalized to the expression of HPRT in the same organs, and the relative UBE1L2 
expression was calculated with the value for the kidney being arbitrarily set to unity. 
Shown are the mean relative expression levels in indicated organs from two independent 
C57BL/6 mice ± S.E. 
 

 

2.5 DISCUSSION 

In the present study, human UBE1L2 was identified as a second ubiquitin-activating 

enzyme. Among the known E1 enzymes, UBE1L2 has the highest identity to the classical 

ubiquitin-activating enzyme UBE1 (40%) followed by the ISG15-activating enzyme 

UBE1L (35%) and the bipartite SUMO-activating enzyme UBA2 (25%)/AOS1 (16%). The 

similar length of the known ubiquitin-activating enzyme UBE1 and UBE1L2 suggested 

that UBE1L2 probably acts as a single molecule like UBE1 and not as a heterodimeric E1 

complex, as formed by AOS1/Uba2 (Desterro et al., 1999; Gong et al., 1999) and APP-

BP1/Uba3 (Gong and Yeh, 1999). Clear evidence that the UBE1L2 protein by itself is 

capable of forming a thiolester with ubiquitin was then provided by our in vitro assay and 

by the transfection experiments showing that UBE1L2 could also activate ubiquitin in vivo 

(Figure 5). That UBE1L2 indeed functions as an E1 enzyme was then shown by its ability 

to transfer the activated ubiquitin to the broad-spectrum E2 enzyme UbcH5b and to 

support the auto-polyubiquitylation of two E3 enzymes (Figure 6A and 6B) and Mdm2-

mediated ubiquitylation of p53 (Figure 6C). It will remain to be investigated whether 

UBE1L2 displays some degree of selectivity with respect to the E2 enzymes, which can be 

supplied with activated ubiquitin.  
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All known E1 enzymes are conserved from yeast to human, except for UBA5, which is 

found in several multicellular organisms but not in yeast (Komatsu et al., 2004). UBE1L2 

is even more restricted in distribution because it is only found in vertebrates but not in 

lower organisms. This indicates that UBE1L2 might have a specialized role in tissues of 

higher organisms, and in particular, in the testis, where it is expressed by far most 

abundantly (Figure 7). Gene targeting experiments will be required to determine this 

particular function of UBE1L2 and to elucidate the interesting question why nature has 

invented a second ubiquitin-activating enzyme that has the potential to selectively supply 

activated ubiquitin to a subset of E2 enzymes, E3 enzymes, and substrates. 
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2.6 SUPPLEMENTARY DATA 

(Pelzer, unpublished) 
 

2.6.1 Materials and Methods 
 
Vector constructs 

To generate pcDNA3.1-His-X-UBE1L, UBE1L was cut out of the vector pcDNA3-UBE1L 

using the restriction sites EcoRI and XhoI and cloned into pcDNA3.1-HisA-X (Xpress). 

UBA5 was PCR amplified from cDNA of HEK293T cells and the product was cloned into 

pcDNA3.1-HA-UBE1L2 using Asp718 and XhoI restriction sites. For the generation of the 

plasmid pGEX2TK-UFM1∆C, UFM1 without the C-terminal extension after the glycine 

motif (called UFM1∆C) was amplified by PCR with HEK293T cDNA. The PCR product 

was then inserted into pGEX-Ubiquitin, which was cut with BamHI and EcoRI. This clone 

was further used to generate pcDNA3.1-HisX-UFM1∆C with the same restriction sites. 

Human UBA3 was PCR amplified using the construct pGEX-APP-BP1-UBA3, cloning the 

product into pcDNA3.1-HisX with Asp718 and XbaI. In addition, APP-BP-1 was 

generated by PCR from pGEX-APP-BP1-UBA3 and introduced into the same vector via 

restriction sites Asp718 and XhoI. UBA2 was produced by PCR with cDNA form 

HEK293T cells and cloned into pcDNA3.1-HA-UBE1L2 cut with Asp718 and XhoI. 

pGEX-ISG15, pGEX-SUMO-1, and pGEX-NEDD8 were kindly provided by M. 

Scheffner. pCAGGS-5HA-mISG15 (Kim et al., 2004), pGEX-FAT10 and pcDNA3.1-HA-

FAT10 were generated as described (Hipp et al., 2004). 

 

In vitro activation assay 

2µg of recombinant His-UBE1L (BioMol) and 4µg of the indicated GST fusion proteins 

were incubated in a reaction buffer containing 20mM Tris/HCl, pH 7.6, 50 mM NaCl, 10 

mM MgCl2, 4 mM ATP, 0.1 mM dithiothreitol (DTT), and 5 units/ml inorganic 

pyrophosphatase for 10 minutes at 30°C. Then SDS sample buffer containing 4M Urea 

was added to stop the reaction by a further incubation for 10 minutes at 30°C. The samples 

were subjected to SDS-PAGE and analyzed by Western Blot with GST antibody (Sigma) 

and PentaHis antibody (Qiagen). For the activation of GST-ULMs with in vitro translated 
35S-labelled E1 enzymes the pull down assay was performed as described (Pelzer et al., 

2007). 
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For the activation of HA-FAT10, in vitro translated radiolabelled protein was produced 

and immunoprecipitated with EZviewTM Red ANTI-HA® M2 Affinity Gel (Sigma) for 2 

hours at 4°C. After the gel has been washed three times with lysis buffer, 100µl reactions 

were prepared in the reaction buffer as described above. Where indicated, 250ng purified 

GST-UBE1L2 or GST-UBE1L2∆Cys was added. For the ATP depletion, E1 enzymes 

were pre-incubated with 0.5U/µl hexokinase and 2mM glucose for 30 minutes. These 

reagents were then also included in the reaction mixtures. The samples were incubated at 

room temperature for 30 minutes followed by washing with the reaction buffer. SDS 

sample buffer containing 4M Urea was added to stop the reactions further incubating at 

30°C for 10 minutes. The samples were subjected to 10% SDS-PAGE and detected by 

autoradiography. 

 

Immunoprecipitation assay 

HEK293T cells were transfected with pCAGGS-5HA-mISG15 and pcDNA3.1-HA-FAT10 

constructs together with pcDNA3.1-HisX-UBE1L using FuGene6 (Roche). After 24 hours 

the cells were lysed and an immunoprecipitation was performed with 2µg of anti-Xpress 

(Invitrogen) over night at 4°C. The samples were subjected to 10% SDS-PAGE and 

analyzed by Western Blot using anti-Xpress and anti-HA (Sigma) antibodies. For the in 

vivo activation of UFM1 with UBA5, HEK293T cells were transfected with pcDNA3.1-

HA-UBA5 together with pcDNA3.1-His-FAT10 or pcDNA3.1-HisX-UFM1 using 

FuGene6 (Roche). After 24 hours cells were lysed and an immunoprecipitation was 

performed with 30µl anti-HA affinity gel (Sigma). The samples were subjected to 12.5% 

SDS-PAGE and analyzed by Western Blot using anti-HA and anti-Xpress. 
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2.6.2 Results and Discussion 
 
UBE1L is not an E1 enzyme for FAT10 

To identify a specific E1 enzyme for the ubiquitin-like modifier FAT10, we performed 

NCBI Blast searches but also tested all known E1 enzymes for activation of FAT10. 

Searching the databases revealed one novel E1 enzyme called UBE1L2 (UBA6), which 

was not recognized as the E1 enzyme for FAT10 but for ubiquitin (Pelzer et al., 2007). In a 

screening of the known E1 enzymes UBE1L, the E1 enzyme of ISG15, was first tested for 

the activation of FAT10, since these two modifiers are closely related (Narasimhan et al., 

2005). The in vitro conjugation assay under non-reducing and reducing conditions 

demonstrated that GST-ISG15 formed a thioester linkage with HisX-UBE1L, which was 

reducible (Figure 8A). However, GST-FAT10 could not form a conjugate with HisX-

UBE1L indicating that UBE1L cannot activate FAT10. To confirm this result, different 

approaches were chosen for instance in vitro assays with purified protein components and 

also immunoprecipitation assays. Figure 8B illustrates that in the assay with purified 

recombinant proteins also only the positive control GST-ISG15 could be activated by 

recombinant His-UBE1L, whereas GST and GST-FAT10 did not show a higher molecular 

mass conjugate with this E1. Furthermore, HA-FAT10 could not be activated in HEK293T 

cells, since the immunoprecipitation and the subsequent Western blot analysis 

demonstrated that HA-FAT10 could neither be co-precipitated with HisX-UBE1L nor 

could a higher molecular weight band be detected (Figure 8C). As a control, HA-ISG15 

was co-immunoprecipitated with HisX-UBE1L and formed a conjugate under non-

reducing conditions. Therefore, it can be concluded that FAT10 cannot be activated by 

UBE1L even though ISG15 and FAT10 show a high structural similarity possessing two 

ubiquitin-like domains (Groettrup et al., 2008; Narasimhan et al., 2005). 
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Figure 8. UBE1L cannot activate FAT10 in vitro and in vivo. (A) Recombinant GST, 
GST-ISG15 and GST-FAT10 were bound to glutathione-SepharoseTM4B matrix and 
incubated with in vitro translated 35S-labelled HisX-UBE1L. The input of UBE1L was 
loaded in each last lane of the reducing and non-reducing (non-red.) assay. Samples were 
subjected to SDS-PAGE and visualized by autoradiography. (B) In vitro activation assay 
with recombinant proteins. 2µg of His-UBE1L and 4µg of the indicated GST proteins were 
incubated with ATP for 10 min at 30°C. Samples were subjected to SDS-PAGE and 
analyzed by Western Blot using GST antibody and anti-His antibody. (C) HEK293T cells 
were transfected with HA-ISG15 and HA-FAT10 together with HisX-UBE1L. After 24 
hours the cells were lysed and an immunoprecipitation was performed with anti-Xpress 
antibody. Samples were subjected to SDS-PAGE and analyzed by Western blot using anti-
Xpress and anti-HA. Whole cell lysates are designated as input for anti-Xpress and anti-
HA. Asterisks indicate heavy and light antibody chains. 
 

 

 

UBA5 does not activate FAT10 

The E1 enzyme for UFM1 was designated UBA5. This E1 is relatively small compared to 

UBE1 and UBE1L but apparently does not need a partner molecule to activate UFM1 as 

UBA3 and UBA2, which require help from APP-BP-1 and AOS1, respectively. It was 

shown that UBA5 activates UFM1 in vitro and in vivo (Komatsu et al., 2004). To test the 

ability of UBA5 for activation of FAT10, GST pulldown experiments were performed. 

UBA5 could form a reducible conjugate with its cognate ubiquitin-like modifier UFM1 in 
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vitro, serving as a positive control (Figure 9A). However, GST-FAT10 was not activated 

by this E1 enzyme. The co-immunoprecipitation experiments in HEK293T cells also 

revealed that UBA5 is not the activating enzyme for FAT10 (Figure 9B). HisX-UFM1 

formed a conjugate with HA-UBA5 but His-FAT10 could not be transferred to this E1 

enzyme. These results indicate that FAT10 cannot be activated by UBA5. This might be 

due to the atypical size of UBA5. The larger modifier FAT10 containing two ubiquitin-like 

domains might need additional elements as the similar ISG15 also uses the full-length E1 

enzyme UBE1L. 

 

 

 
 

Figure 9. UBA5 cannot activate FAT10 in vivo and in vitro. (A) Recombinant GST, 
GST-UFM1∆C and GST-FAT10 were bound to glutathione-SepharoseTM4B matrix and 
incubated with in vitro translated 35S-labelled HA-UBA5. The input of UBA5 was loaded 
in each last lane of the reducing and non-reducing (non-red.) assay. Samples were 
subjected to SDS-PAGE and visualized by autoradiography. (B) HEK293T cells were 
transfected with HA-UBA5 together with His-FAT10 or HisX-UFM1 using FuGene6 
(Roche). After 24h cells were lysed and an immunoprecipitation was performed with anti-
HA affinity gel. Samples were subjected to SDS-PAGE and analyzed by Western blot 
using anti-HA and anti-Xpress. Asterisks indicate heavy and light antibody chains. 
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E1 enzymes for NEDD8 and SUMO-1 cannot pull down FAT10 

Until now two E1s are known in the family of E1 enzymes to form a heterodimer, the 

activating enzymes for NEDD8 and SUMO. UBA3, which cooperates with APP-BP-1, and 

UBA2 using AOS1 as a partner molecule, respectively (Gong and Yeh, 1999; Johnson et 

al., 1997). It was investigated whether these heterodimeric E1 enzymes can be responsible 

for the activation of FAT10. By GST pulldown assays it could be shown that GST-NEDD8 

can precipitate 35S-labelled His-UBA3 and His-APP-BP-1 as it was described before 

(Gong and Yeh, 1999). GST-FAT10, however, cannot bind to UBA3 or APP-BP-1 (Figure 

10A). A similar result was obtained with the second heterodimeric E1 enzyme 

UBA2/AOS1 of SUMO. Only GST-SUMO-1 could pull down HA-UBA2 and HA-AOS1, 

but this was not possible for GST-FAT10 (Figure 10B). A higher molecular weight 

conjugate of the positive controls GST-NEDD8 and GST-SUMO-1 was not detected, 

which might be due to limitations of this assay. Since it is known that NEDD8 and SUMO-

1 can pull down UBA3 and UBA2 (Gong et al., 1999; Gong and Yeh, 1999), it was 

assumed that FAT10 might similarly bind to the subunits. However, this was not the case, 

therefore it was concluded that FAT10 is not activated by one of the known heterodimeric 

E1 enzymes. 

 
Additionally, the E1 enzymes ATG7 and MOCS3 were tested for activation of FAT10. 

Neither of these E1-like enzymes showed activation of FAT10 in the GST pulldown assay 

(data not shown). However, positive controls were not available for ATG7 or the cognate 

modifier URM1 did not consistently show activation by MOCS3. Since ATG7 and 

MOCS3 are relatively poorly conserved comparing them to the amino acid sequence of 

ubiquitin-activating enzyme UBE1, these enzymes were not pursued any further in the 

search for the FAT10-activating enzyme. In addition, FAT10 has highly conserved 

sequence identities with ubiquitin in both UBL domains, which is not the case for the 

cognate modifiers of the investigated enzymes, i.e. ATG8/ATG12 and URM1, showing 

merely the structural features of ubiquitin. Therefore, FAT10 is presumably not activated 

by these particular E1-like enzymes. 
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Figure 10. GST-FAT10 cannot pull down the heterodimeric E1s. (A) Recombinant 
GST, GST-NEDD8 and GST-FAT10 were bound to glutathione-SepharoseTM4B matrix 
and incubated with in vitro translated 35S-labelled His-UBA3 and His-APP-BP-1. (B) 
Recombinant GST, GST-SUMO-1 and GST-FAT10 were bound to glutathione-
SepharoseTM4B matrix and incubated with in vitro transcribed and translated 35S-labelled 
HA-UBA and HA-AOS1. The input of the proteins was loaded in the last two lanes of each 
reducing assay. Samples were subjected to SDS-PAGE and visualized by autoradiography. 
 

 

 

Does UBE1L2 also function as activating enzyme for FAT10? 

UBE1 and UBE1L2 (E1-L2, UBA6) were also tested in the E1 screen for FAT10 (Pelzer et 

al., 2007). It was shown that UBE1 and UBE1L2 could both activate ubiquitin (Jin et al., 

2007; Pelzer et al., 2007). In this assay, GST-FAT10 was used to characterize the new E1 

enzyme UBE1L2, however, only inconsistent conjugation between these two proteins was 

obtained (data not shown). Annette Aichem in our laboratory had identified UBE1L2 as a 

novel interaction partner of FAT10 while screening a human thymus library using FAT10 

as bait (Aichem, unpublished). These data suggested that UBE1L2 might be able to 

activate FAT10. A few weeks later Chiu et al. provided evidence that UBE1L2 is also 

acting as an activating enzyme for FAT10 in addition to the ubiquitin activation (Chiu et 

al., 2007). The study suggested that the bulky GST tag, which was used in our assay as 

well as in the modifier screen done by Jin et al. (Pelzer et al., 2007; Jin et al., 2007), 

prevented the interaction between the two proteins. When a smaller FLAG tag was used, 

FAT10 could be transferred to UBE1L2 forming a thioester bond in vitro and in vivo (Chiu 

et al., 2007). To confirm these data, a similar assay was performed, only this time HA-
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FAT10 was used together with recombinant GST-tagged UBE1L2. The results showed that 

FAT10 could indeed conjugate to the novel E1 enzyme UBE1L2 (Figure 11). HA-FAT10 

was transferred onto GST-UBE1L2 and formed a reducible thioester bond. The formation 

is ATP dependent since ATP depletion led to the absence of the E1~FAT10 conjugation 

band. Furthermore, the active site cysteine Cys625 of GST-UBE1L2 was mutated which 

also prevented the conjugate formation. 

 

 

 

 
Figure 11. UBE1L2 is also the E1 enzyme for FAT10. Recombinant GST, GST-
UBE1L2 and GST-UBE1L2∆Cys were incubated with in vitro transcribed and translated 
35S-labelled HA-FAT10 bound to HA affinity matrix in reaction buffer. Samples were 
subjected to SDS-PAGE and visualized by autoradiography. 
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3.1 SUMMARY 

The ubiquitin-like modifier FAT10 targets proteins for proteasomal degradation and is 

activated by the bi-specific ubiquitin-activating enzyme UBA6. Here we identify by yeast 

two-hybrid screening the UBA6-specific E2 enzyme (USE)1 as an interaction partner of 

FAT10. Activated FAT10 can be transferred from UBA6 onto USE1 in vitro and USE1 

and FAT10 form covalent conjugates in cells. siRNA mediated down-regulation of use1 

mRNA resulted in a strong reduction of FAT10 conjugate formation suggesting that USE1 

is a major E2 enzyme in the FAT10 conjugation cascade. Interestingly, USE1 is not only 

the first E2 enzyme but also the first identified substrate of FAT10 conjugation as it was 

efficiently auto-FAT10ylated in cis but not in trans. The co-expression of FAT10 and the 

linker protein NUB1L led to a proteolytic down-regulation of the USE1-FAT10 conjugate 

by the proteasome suggesting that auto-modification of USE1 with FAT10 serves as a 

negative selfregulation of FAT10 conjugation. 

 

 

3.2 INTRODUCTION 

The covalent conjugation with modifiers of the ubiquitin family is a versatile and widely 

used way to change function, fate or localization of specific target proteins. The formation 

of an isopeptide bond between the C-terminus of ubiquitin and a lysine residue in a target 

protein requires that the C-terminal glycine residue of ubiquitin becomes activated by an 

activating enzyme (E1) which first adenylates ubiquitin and then transfers it onto a 

cysteine residue of the E1 enzyme to form a thioester. The activated ubiquitin is 

subsequently passed onto a cysteine in the active site of a ubiquitin conjugating enzyme 

(E2). The ubiquitin-charged E2 enzyme and a specific substrate protein are then both 

bound by a ubiquitin protein ligase (E3), which catalyzes the transfer of the activated 

ubiquitin onto the substrate protein (Hershko and Ciechanover, 1998). In humans, there are 

dozens of E2 enzymes and hundreds of E3 enzymes. This diversity ensures that 

ubiquitylation is a highly regulated and substrate selective event. Just the initial activation 

of ubiquitin was thought for decades to be accomplished by a single enzyme designated 

UBE1 (Ciechanover et al., 1981; Haas et al., 1982). Just recently it has been shown that a 

second E1 type enzyme, called UBA6 (UBE1L2, E1-L2), exists, which can also activate 

ubiquitin (Chiu et al., 2007; Jin et al., 2007; Pelzer et al., 2007). Interestingly, UBE1 and 
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UBA6 cooperate partially with the same set of E2 enzymes and one E2 enzyme has been 

described which could accept ubiquitin only from UBA6 but not from UBE1. This E2 

enzyme, which was originally named UBE2Z (Gu et al., 2007), has accordingly been 

renamed to UBA6-specific E2 enzyme (USE)1 (Jin et al., 2007). 

 
The principle of ubiquitin activation and conjugation via an E1-E2-E3 cascade also applies 

to several well-investigated ubiquitin-like modifiers like SUMO-1/2/3, NEDD8, ISG15, or 

ATG8/12. Each of these subfamilies of modifiers use their private E1, E2, and E3 enzymes 

which ensures that a unique modifier is specifically transferred via the respective private 

E2 and E3 enzymes onto the correct target substrate (Huang et al., 2005; Kerscher et al., 

2006). This elaborate specificity allows separate regulation of conjugation with each of the 

known ubiquitin-like modifiers and ensures that a given substrate is not linked to the 

wrong modifier. This principle of private conjugation enzymes was violated when it was 

recently discovered, that the E1 enzyme UBA6 activates not only ubiquitin, but also the 

ubiquitin-like modifier FAT10 (Chiu et al., 2007). This finding poses the interesting 

question how this E1 enzyme can discriminate whether an E2 enzyme needs to be charged 

with activated ubiquitin or FAT10 (Groettrup et al., 2008). Since the E2 enzymes Ubc5 

and Ubc13 could be charged with activated ubiquitin but not with FAT10 in vitro (Chiu et 

al., 2007), it is possible that the discrimination between ubiquitin and FAT10 occurs on the 

level of E2 enzymes. 

 
FAT10 is an interferon (IFN) γ- and tumour necrosis factor (TNF) α-inducible ubiquitin-

like modifier, which is encoded in the major histocompatibility complex (MHC) class I 

locus and is constitutively expressed in mature dendritic cells and B cells (Bates et al., 

1997; Liu et al., 1999; Raasi et al., 1999). FAT10 consists of two ubiquitin-like domains in 

tandem array and bears a free diglycine motif at its C-terminus, which is required for the 

covalent conjugation to so far unidentified target proteins (Chiu et al., 2007; Raasi et al., 

2001). The biological function of FAT10 is still poorly understood but it was shown that 

overexpression of FAT10 leads to caspase dependent apoptosis in a mouse fibroblast cell 

line (Raasi et al., 2001) and renal tubular epithelial cells (Ross et al., 2006). In addition, 

FAT10 has been shown to serve as a signal for proteasomal degradation independently of 

the ubiquitylation system (Hipp et al., 2005). NEDD8 ultimate buster long (NUB1L), a 

linker protein, which non-covalently interacts with FAT10 via its three C-terminal 

ubiquitin-associated (UBA) domains and with the 26S proteasome via its N-terminal 
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ubiquitin-like (UBL) domain, accelerates the degradation of FAT10 and FAT10-linked 

proteins (Hipp et al., 2004; Schmidtke et al., 2006). 

 
In this study, we sought to further characterize the conjugation pathway of FAT10. 

Stimulated by the identification of USE1 as an interaction partner of FAT10 in a yeast two-

hybrid screening we characterized USE1 as a conjugating enzyme for FAT10 in vitro and 

in vivo. This is the first evidence, that two modifiers (ubiquitin and FAT10) activated by a 

bi-specific E1 enzyme (UBA6) can both be transferred to a bi-specific E2 enzyme (USE1). 

Interestingly, USE1 turned out to be not only a major E2 enzyme for FAT10 but also the 

first substrate of FAT10 modification as USE1 modifies itself with FAT10 in cis. The 

consequence of auto-FAT10ylation was an accelerated degradation of the USE1-FAT10 

conjugate in the presence of NUB1L suggesting an inherent self-limitation of the FAT10 

conjugation cascade. 

 

 

3.3 RESULTS 

3.3.1 UBA6 is specifically interacting with USE1 in yeast two-hybrid assays 

UBA6 but not UBE1 transfers ubiquitin specifically to the E2 enzyme USE1 (Jin et al., 

2007). To determine whether human USE1 and UBA6 specifically interact, USE1 was 

cloned into a bait vector, which was used in a yeast two-hybrid protein interaction test with 

different E1 enzymes, expressed as prey proteins. Figure 12A illustrates that USE1 

specifically and directly interacts with UBA6 in a yeast two-hybrid assay. When the 

different constructs were cotransformed into yeast, only UBA6 together with USE1 gave a 

positive result in the X-Gal filter assay demonstrating the interaction with USE1. UBE1 or 

UBE1L transfected together with USE1 did not show activation of the lacZ gene (Figure 

12A, right panel). In addition to growth on selection plates lacking histidine, leucine and 

tryptophane, indicating already a positive protein-protein interaction, yeast NMY51 cells 

have a further reporter gene named ADE2. In the absence of a positive protein-protein 

interaction, the ADE2 gene is not transcribed which results in red coloured yeast colonies. 

In case of a positive protein-protein interaction the gene is transcribed and the colour of the 

cells turns from red to faint pink or even to white, depending on the strength of the 

interaction. Thus white colonies indicate a stronger protein-protein interaction than faint 
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pink colonies. In contrast to the cells coexpressing USE1/UBE1 or USE1/UBE1L, yeast 

cells co-expressing USE1 and UBA6 showed a colour change to faint pink, further 

supporting the positive result seen in the X-Gal test (Figure 12A, left panel). Self-

activation of the yeast two-hybrid constructs could be excluded because expression of the 

different E1 enzymes or USE1 alone did not result in lacZ or ADE2 activation as seen in 

the control experiments (Figure 12B and 12C). These results demonstrate a cognate 

interaction of USE1 with UBA6 but not with the most highly conserved human E1 type 

enzymes UBE1 and UBE1L. 

 

 

 
Figure 12. Specific interaction of USE1 with UBA6 in yeast two-hybrid assay. S. 
cerevisiae strain NMY51 was cotransformed with pLexA-N-USE1 and pACT2-UBE1, 
pACT2-UBE1L or pACT2-UBA6 and grown on 3-AT containing selection plates lacking 
tryptophane, leucine and histidine (left panel). Protein-protein interaction was also 
visualized by an X-Gal filter assay (right panel). (B and C) Yeast NMY51, expressing the 
single proteins as indicated, were grown on selection plates lacking leucine in case of the 
pACT2 constructs or tryptophane in case of pLexA-N-USE1 (left panels) and tested for 
absence of self-activation by an X-Gal assay (right panels). A representative experiment 
with three clones of each transformation is shown out of a total of three experiments 
performed. 
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3.3.2 Identification of the E2 type enzyme USE1 as an interaction partner of 

FAT10 by yeast two-hybrid screening 

Chiu et al. have recently shown that UBA6 is an E1 enzyme not only for ubiquitin but also 

for FAT10 (Chiu et al., 2007). During in vitro activation experiments we had 

independently obtained evidence that UBA6 can activate FAT10 but in some of the 

experiments an activation of FAT10 by UBE1L was also observed (C. Pelzer, unpublished 

data). To further investigate an interaction between these E1 enzymes and FAT10, a yeast 

two-hybrid assay was performed. FAT10 was found to interact with UBA6 only, but not 

with the closely related E1 type enzymes UBE1 or UBE1L, whereas ISG15, used as 

control, interacted specifically with UBE1L, but not with UBE1 or UBA6 (Figure 13). The 

interaction between these two proteins was unambiguously demonstrated in the X-Gal 

filter assay and as judged from the colour change on selective growth plates. Therefore, our 

data are consistent with UBA6 being the E1 enzyme for FAT10, in particular because 

ISG15, which has a similar structure as the one predicted for FAT10 (Groettrup et al., 

2008; Narasimhan et al., 2005), cannot interact with UBA6. 

 
In order to identify a possible E2 enzyme for FAT10, a yeast two-hybrid screen was 

performed and human FAT10 was used as bait for screening a human thymus library. This 

approach has been chosen because it has been shown before that at least in some cases E2 

enzymes can non-covalently interact directly with their cognate ubiquitin-like modifiers 

(Knipscheer et al., 2007). Sequencing of the positive clones revealed that besides the 

known interaction partner NUB1L (Hipp et al., 2004) a truncated version of the E2 enzyme 

USE1 was among the identified putative interaction partners of FAT10. This result was 

interesting because USE1 has been shown to take over activated ubiquitin from UBA6 (Jin 

et al., 2007), the E1 enzyme of FAT10 (Chiu et al., 2007). The isolated cDNA of USE1 

was lacking 259 nucleotides at the 5’ end, designated USE1short. Hence, it was necessary 

to also test full-length USE1, which is extended N-terminally (Jin et al., 2007). The 

complete USE1 cDNA was therefore cloned into the prey vector and a yeast two-hybrid 

assay was carried out again. The full-length USE1 also gave a blue colour change in the X-

Gal filter assay demonstrating the interaction of the proteins (Figure 13, right panel). In 

addition to the growth on selection plates already indicating the interaction of FAT10 and 

USE1, the co-transformants showed a colour change to faint pink for USE1short or to 

white for full-length USE1 (Figure 13, left panel). From the difference in colour it seemed 

 57



 
III. USE1 is auto-modified and downregulated by FAT10 conjugation 

that full-length USE1 interacts more strongly with FAT10. Thus, we concluded that both 

USE1short and the full-length USE1 interact with FAT10 under the conditions of the yeast 

two-hybrid assay and we hypothesized that USE1 could also act as an E2 enzyme for 

FAT10. 

 

 
Figure 13. FAT10 interacts specifically with UBA6 and USE1 in yeast two-hybrid 
assay. Yeast NMY51 were co-transformed with pLexA-N-ISG15 and pACT2-UBE1 (1), 
pACT2- UBE1L (2) or pACT2-UBA6 (3), respectively, or with pLexA-FAT10 and 
pACT2-UBE1 (4), pACT2-UBE1L (5), pACT2-UBA6 (6), pACT2-USE1short (7) or 
pACT2-USE1 full length (8), respectively, and grown on 3-AT containing selection plates 
lacking tryptophane, leucine and histidine (left panel). An X-Gal filter assay was 
performed to verify the interaction of the respective proteins (right panel). A representative 
experiment from a total of three experiments with similar outcome is shown. 
 

 

3.3.3 USE1 serves as a conjugating enzyme for FAT10 in vitro and in vivo 

To test in vitro whether the transfer of FAT10 onto USE1 can occur, in vitro transcribed 

and translated FLAG-His-FAT10 or FLAG-His-FAT10∆GG was incubated with 

recombinant His-tagged USE1 in the presence of recombinant GST-UBA6. This in vitro 

conjugation assay revealed that FAT10 became covalently linked to UBA6 in the absence 

of USE1 and the activated FAT10 was transferred to USE1 when this E2 enzyme was 

present in the activation assay (Figure 14). FLAG-His-FAT10∆GG, which cannot be 

activated by UBA6 and served as a negative control, was bound neither to UBA6 nor to 

USE1. Unexpectedly, the covalent conjugate between His-USE1 and FLAG-His-FAT10 

persisted at least partially under reducing conditions when the sample was boiled in a 

Laemmli loading buffer containing 10% β-mercaptoethanol. Further in vitro activation 

experiments on the activation of ubiquitin by UBA6 in the presence and absence of USE1 

showed that recombinant FLAG-tagged or GST-tagged ubiquitin was readily activated by 

UBA6 and conjugated to USE1 (data not shown) in accordance with previous data by  
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Figure 14. FAT10 is transferred from UBA6 onto USE1 in vitro. Bacterially expressed 
and affinity purified His-USE1 was incubated together with ATP, recombinant GST-
UBA6 and in vitro transcribed and translated 35S-labelled FLAG-His- FAT10 bound to 
anti-FLAG beads (lane 3 from the left). As negative controls, FLAG-His- FAT10 alone 
(lane 1), FLAG-His-FAT10 and GST-UBA6 (lane 2), and FLAG-His- FAT10∆GG with 
GST-UBA6 and His-USE1 (lane 4) were used. Samples were subjected to non-reducing 
(left panel) and reducing (right panel) SDS-PAGE and visualized by autoradiography. The 
positions of FAT10, USE1-FAT10 conjugate (E2~Flag-His-FAT10) and UBA6-FAT10 
conjugate (E1~Flag-His-FAT10) are indicated at the left. The experiment shown is one out 
of three experiments performed with similar outcome. 
 

 

Harper and colleagues (Jin et al., 2007). These results indicate that USE1 is not exclusively 

a conjugating enzyme for ubiquitin but also serves as an E2 enzyme for FAT10 in vitro. 

 
To further characterize the interaction between FAT10 and USE1 in vivo, 

coimmunoprecipitation experiments were performed in transiently transfected HEK293 

cells. When HA-FAT10 and His-USE1 were co-expressed, a covalent conjugate between 

HA-FAT10 and 6His-USE1 could be detected by anti-HA immunoprecipitation followed 

by Western blot analysis with anti-HA or anti-6His specific antibodies (Figure 15A). When 

FAT10 was coexpressed with a catalytically inactive C188A mutant of USE1, no 

conjugate formation was detectable suggesting that thioester formation between FAT10 

and the active site cysteine 188 of USE1 was required to generate the USE1-FAT10 

conjugate. Curiously, the covalent FAT10-USE1 conjugate was equally prominent under 

non-reducing conditions and after boiling in Laemmli loading buffer containing 10% β-

mercaptoethanol (Figure 15A) or 0.5 M DTT (data not shown). This finding was consistent 

with the hypothesis that USE1 first formed a thioester with FAT10 but then used the 

activated FAT10 to auto-FAT10ylate itself to form an isopeptide linked FAT10-USE1 
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conjugate which should be insensitive to harsh reducing conditions. As a specificity 

control we also coexpressed HA-ubiquitin or HA-FAT10 with UBA6 and the E2 enzyme 

UBCH8, which possesses a dual specificity for ubiquitin and the ubiquitin-like modifier 

ISG15 (Kim et al., 2004; Zhao et al., 2004). In contrast to USE1, UBCH8 did not form a 

conjugate with FAT10, but only with ubiquitin under non-reducing conditions (Figure 

15B). When these samples were treated with 10% β-mercaptoethanol, the UBCH8-

ubiquitin conjugate disappeared consistent with a thioester bond formation between 

UBCH8 and ubiquitin. Taken together, our data strongly suggest that USE1 is not only an 

E2 enzyme with a dual specificity for FAT10 and ubiquitin and but also a substrate of 

FAT10ylation in vitro and in vivo. 

 

 

3.3.4 Knockdown of USE1 leads to a reduction of FAT10 conjugates 

To determine if USE1 plays a central role in FAT10 conjugate formation in vivo, we tested 

whether targeted silencing of USE1 with siRNA leads to a significant reduction of FAT10 

conjugates in HEK293 cells stably expressing FLAG-His-FAT10 (clone B10). 

Downregulation of USE1 mRNA with siRNA by 70% as compared to untreated cells was 

verified by real-time RT-PCR (Figure 16B). Immunoprecipitation experiments showed that 

the downregulation of endogenous USE1 markedly decreased the formation of high 

molecular weight FAT10 conjugates (Figure 16A). As a loading control for the prepared 

lysates, the human proteasome subunit 1 (iota) was analyzed in parallel by Western 

blotting. Since the silencing of USE1 leads to strongly reduced conjugate formation of 

FAT10 substrates we conclude that USE1 is a major E2 enzyme in the FAT10 conjugation 

pathway. 
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Figure 15. Conjugate formation of FAT10 and USE1 in vivo. (A) Co-
immunoprecipitation of HA-FAT10 and 6His-USE1 expressing HEK293 cells. Cells were 
transiently transfected with pcDNA3.1-HA-FAT10 and pcDNA3.1/His-A-Xpress-USE1 as 
indicated. After immunoprecipitation against the HA-tag of FAT10, samples were 
separated on 4-12% Bis-Tris SDS gels and subjected to Western blot analysis with a 
peroxidase-conjugated anti-polyhistidine antibody or a monoclonal anti-HA antibody. 
Samples were analyzed under non-reducing (n.r.) and reducing (10% -mercaptoethanol) 
conditions. (B) Co-immunoprecipitation of HA-FAT10, HA-Ubiquitin (Ub), FLAG-
UBCH8 or HA-UBA6 expressing cells, which were transiently transfected with 
pcDNA3.1-HAFAT10, pcDNA3.1-HA-Ub, pcDNA3-FLAG-UBCH8 or pcDNA3.1-HA-
UBA6 as indicated. After immunoprecipitation with anti-HA-Sepharose, reduced (10% -
mercaptoethanol) and non-reduced (n.r.) samples were separated on 4-12% Bis-Tris SDS 
gels and subjected to Western blot analysis with monoclonal anti-HA and anti-FLAG M2 
antibodies. Asterisks indicate the heavy and light chains of the anti-HA antibody used for 
the immunoprecipitation. Arrows indicate the FLAG-UBCH8-HA-Ub conjugate. 
Representative experiments out of three experiments with similar outcome are shown. 
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Figure 16. Knockdown of USE1 leads to impaired FAT10 conjugate formation. (A) 
HEK293 cells stably expressing FLAG-His-FAT10 (clone designated B10) were 
transfected with a mixture of three different siRNAs against USE1. After two days an anti- 
FLAG immunoprecipitation was performed and the precipitates were analyzed by Western 
blot using a directly peroxidase-linked anti-FLAG mAb to evaluate FAT10 conjugate 
formation. The HEK293 cells in lane 1 served as a specificity control for the FLAG 
antibody and the constitutive proteasome subunit iota served as a loading control for the 
Western blot. (B) Knockdown of USE1 was confirmed with real time RT-PCR. The 
relative USE1 mRNA expression in B10 control cells and USE1 siRNA treated B10 cells 
was normalized to the expression of hypoxanthine-guanine phosphoribosyltransferase 
(HPRT). Values from three independent experiments represent the mean USE1 mRNA ± 
standard deviation. 
 

 

3.3.5 USE1 auto-FAT10ylates itself in cis but not in trans 

In view of the fact that the USE1-FAT10 conjugate could not be reduced even under 

stringent reducing conditions, we hypothesized that USE1 auto-FAT10ylates itself. To 

further investigate whether this assumption is true, HEK293 cells were transfected with 

HA-FAT10 and either 6His-tagged USE1 wildtype, or the FLAG-His tagged USE1C188A 

mutant, or with both USE1 variants together. When conjugate formation was analyzed by 

anti-HA immunoprecipitation followed by either anti-6His or anti-FLAG Western blot 

analysis, we found that FAT10 conjugates were formed exclusively with wildtype USE1 

but not with the USE1 active site mutant even if both USE1 variants were co-expressed 
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(Figure 17). Therefore, we conclude that auto-FAT10ylation by USE1 must occur through 

an intra-molecular reaction in cis but not in trans. 

 

 

 
Figure 17. USE1 does not act in trans. Co-immunoprecipitation experiments performed 
in HA-FAT10 and 6His-USE1 and 3xFLAG-6His-USE1C188A expressing HEK293 cells. 
Cells were transiently transfected with pcDNA3.1-HA-FAT10 and pcDNA3.1/His-A-
Xpress-USE1 or pcDNA3.1-3xFLAG-6His- USE1C188A as indicated above the top panel. 
After immunoprecipitation against the HA-tag of FAT10, samples were separated on 4-
12% Bis-Tris SDS gels and subjected to Western blot analysis with a monoclonal anti-HA 
antibody (top panel), a peroxidase-conjugated anti-polyhistidine antibody (middle panel), 
or a monoclonal anti-FLAG M2 antibody (bottom panel). Asterisks indicate the heavy and 
light chains of the anti-HA antibody used for the immunoprecipitation. The positions of the 
USE1-FAT10 conjugate (E2~HA-FAT10), HA-FAT10, His-USE1, and FLAG-
USE1C188A are indicated at the left. A representative experiment out of three experiments 
with similar outcome is shown. 
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3.3.6 Degradation of the USE1-FAT10 conjugate is accelerated in the presence 

of NUB1L and attenuated under proteasome inhibition 

Our experiments provided evidence that FAT10 was stably attached, probably isopeptide 

linked, to USE1. Since FAT10 is degraded by the proteasome and targets FAT10-linked 

proteins for proteasomal degradation (Hipp et al., 2005; Raasi et al., 2001), we investigated 

by pulse-chase experiments, if the degradation rate of USE1 was affected by FAT10 auto-

conjugation. Co-expression of HA-FAT10 and 6HisX-USE1 in HEK293T resulted in the 

formation of the FAT10-USE conjugate but it did not significantly affect the degradation 

of unconjugated USE1 over a period of 20 hours as evidenced by anti-Xpress 

immunoprecipitation (Figure 18A, top panel). When the lysates were immunoprecipitated 

subsequently with anti-HA antibody, additional USE1-FAT10 conjugate could be 

recovered, which might be due to an inaccessibility of the Xpress (X) epitope in the HA-

FAT10-6HisX-USE1 conjugate. By anti-HA immunoprecipitation a gradual accumulation 

of the USE1-FAT10 conjugate was observed over a chase period of 20 hours (Figure 18A, 

bottom right panel). Interestingly, when HA-NUB1L, a non-covalent interaction partner of 

FAT10 known to accelerate FAT10-mediated degradation (Hipp et al., 2004), was 

transiently expressed along with the other two proteins, it could be observed that the 

degradation rate of the USE1-FAT10 conjugate was increased (Figure 18C), and also 

unbound FAT10 showed a more rapid degradation as previously reported (Hipp et al., 

2004). After a chase period of 20 hours the USE1-FAT10 conjugate was readily apparent 

in the anti-HA immunoprecipitate in the absence of NUB1L but it was reduced to 

background levels found in untransfected HEK293T cells when NUB1L was present. As 

controls, we similarly pulse labelled USE1-transfected or USE1 and NUB1L-cotransfected 

HEK293T cells and performed the chase for the same time periods but no significant 

difference in the degradation rate of USE1 was observed (Figure 18A, left panels). To 

investigate if the NUB1L-dependent degradation of the FAT10-USE1 conjugate was 

mediated by the proteasome, pulse chase experiments were performed in the presence or 

absence of the proteasome inhibitor MG132. In these experiments we found that under 

proteasome inhibition the FAT10-USE1 conjugate as well as USE1 was protected from 

degradation in the absence and presence of NUB1L (Figure 18B and 18D). These results 

suggest that FAT10 and NUB1L together play an important role in targeting not only linear 

FAT10 fusion proteins (Hipp et al., 2005) but also isopeptide linked FAT10 substrates for 

degradation by the proteasome. Moreover, these experiments propose that auto-
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FAT10ylation of USE1 is a means to limit the availability of FAT10-charged USE1 for the 

modification of target proteins with FAT10. 

 

 

3.4 DISCUSSION 

FAT10 is a very young member of the ubiquitin family proteins, young in terms of 

evolution as it is found only in mammals, and young in terms of the history of 

investigation beginning with its discovery in the MHC class I locus in 1996 (Fan et al., 

1996). One interesting property of FAT10 is that it represents so far the only ubiquitin-like 

modifier, which shares a cardinal property of ubiquitin in serving as an autonomous signal 

for proteasomal degradation (Hipp et al., 2005). In contrast to the 'ubiquitous' ubiquitin, the 

expression of FAT10 is highly restricted to lymphoid organs (Lukasiak et al., 2008). In all 

other tissues, FAT10 is only expressed when the pro-inflammatory cytokines IFN-γ and 

TNF-α are produced in the microenvironment. Again in contrast to ubiquitin, FAT10 is 

rapidly degraded by the proteasome and most likely not recycled as ubiquitin usually is 

(Hipp et al., 2005). To better understand the biology of the FAT10 system it is very 

important to identify the putative E1, E2, and E3 enzymes as well as the physiological 

substrates of FAT10 conjugation. While it has been shown that FAT10 can be conjugated 

to several proteins (Chiu et al., 2007; Raasi et al., 2001) none of these have been identified 

to date. With respect to the conjugation cascade, UBA6 (E1-L2) has recently been 

characterized not only as a second E1 for ubiquitin but also as an E1 for FAT10 (Chiu et 

al., 2007). In this study, we identify an E2 enzyme for FAT10 and the first substrate of 

FAT10 conjugation and to our surprise it was the same protein: USE1. 
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Figure 18. Accelerated degradation of USE1-FAT10 conjugate in the presence of 
NUB1L. (A) Pulse-chase experiment of USE1-FAT10 conjugate degradation. HEK293T 
cells were cotransfected with pcDNA3.1-HA-FAT10, pcDNA3.1/His-A-Xpress-USE1 and 
pBI-HA-NUB1L as indicated and labelled with 35S-methionine/cysteine. After the given 
time periods of chase, cells were lysed and subjected to immunoprecipitation with anti-
Xpress antibody and anti-HA antibody, respectively. Samples were subjected to SDS-
PAGE and visualized by autoradiography. The positions of HisX-USE1-HA-FAT10, 
HisX-USE1, HA-NUB1L, and HA-FAT10 are indicated on the left. It should be noted that 
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the same lysates were first immunprecipitated with anti-Xpress antibody (top panels) and 
then with anti-HA antibody (bottom panels), however, the HisX-USE1-HA-FAT10 
conjugate was better recovered with anti-HA antibodies. One experiment out of two with 
similar outcome is shown. (B) Pulse-chase experiment with or without proteasomal 
inhibition. HEK293T cells were transfected as described in A. Over the given chase time 
points, cells were treated with or without 10µM MG132. Lysates were immunoprecipitated 
with HA antibody firstly and with Xpress antibody secondly. Samples were subjected to 
SDS-PAGE and visualized by autoradiography. (C) Graphic depiction of the degradation 
rate of the USE1-FAT10 conjugate with and without NUB1L (from the top right panel in 
A) shows the 2-hour time point in black and the 20-hour time point in grey. The amount of 
radioactivity detected in the USE1-FAT10 conjugate band at 2 h was set to 100% and the 
relative activity immunoprecipitated at 20h was calculated according to this value. The 
mean of two independent experiments was calculated ± standard deviation. Quantitative 
values of bands were obtained by the analysis with a radioimager. (D) Graphic depiction of 
the degradation rate of the USE1-FAT10 conjugate plus NUB1L (from the top panels in B) 
with and without proteasome inhibition using 10µM MG132. The amount of radioactivity 
detected in the USE1-FAT10 conjugate band at 2 h was set to 100% and the relative 
activity immunoprecipitated at 20 h was calculated according to this value. Quantitative 
values of bands were obtained by the analysis with a radioimager.  
 

 

In order to identify new interaction partners of FAT10 we performed a yeast two-hybrid 

screen using a human thymus cDNA library as FAT10 is most highly expressed in this 

primary lymphoid organ (Lukasiak et al., 2008). Our screen identified 11 different bait-

dependent clones, which could be confirmed by re-transformation, but USE1 was the only 

E2 enzyme found among these putative FAT10 interacting proteins. To confirm the non-

covalent interaction between FAT10 and USE1 we have performed many different GST-

pull down assays employing different tags as well as co-immunoprecipitation assays using 

the catalytically inactive C188A mutant of USE1 but apparently the affinity of the 

interaction between FAT10 and USE1 was too low to resist even mild washing procedures. 

Nevertheless, the binding between FAT10 and UBA6 seems to be specific as FAT10 did 

not show binding to the most closely related human E1 type enzymes UBE1 and the 

ISG15-specific enzyme UBE1L in our yeast two-hybrid assay (Figure 13). Moreover, 

ISG15, which also consists of two ubiquitin-like domains and is predicted to adopt a 

similar three-dimensional structure as FAT10 (Groettrup et al., 2008; Narasimhan et al., 

2005), bound to its cognate E1 UBE1L but not to UBA6. A priori one would not need to 

postulate a high affinity binding between a modifier and a cognate E2 enzyme because the 

modifier is specifically bound and activated by its cognate E1 enzyme and this in turn 

binds firmly with the appropriate E2 enzyme. Nevertheless, it has recently been shown for 

SUMO-1 that it binds to its cognate E2 enzyme UBC9 not only in thioester linkage but 
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also non-covalently and that this non-covalent interaction promotes the formation of short 

SUMO-1 chains (Knipscheer et al., 2007). Also for ubiquitin, a non-covalent interaction 

with the heterodimeric E2 enzyme Mms2/Ubc13 has been shown (VanDemark et al., 

2001). A weak non-covalent interaction between FAT10 and USE1 was therefore a 

reasonable basis for investigating USE1 as a potential E2 enzyme for FAT10. 

 
A second argument in favour of USE1 as a potential E2 enzyme for FAT10 was that 

Harper and colleagues had investigated 29 different E2 enzymes for their ability to accept 

activated ubiquitin from the two ubiquitin-activating enzymes UBE1 and UBA6. They 

identified a single E2 enzyme, which could receive activated ubiquitin exclusively from 

UBA6 and this was USE1 (Jin et al., 2007). Moreover, it was shown that depletion of 

UBA6 but not of UBE1 reduced the charging of USE1 with activated ubiquitin in intact 

cells. While these data convincingly document a functional cooperation between UBA6 

and USE1, an interaction between the E1 and the E2 enzyme has not been shown. By yeast 

two-hybrid screen we show that UBA6 and USE1 indeed interact and that this interaction 

is specific as USE1 did not bind detectably to UBE1 or UBE1L (Figure 12). Taking the 

identification of UBA6 as the E1 enzyme of FAT10 into account (Chiu et al., 2007), it was 

certainly warranted to investigate USE1 as an E2 enzyme for FAT10 conjugation. By in 

vitro FAT10 transfer assays we demonstrated that radioactively labelled FAT10 was 

activated by UBA6. In the presence of USE1, the amount of UBA6~FAT10 was reduced 

and instead a complex of radioactive FAT10 bound to USE1 appeared (Figure 14). These 

data show that purified FAT10, UBA6 and USE1 are sufficient to generate FAT10 charged 

USE1 in vitro. The enzymatic transfer of FAT10 both to UBA6 and to USE1 in vitro relied 

on the C-terminal diglycine motif of FAT10 consistent with formation of a thioester bond 

between the C-terminus of FAT10 and the active site cysteine residues of UBA6 and 

USE1. Whether the active site cysteine of USE1 was indeed required for formation of a 

FAT10-USE1 conjugate was then investigated in co-immunoprecipitation experiments 

(Figure 15A). Coexpression of FAT10 with wild type USE1 resulted in the formation of 

the USE1-FAT10 conjugate in intact cells but this was not the case when the USE1 active 

site mutant C188A was used. Formation of such a conjugate was specific for USE1 as a 

similar coexpression experiment performed with UBCH8, which is a bi-specific E2 

enzyme for ubiquitin and ISG15 (Kim et al., 2004; Zhao et al., 2004), formed a conjugate 

with ubiquitin but not with FAT10 (Figure 15B). In order to investigate if USE1 is in fact 

required for FAT10 conjugation to target proteins, USE1 expression was silenced by 

 68



 
III. USE1 is auto-modified and downregulated by FAT10 conjugation 

siRNA transfection of a HEK293 cell line stably expressing FLAG-His-FAT10. 

Interestingly, FAT10 overexpression in the stable clone B10 and several other clones was 

possible whereas stable FAT10 overexpression in the mouse fibroblast line B8 and HeLa 

cells has previously failed because FAT10 overexpression induced apoptosis (Liu et al., 

1999; Raasi et al., 2001). It appears that HEK293 cells, which are known to be resistant to 

several different inducers of apoptosis, can grow in the presence of FAT10 although the 

growth was slowed down in all transfectants (S. Lukasiak, unpublished observation). Only 

upon high overexpression of FAT10 and employing combined immunoprecipitation and 

western blot analysis we were able to detect high molecular weight FAT10 conjugates in 

HEK293 cells which have previously been shown to rely on the C-terminal diglycine motif 

of FAT10 as well as the expression of UBA6 (Chiu et al., 2007). Interestingly, siRNA-

mediated silencing of USE1 mRNA expression by 70% leads to a strong reduction of most 

but not all conjugate bands (Figure 16). We conclude from these experiments that USE1 is 

a major E2 enzyme involved in FAT10 conjugation. Whether the few residual putative 

FAT10 conjugates in the siRNA-treated cells are due to incomplete silencing of USE1 or 

whether other E2 enzymes for FAT10 may exist will need to be addressed in use1-deficient 

mice in the future. 

 
Thioester bonds between ubiquitin-like modifiers and their E1, E2 or E3 enzymes are 

normally cleaved by boiling in reducing Laemmli sample buffer as we have also seen in 

this study for the UBCH8~ubiquitin conjugate (Figure 15B). It was therefore quite 

unexpected that the USE1-FAT10 conjugates in transfected HEK293 cells completely 

resisted boiling in the presence of 10% β-mercaptoethanol and/or 0.5M DTT in five 

independent experiments. Since formation of this conjugate relied on the active site 

cysteine of USE1, we reason that USE1 uses activated FAT10 thioester-linked to its active 

site cysteine to form an isopeptide bond between the FAT10 C-terminus and one of its 11 

lysine residues. Such an auto-modification of USE1 with FAT10 is reminiscent of E3 

ligases of ubiquitin which also auto-ubiquitylate themselves. Moreover, E2 enzymes of the 

ubiquitin system have been shown to monoubiquitylate proteins, which contain different 

types of ubiquitin interaction domains without the involvement of E3 enzymes (Hoeller et 

al., 2007). It is hence feasible that USE1 transfers activated FAT10 onto itself in the 

absence of an E3 enzyme as we have shown in our in vitro activation assays (Figure 14). 

Along these lines we investigated whether FAT10 conjugation by USE1 can occur only in 

cis or also in trans. In Figure 17 we show that the coexpression of FAT10 together with a 

 69



 
III. USE1 is auto-modified and downregulated by FAT10 conjugation 

catalytically inactive USE1 mutant and wild type USE1 only led to FAT10 conjugation of 

the wild type enzyme thus demonstrating that USE1 can only FAT10ylate itself in cis but 

not in trans. 

 
Auto-polyubiquitylation of E3 ligases in the ubiquitin system is a mechanism to 

downregulate the expression level of active E3 enzymes as attachment of a poly-ubiquitin 

chain signals their degradation by the proteasome. Previously, we have shown that the N-

terminal fusion of FAT10 to otherwise long lived proteins like GFP or dihydrofolate 

reductase (DHFR) mediates their rapid degradation by the proteasome (Hipp et al., 2005). 

Since we assume that also isopeptide linkage to FAT10 targets proteins for proteasomal 

degradation, we hypothesized that auto-FAT10ylation of USE1 would be a means to limit 

the activity of USE1 by targeting it for proteasomal degradation. Since we have shown 

before that NUB1L is a very potent accelerator of FAT10-mediated degradation (Hipp et 

al., 2004; 2005), we performed pulse chase experiments both in the presence and the 

absence of NUB1L overexpression. Interestingly, the coexpression of FAT10 and USE1 

led to formation of a FAT10-USE1 conjugate, which accumulated over time (Figure 18A 

bottom right panel) whereas this accumulation was prevented when NUB1L was 

coexpressed. These data show that NUB1L, which binds FAT10 via its C-terminal UBA 

domains and the 26S proteasome via its N-terminal UBL domain (Schmidtke et al., 2006), 

accelerates not only the degradation of linear FAT10 fusions but also USE1 as a 

physiological substrate of FAT10 conjugation. Taken together, we provide evidence that 

one E1 enzyme (UBA6) specific for the two modifiers FAT10 and ubiquitin can transfer 

both thioester-linked modifiers to one and the same E2 enzyme (USE1). This is an 

unprecedented case in the conjugation of ubiquitin family proteins and raises the question 

at what stage it will be decided whether a substrate protein will be ubiquitylated or 

FAT10ylated. Most likely the identification of FAT10-specific E3 enzymes will shed light 

on this interesting question. 
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3.5 EXPERIMENTAL PROCEDURES 

 
Yeast two-hybrid screen 

Full-length fat10 cDNA was cloned into the plasmid pLexA-DIR (pLexA-FAT10) 

(Dualsystems Biotech, Zurich, Switzerland) as previously described (Hipp et al., 2004) and 

used as a bait construct to screen a human thymus cDNA library (Thymus 

MATCHMAKER cDNA library, Clontech). Briefly, the bait construct was transfected into 

the yeast strain NMY51 (MATa his3∆200 trp1-901 leu2-3,112 LYS2::(lexAop)4-HIS3 

ura3::(lexAop)8-lacZ (lexAop)8-ADE2 GAL4 (Dualsystems Biotech, Zurich, Switzerland)) 

by a standard LiCl transformation method and the absence of self-activation was tested 

with an X-Gal filter assay on selection plates lacking tryptophane. For the yeast two-hybrid 

screen, the human thymus library was transformed into these cells as described by the 

DUALhybrid kit instructions. Two independent screenings were performed and a total 

number of 101 clones which grew on selection plates lacking tryptophane, leucine and 

histidine, supplemented with 1mM 3-amino-1,2,4-triazole (3-AT), were positively tested 

by in X-Gal tests. For this test, yeast cells were grown for 4 days on selection plates 

lacking tryptophane, leucine and histidine in the presence of 1mM 3-AT. Whatman filters, 

which were used to make replicates of the plates, were frozen in liquid nitrogen, 

subsequently soaked with PBS containing 100µg/ml X-Gal and incubated at room 

temperature. Clones that turned blue were grown on new selection plates and exposed to a 

second X-Gal test. The prey plasmids of the remaining 53 clones were isolated using a 

standard method with glass beads and were re-transformed into NMY51 together with 

either pLexA-FAT10 or with pLexA-LaminC or pLexA-p53, respectively, to test for bait 

independency. The identity of the remaining 46 clones was determined by sequencing. 

 

Primers and constructs 

USE1 was identified as a FAT10 interacting protein in the yeast two-hybrid screen. The 

isolated cDNA was lacking 259nt at the 5`end (pACT2-USE1short). To generate 

constructs containing full length USE1 cDNA, the plasmid pDEST17-USE1 (Jin et al., 

2007) was used as a template for PCR amplification. To generate the yeast two-hybrid 

plasmid pACT2-USE1 as well as the human expression plasmid pcDNA3.1-HisA-Xpress-

USE1, USE1 cDNA was PCR amplified using 5`-ccggaattcgaatggcggagagtccgactgagg-3` 

as forward and 5`-ccgctcgagtcaaaccctcaggctcccatgaagg-3`as reverse primer and cloned into 
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pACT2 (BD Clontech) or pcDNA3.1/His-A (Invitrogen), respectively, using EcoRI and 

XhoI restriction sites. The yeast two-hybrid plasmid pLexA-N-USE1 was generated using 

the forward primer 5`-ccggaattcgagatggcggagagtccgactgagg-3` and the reverse primer 5’- 

cggggtacctcaaaccctcaggctcccatgaagg-3’ with an EcoRI and KpnI site, respectively. 

pcDNA3.1/His-A-USE1C188A was generated by site directed mutagenesis of 

pcDNA3.1/His-A-Xpress-USE1 using the QuikChange® Multi Site-Directed Mutagenesis 

Kit (Stratagene) with the primer 5’-ctaccgcaatgggaaagtcgccttgagtattctaggtacatgg-3’ as 

described by the manufacturer. For generation of 3x-FLAG-6His-USE1 and 3x-FLAG-

6His-USE1C188A, primers 5’-ccggaattcatggcggagagtccgactgaggagg-3’as forward and 5’-

atagtttagcgcggccgcgtcaaaccctcaggctcccatgaaggtctg-3’as reverse primer were used with 

pcDNA3.1/His-A-USE1 and pcDNA3.1/His-A-USE1C188A as templates, respectively, 

and cloned via EcoRI and NotI into the plasmid pcDNA3.1-3xFLAG-His-FAT10 (Chiu et 

al., 2007). E1 enzymes UBE1 and UBA6 were cloned into pACT2 using primers 5’- 

cgggatccgaatgtccagctcgccgctgtcc-3’ and 5’-cgggatcctcagcggatggtgtatcggac-3’as forward 

and reverse primer for cloning of UBE1 via BamHI, and primers 5’-

catgccatggaaggatccgagcctgtgg-3’ and 5’-ccgctcgagttaatcagtgtcatgactgaagtag-3’ as forward 

and reverse primer for cloning of UBA6 via NcoI and XhoI. UBE1L was cloned into 

pACT2 by cutting out UBE1L cDNA from pcDNA3.1/His-UBE1L by EcoRI and XhoI 

and ligation into EcoRI / XhoI digested pACT2. For the generation of pLexA-N-ISG15, 

primer 5’-cggggtaccatgggctgggacctgacggtg-3’ as forward and 5’-cggggtacctc 

agcctccccgcaggcgcagattc-3’ as reverse primer were used to PCR amplify ISG15 cDNA. 

The amplicon was cloned into the KpnI restriction site of pLexA-N (Dualsystems Biotech, 

Zurich, Switzerland). pET23a-UbcH8 was used as template to generate UbcH8 with 

BamHI and XhoI restriction sites by PCR. As forward and reverse primers respectively, 5’-

gcgggatccatggcgagcatgcgagtggt-3’ and 5’-gcgctcgagttagga gggccggtccact-3’ were used. 

The PCR product was then cloned into pcDNA3-FLAG-NEDD8. Human UBA6 was PCR 

amplified from the pcDNA3.1-HA-UBE1L2 (Pelzer et al., 2007) expression construct with 

forward (5’-agagctagcatggaaggatccgagcctgt-3’) and reverse (5’-gcggctagcttaatcag 

tgtcatgactga-3’) primers and cloned into the XbaI site of pGEX-2TKs. pBI-HA-NUB1L 

was generated as described (Hipp et al., 2004). All constructs were verified by DNA 

sequencing (Microsynth AG, Balgach, Switzerland, or GATC Biotech, Konstanz, 

Germany). 
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Immunoprecipitation 

HEK293 cells were transfected using FuGene6 (Roche) as described in the manufacturer’s 

instructions. After 24 hours, cells were harvested, lysed and immunoprecipitation was 

performed as previously described (Pelzer et al., 2007) using 30µl of monoclonal anti-HA 

agarose conjugate HA-7 (Sigma). Proteins were separated on 4-12% gradient Bis-Tris 

NuPage SDS-gels (Invitrogen) and subjected to Western blot analysis using monoclonal 

antipolyhistidine-peroxidase conjugated clone His-1, monoclonal anti-FLAG (M2) or 

monoclonal anti-HA-7 (all from Sigma). RNAi samples were immunoprecipitated with 

EZviewTM Red ANTI-FLAG® M2 Affinity Gel (Sigma) and analyzed by Western blot 

using anti-FLAG M2 monoclonal antibody-Peroxidase Conjugate. 

 

USE1 knockdown and real-time PCR 

HEK293 cells stably expressing FLAG-His-FAT10 were transfected with a pool of three 

different human USE1 specific siRNAs (siRNA ID# 121909, 121910, 121911, Applied 

Biosystems/Ambion, Austin, Texas) at a final concentration of 100nM using XtremeGENE 

siRNA Transfection Reagent (Roche, Mannheim). Cells were harvested after two days for 

an anti-FLAG immunoprecipitation. Knockdown of USE1 was verified with real-time PCR 

using the LightCycler® FastStart DNA Master SYBR Green I kit (Roche) and normalized 

to the expression of hypoxanthine-guanine phosphoribosyltransferase (HPRT) which 

served as housekeeping gene; HPRT primers: forward 5’-tggacaggactgaacgtcttg-3’; reverse 

5’-ccagcaggtcagcaaagaattta-3’; USE1 primers: forward 5’-ctcgggtcaaactgatgaca-3’; reverse 

5’-ttcaaagccgggctcattg-3’. 

 

Expression and purification of proteins 

The plasmids pGEX2TKs-UBA6 and pDEST17-USE1 were used for expression of GST-

UBA6 and His-USE1. pGEX2TKs-UBA6 was transformed into BL21-CodonPlus(DE3)-

RIPL (Stratagene), pDEST17-USE1 into the strain B834(DE3)pLysS (Novagen). 

Expression of the proteins was induced with 0.1mM IPTG. Purification of GST-UBA6 was 

carried out using Glutathione-SepharoseTM4B (GE Healthcare) as recommended by the 

supplier. His-USE1 was purified with Protino® Ni-IDA Resin (Macherey-Nagel) 

according to the manufacturer’s protocol. 
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In vitro conjugation assay 

To generate 35S-labelled FLAG-His-FAT10 and FLAG-His-FAT10∆GG proteins, in vitro 

transcription and translation in the TNT T7 coupled reticulocyte lysate system (Promega) 

was performed with the plasmids pcDNA3.1-3xFLAG-His-FAT10 and pcDNA3.1-

3xFLAG-His- FAT10∆GG (Chiu et al., 2007) and the procedures were carried out as 

recommended by the supplier. The translated proteins were purified from the reticulocyte 

lysate by immunoprecipitation using EZviewTM Red ANTI-FLAG® M2 Affinity Gel 

(Sigma) for 2 hours at 4°C. After washing the gel three times, 100µl reactions were 

prepared. 20mM Tris pH7.6, 50mM NaCl, 10mM MgCl2, 5mM ATP, 1mM DTT, 10U/ml 

inorganic pyrophosphatase were mixed with the FAT10 bound beads. Where indicated, 

250ng GST-UBA6 and 5µg 6His-USE1 of purified proteins were added. The reactions 

were incubated at room temperature for 30 minutes followed by one wash with reaction 

buffer. 50µl of sample buffer containing 4M Urea were added to the beads and incubated at 

30°C for 15 minutes. Samples were subjected to 8-15% gradient SDS-PAGE and detected 

by autoradiography. 

 

Pulse-chase experiments 

HEK293T cells were transiently transfected with TurboFect (Fermentas) according to the 

manufacturer’s instructions. The plasmids used were pcDNA3.1-HA-FAT10, pBI-

HANUB1L, pTet-splice-tTA, and pcDNA3.1-HisA-Xpress-USE1. The 35S-labeling and 

the lysis of the cells have been described previously (Hipp et al., 2004). 

Immunoprecipitation was performed with 3µg of anti-XpressTM antibody (Invitrogen) and 

EZviewTM Red protein G affinity gel (Sigma) or 30µl EZviewTM Red Anti-HA Affinity 

Gel (Sigma). Samples were analyzed by SDS-PAGE and subsequently detected by 

autoradiography. 
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3.6 SUPPLEMENTARY DATA 

(Pelzer, unpublished) 
 

3.6.1 Experimental procedures 
 
Quantitative real-time RT-PCR 

Real-time RT-PCR was used to quantify expression levels of the use1 gene in different 

mouse organs. Additionally, uba6 and use1 gene expression in liver and spleen of naive 

and LCMV infected mice. The organs were taken on day 7 after infection. Total RNA was 

extracted from indicated organs of one to three month old C57BL/6 mice using the 

NucleoSpin® RNA II extraction kit (Macherey-Nagel). 1 µg of total RNA was reverse-

transcribed using oligo(dT) primers and the reverse transcription system (Promega). 

Quantitative PCR was performed with the LightCycler® instrument (Roche Applied 

Science) using SybrGreen® and the specific mouse use1 forward primer 5’-CTC GGG 

TCA AAC TGA TGA CA-3’ and reverse primer 5’-TTC AAA GCC GGG CTC ATT G-

3’. LightCycler® TaqMan® Master reaction mix with uba6-specific forward (5’-GTT 

CTC GCC CTT GTG TCA-3’) and reverse primers (5’-GAT TGC CTA GGG ATT CCA 

CA-3’) and probe number 84 of the Universal Probe Library (Roche Applied Science) was 

utilized for the measurement of mRNA expression of UBA6. IFN-γ mRNA expression was 

also quantified using LightCycler® TaqMan® Master reaction mix with IFN-γ forward 

primer (5’-ATC TGG AGG AAC TGG CAA AA-3’) and reverse primer (5’- TTC AAG 

ACT TCA AAG AGT CTG AGG-3’) additionally to the probe number 21 of the Universal 

Probe Library (Roche Applied Science). Mouse hprt was used as reference gene with the 

following primers: 5’-GCT GGT GAA AAG GAC CTC-3’ (forward) and 5’-CAC AGG 

ACT AGA ACA CCT-3’ (reverse). This reaction was performed with SybrGreen®. 

 

 

3.6.2 Results and Discussion 

 
USE1 is widely expressed in different tissues 

UBA6 (UBE1L2) mRNA levels are significantly upregulated in testes of mice (Pelzer et 

al., 2007). To determine if USE1 as an E2 enzyme for FAT10 is also expressed differently 

in several mouse organs, quantitative real-time RT-PCR was performed. USE1 is not 
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significantly upregulated in any of the analyzed mouse organs (Figure 19). These results 

agree with the expression patterns of the Genomics Institute of the Novartis Research 

Foundation (SymAtlas) suggesting a wide expression throughout cell lines and tissues (Jin 

et al., 2007). These findings are not unexpected because USE1 is also the E2 enzyme for 

ubiquitin, which is “ubiquitously” expressed. 

 

 
Figure 19. Expression of USE1 mRNA in different mouse organs. The USE1 mRNA 
content was analyzed by real-time RT-PCR in several mouse organs. The values were 
normalized to the expression of HPRT in the same organs, and the relative USE1 
expression was calculated with the value for the kidney being arbitrarily set to unity. 
Shown are the mean relative expression levels in indicated organs from two independent 
C57BL/6 mice ± standard deviation. 
 

 

UBA6 and USE1 expression is not affected by LCMV infection 

FAT10 is synergistically induced by IFN-γ and TNF-α (Raasi et al., 1999). To investigate 

whether this is also true for the E1 enzyme and the E2 enzyme for FAT10, UBA6 and 

USE1 respectively, real-time RT-PCR was applied to quantify the relative mRNA levels of 

these genes in addition to the interferon gamma gene in the organs liver and spleen of 

naive and LCMV infected mice. LCMV infection leads to a strong induction of cytokines, 

especially in the liver (Khan et al., 2001), therefore it was used to create a proinflammatory 

environment in the mouse organs. However, UBA6 and USE1 mRNA expression was not 

elevated in LCMV infected mouse organs (Figure 20), even though on day 7 of the LCMV 

infection the interferon response was strong, particularly in the liver since here IFN-γ 

mRNA expression was induced 100 fold. The spleen showed only seven fold induction 
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compared to the naive mice. From this experiment we concluded that UBA6 as well as 

USE1 is not upregulated by a proinflammatory environment in murine liver or spleen. 

Testing IFN treated cell lines could further confirm that these enzymes are definitely not 

induced by cytokines. As both enzymes are also responsible for ubiquitin conjugation, 

there might be no need for an upregulation by IFN. The upregulation of FAT10 might be 

enough to trigger the FAT10 conjugation pathway and additionally E1 and E2 might be 

available in sufficient amounts for both modifiers. The discrimination between the 

ubiquitin and the FAT10 conjugation pathways via UBA6 and USE1 might therefore occur 

at the stage of FAT10-specific E3 ligases or FAT10 substrates, assuming that these are 

cytokine inducible. 

 

 

 
Figure 20. USE1 and UBA6 are not upregulated by interferon response. USE1, UBA6 
and IFN-γ mRNA content was analyzed by real-time RT-PCR in naive or LCMV infected 
liver or spleen on day 7 after infection. The values were normalized to the expression of 
HPRT in the same organs, and the relative expression was calculated with the value of the 
naive organs being set to one. Shown are the mean relative expression levels in indicated 
organs from two independent C57BL/6 mice ± standard deviation. 
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4.1 ABSTRACT 

FAT10 conjugates to a so far unidentified target protein in TB1N cells. This conjugate is 

not apparent when the diglycine motif of FAT10 is mutated. In this study, we show that the 

protein linked to FAT10 in this transfected fibroblast cell line is a fragment of the SV40 

large T antigen. Peptides from the mass-spectrometric analysis revealed that the fragment, 

which is linked to FAT10, consists mainly of the DNA binding domain of the large T 

antigen. A monoclonal antibody against the N-terminal 59 amino acids of large T did not 

recognize the conjugate indicating that an N-terminal part is omitted. The large T fragment 

did not bind to the FAT10 mutant, which lacks the diglycine motif. 

 

 

4.2 INTRODUCTION 

The IFN-γ- and TNF-α inducible ubiquitin-like modifier FAT10 is known to conjugate to a 

target protein via its C-terminal diglycine motif in a murine fibroblast cell line expressing 

HA-FAT10 in an inducible manner designated TB1N (Raasi et al., 2001). Even though 

conjugation to a protein is detectable in this cell line, the identity of this FAT10 conjugate 

has not been revealed so far. In addition, FAT10 as well as the so far unidentified FAT10 

conjugate are degraded by the proteasome in an ubiquitin-independent way (Hipp et al., 

2005). The mouse HA-FAT10-inducible transfectant was generated from primary Balb/c 

fibroblasts, originally in vitro transformed with simian virus 40 (SV40) (Groettrup et al., 

1995; Raasi et al., 2001), which possesses transforming abilities (Ahuja et al., 2005). 

 
SV40 belongs to the virus family of Polyomaviridae, which also contains human 

polyomaviruses like the JC virus and the BK virus. Polyomaviruses cause a persistent 

infection in their native hosts and replicate in differentiated cells (Sullivan and Pipas, 

2002). The double-stranded DNA genome of these viruses encodes early and late genes, 

which are processed by alternative splicing. The early gene products generate the T 

antigens – large T antigen, small T antigen and 17kT antigen – whereas the late region 

encodes the viral capsid proteins VP1, VP2 and VP3. The T antigens are responsible for 

viral replication and virion assembly, stimulation of host cell transcription and blockage of 

cellular defence mechanisms (Ahuja et al., 2005; Brodsky and Pipas, 1998; Sullivan and 

Pipas, 2002). The large T antigen is a 708-amino acid oncoprotein, which has the ability to 
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transform a diversity of cell lines and is known to induce tumors in a number of animal 

models (Ahuja et al., 2005; Ali and DeCaprio, 2001). It contains several functional 

domains, like a J domain at the N-terminus, responsible for the recruitment of Hsc70 

chaperone, a retinoblastoma binding protein (pRB) site with the LXCXE binding motif, a 

nuclear localisation signal, a DNA binding domain (ori binding) and a bipartite p53 

binding site. The large T antigen binds to two different tumor suppressor proteins pRB and 

p53, which leads to the inhibition of the suppressor pathways causing abnormal cell growth 

and transformation (Sullivan and Pipas, 2002). 

 
In this study, we identified the protein that is conjugated to the diglycine motif of FAT10 

in TB1N cells as a fragment of the SV40 large T antigen by mass-spectrometry. 

Furthermore, we confirmed this result with Western blot analysis and co-

immunoprecipitation assays. By using different antibodies for the large T antigen, we 

could conclude that it is conjugated to FAT10 in a fragmented form lacking the N-terminal 

part of the protein. Peptides, which have been discovered in the mass-spectrometric 

analysis, were all located in the DNA binding domain of the large T antigen. Additionally, 

it was shown that the large T fragment does not bind to the FAT10 mutant lacking the 

diglycine motif. These findings hint at the type of target proteins FAT10 could be linked to 

under physiological conditions. 

 

 

4.3 RESULTS AND DISCUSSION 

4.3.1 Mass-spectrometry of the FAT10 conjugate in TB1N cells 

To identify the so far unknown FAT10 conjugate detected in the mouse fibroblast cell line 

TB1N, containing murine HA tagged FAT10 in a tetracycline repressible system (Raasi et 

al., 2001), immunoprecipitation assays were performed in a large scale and bands which 

were assumed to contain FAT10 monomer or FAT10 conjugates were subjected to mass-

spectrometric analysis. It was shown that monomeric murine FAT10 (Figure 21A, [1]) was 

found in the precipitate from the induced but not from the non-induced cell lysate. For the 

FAT10 conjugate band (Figure 21A, [2]) that can be detected with FAT10 antibody at a 

molecular mass of about 35kDa, peptide sequences of mouse FAT10 could also be 

identified. Furthermore, peptide fragments of the large T antigen of SV40 were identified 
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in this band by mass-spectrometry. Neither FAT10 nor the large T antigen was detected in 

the non-induced immunoprecipitation sample (Figure 21A, Table). The third band (Figure 

21A, [3]), which was more prominent in the induced sample, had a molecular mass of 

about 70kDa. The sequence analysis showed that in both the induced and non-induced 

sample the heat shock protein 70 (HSP70) was present. Thus, FAT10 does not co-

immunoprecipitate HSP70, but it is likely that this very abundant protein binds non-

specifically to the antibody coated agarose matrix. Since the FAT10 conjugate band is 

much smaller than the SV40 large T antigen itself, it can be assumed that only a fragment 

of this relatively large viral protein is covalently attached to FAT10. Interestingly, all 

identified peptides of the SV40 large T antigen were located in the DNA binding domain 

of the protein (Figure 21B), indicating that this is the central domain present in the 

fragment. 

 

4.3.2 FAT10 forms a conjugate with a large T antigen fragment 

The finding that FAT10 could be co-immunoprecipitated with a small fragment of the 

SV40 large T antigen was unexpected given that the parental fibroblast cell line was 

immortalized with SV40 (Groettrup et al., 1995). To further verify the conjugation of 

FAT10 with a fragment of the SV40 large T antigen, a Western blot analysis was 

performed with cell lysate from non-induced and induced TB1N cells. The polyclonal 

FAT10 antibody as well as a polyclonal large T antibody recognized the 35kDa FAT10 

conjugate band (Figure 22A). A monoclonal antibody generated against the N-terminal 

part (amino acids 1 - 59) of the large T antigen did not detect the conjugate. Therefore, it 

was concluded that the large T fragment conjugated to FAT10 commences after amino 

acid 59. Furthermore, co-immunoprecipitation experiments of cell lysates from TB1N cells 

provided evidence that FAT10 could pull down a large T fragment (Figure 22B). 

Considering that the FAT10 conjugate band runs at a molecular mass of about 35kDa and 

HA-tagged FAT10 at 20kDa, the large T fragment must have an actual molecular mass of 

approximately 15kDa. It was reported earlier that in SV40 transformed mouse cell lines 

four smaller fragments of large T occur, however, these truncated forms were described as 

N-terminal splice variants of the large T antigen from 15 to 45 kDa (Chaudry et al., 1982). 

Since this is not the case for the fragment conjugated to FAT10, it possibly does not 

represent a splice variant, but might be derived from incomplete processing of the 

proteasome. 
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Figure 21. Colloidal coomassie staining of co-immunoprecipitation of HA-FAT10. (A) 
TB1N cells were induced by tetracycline removal and a co-immunoprecipitation was 
performed. Samples were subjected to SDS-PAGE and bands were stained with colloidal 
coomassie staining solution. The bands denoted by arrows were cut out from the induced 
and non-induced lane and subjected to LC-MS analysis. The symbols + and - indicate the 
induced or non-induced samples in the table, respectively. The numbers of the bands are 
also given in the table, summarizing the proteins found by mass-spectrometry. FAT10 and 
its possible conjugation partner are highlighted in green. (B) Illustration of large T antigen 
protein sequence, showing the detected peptide sequences and their location in the amino 
acid sequence of the large T antigen (modified from Sullivan and Pipas, 2002). 
 

 82



 
IV. Identification of a FAT10 conjugate 

 
Figure 22. FAT10 conjugates to a fragment of large T antigen. (A) Western blot 
analysis of whole cell lysates from non-induced and induced TB1N cells using anti-
FAT10, anti-Large T (poly = polyclonal) and anti-Large T (mono = monoclonal antibody). 
HA-FAT10, Large T and HA-FAT10-Large T fragment (frag.) bands are indicated. (B) 
Co-immunoprecipitation of HA tagged FAT10 from TB1N cells and detection of the 
immunoprecipitates with anti-HA antibody and anti-Large T polyclonal antibody by 
Western blot. Asterisks indicate heavy and light chain of the HA antibody used for 
immunoprecipitation. The symbols + and - indicate induced or non-induced samples, 
respectively. 
 

 

4.3.3 FAT10∆GG does not bind to a large T antigen fragment 

Since the transfectant with a mutation at the diglycine motif of FAT10, called TB14, does 

not show the FAT10 conjugate band (Raasi et al., 2001), it was investigated if this mutant 

can still co-precipitate the large T fragment. Figure 23 illustrates that this is not the case. 

Overexpressed HA-FAT10∆GG cannot interact and covalently bind the large T fragment. 

There is no smaller large T fragment available in either the induced or non-induced cells, 

as shown in the anti-large T Western blot. Therefore, it can be concluded that FAT10 is 

bound to a large T antigen fragment by its C-terminal diglycine motif.  
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It has been shown that the conjugate band detected in TB1N cells is degraded by the 

proteasome (Hipp et al., 2005). This led to the speculation that FAT10 is responsible for 

targeting full-length large T to the proteasome. The degradation process might then 

somehow be incomplete, releasing the proteins too early, leading to the existence of a 

smaller fragment conjugated to FAT10. However, no evidence could be obtained that 

FAT10 also interacts with the full-length large T antigen. 

 
The identification of the FAT10 conjugate, which was in the dark for some years, might be 

a hint for FAT10 target proteins under physiological conditions. The relevance of this 

finding, however, must be further investigated. A possible approach to do so is the SV40 

infection of wildtype and FAT10 deficient mice to elucidate defects for instance in the 

viral replication. The assumption that FAT10 could help in clearing SV40 might seem 

unusual as a protein of simian virus was used in a murine cell line. However, the human 

polyomaviruses JC and BK as well as the murine polyoma virus also possess genes for 

large T antigens, which show sequence homology to SV40 large T. These viruses should 

also be tested in further experiments to see if FAT10 might play a role in these kinds of 

viral infections. 

 

 

 
Figure 23. FAT10∆GG does not conjugate the large T fragment. Co-
immunoprecipitation of non-induced and induced transfectants expressing HA-FAT10 
(TB1N) or HA-FAT10∆GG (TB14) was performed and the immunoprecipitates were 
detected with anti-HA antibody and anti-Large T polyclonal antibody by Western blot. 
Asterisks indicate heavy and light chain of the HA antibody used for immunoprecipitation. 
The symbols + and - indicate induced or non-induced samples. 
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4.4 MATERIALS AND METHODS 

 
Cell culture 

The tetracycline inducible mouse HA-FAT10 and HA-FAT10∆GG transfectants TB1N 

and TB14, respectively, were generated and cultured as described (Raasi et al., 2001). 

 

Antibodies 

Polyclonal large T antibody (rabbit) and monoclonal pAB419 large T antibody (mouse) 

were kindly provided by the Deppert lab. Polyclonal FAT10 antibody was generated as 

described (Raasi et al., 2001). Anti-HA was obtained from Sigma. Horse radish peroxidase 

(HRP) conjugated secondary mouse and rabbit antibody were purchased from Dako. 

 

Immunoprecipitation assay 

HA-FAT10 expression in TB1N cells was induced by removal of tetracycline from the 

medium and the cells were collected until a cell pellet of about 1.5ml was obtained. Cells 

were lysed in 20mM Tris pH 8.0, 150mM NaCl, 1mM MgCl2 and 2% Triton X-100. After 

preclearing the cell lysates for 30 minutes with Protein A beads, they were transferred onto 

anti-HA affinity matrix (Sigma) and incubated for 4 hours at 4°C. After washing them 

twice with NET-TON and three times with NET-T buffer, beads were subsequently boiled 

in Laemmli buffer with 10% β-mercaptoethanol. The samples were subjected to SDS-

PAGE. The gels were stained with colloidal coomassie solution. 

 

Colloidal coomassie staining and LC-MS analysis 

The gels were fixed in 12% trichloroacetic acid for 1 hour. In the meantime the staining 

solution was prepared, which is composed of three solutions. Solution A: 10% ammonium 

sulphate, 2% phosphoric acid; solution B: 5% Coomassie brilliant Blue G-250 (Sigma); 

solution C: 100% methanol. Solutions A and B were mixed in a ratio 40:1 and vigorously 

shaken. Next, 10% methanol was added and the mixture was agitated again. The mixed 

solution was then poured onto the pre-fixed gel and stained over night. Gels were 

subsequently washed in a 25% methanol solution and fixed and stored in 20% ammonium 

sulphate solution. Coomassie stained bands were trypsinized and analyzed using a LC ESI-

trap tandem mass spectrometer (HCTplusTM, Bruker). Peptides were identified using the 

bioinformatics software Data Analysis for Esquire and Mascot Matrix Science. 
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Western blot analysis 

TB1N cells were lysed with 2% Triton X-100 in 20mM Tris pH 8.0, 150 mM NaCl and 

1mM MgCl2 containing protease inhibitors and subsequently sonicated. Proteins from the 

total cell lysates were resolved by SDS-PAGE and transferred to a Protran nitrocellulose 

membrane (Whatman). The membranes were blocked with PBS containing 3% of bovine 

serum albumin (BSA) and incubated with the respective antibodies overnight at 4°C. After 

washing, HRP-conjugated secondary antibodies were used to detect protein bands using an 

enhanced chemiluminescent substrate (SuperSignal West Pico Chemiluminescent 

Substrate, ThermoScientific). 
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Since the discovery of ubiquitin 30 years ago, it was believed that only a single ubiquitin-

activating enzyme exists that is capable of ubiquitin activation and ubiquitin transfer to 

dozens of E2 enzymes (Pickart and Eddins, 2004). The deletion mutant of UBA1 in yeast, 

which is lethal, provided evidence for an exclusive position of the E1, showing that this 

gene is indeed essential (McGrath et al., 1991) and no other proteins can rescue its 

function. In mammalian cells a temperature-sensitive mutant of ube1 gene occurs, which, 

when shifted to a non-permissive temperature, leads to the abrogation of protein 

degradation (Ciechanover et al., 1984; Finley et al., 1984). In this case, the defect of 

ubiquitylation, however, was not complete, which might have been the first hint that 

different ways of activation may exist in eukaryotic cells. 

 
Indeed, during the search of an activating enzyme for the ubiquitin-like modifier FAT10 a 

second ubiquitin-activating enzyme was identified and named UBE1L2 (from now on 

referred to as UBA6) (part II). In contrast to most E1 enzymes, UBA6 is not conserved 

from yeast to human but it is found only in higher organisms and sea urchin, similar to the 

UFM1-activating enzyme UBA5, which emerges in multicellular organisms (Komatsu et 

al., 2004), and UBE1L, which is only present in mammals, reptiles and birds. Interestingly, 

the analysis of protein expression in different cell lines showed that UBA6 is expressed in 

commonly used cell lines as well as ube1 temperature-sensitive cell lines (Jin et al., 2007), 

which might indicate that these processes are not ubiquitin independent or due to 

incomplete UBE1 inactivation but that UBA6 is responsible for the residual degradation 

process observed under the non-permissive temperature. Furthermore, UBA6 has high 

sequence identity to UBE1 (about 40%), comprising an ATP binding domain as well as the 

active site cysteine domain. Verification that UBA6 also acts as a ubiquitin-activating 

enzyme was given by transfer experiments where charged UBA6 could recognize the 

promiscuous E2 UBCH5B. The transfer then led to the autoubiquitylation of the HECT 

E3s E6-AP and HECTH9 as well as MDM2-mediated ubiquitylation of p53. Therefore, 

UBA6 could substitute for UBE1 in these reactions. UBA6 mRNA levels in different 

mouse organs are mostly equal, however, a significantly higher expression in testes was 

detected (part II). A splice variant of this gene called nUBE1L was also characterized with 

increased expression in adult human testes (Zhu et al., 2004). This suggests a specialized 

function of UBA6 in the testes, which is not unlikely, since also a testis-specific E2 and E3 

enzymes have been discovered. UBC4-testis is specifically expressed in spermatids and is 

induced during spermatogenesis (Wing et al., 1996). Moreover, testis-specific HECT E3s 
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like Rat100 (Oughtred et al., 2002), E3-Histone (Liu et al., 2005) and the RING E3 ligase 

MEX (Nishito et al., 2006) have been identified. The testes are the organs of 

spermatogenesis, in which high protein turnover is required over a lifetime. A tissue-

specific knockout mouse will be indispensable to elucidate the role of UBA6 in the male 

fertility organs. 

 
The almost simultaneous discovery of UBA6 by two independent groups gave further 

insight into the importance of the second ubiquitin-activating enzyme. Chiu et al. revealed 

that ubiquitin and the ULM FAT10 are activated by UBA6 (Chiu et al., 2007). This was a 

surprising finding, since we and others (part II and Jin et al., 2007) also tested FAT10 

activation with UBA6, leading to a negative result. The explanation for this was the bulky 

GST tag on FAT10, which apparently inhibited the proper interaction with UBA6 and 

FAT10. However, with a smaller tag like hemagglutinin (HA), the activation of FAT10 

could be confirmed. All other tested members of the family of activating enzymes – 

UBE1L, AOS1/UBA2, APP-BP1/UBA3, MOCS3 (UBA4), ATG7, and UBA5 – did not 

show activation of FAT10 (part II, supplementary data). In addition, this group reported 

that UBA6 is required for FAT10 conjugate formation in cells and the conventional 

knockout of UBA6 in mice is lethal (Chiu et al., 2007). The second study looked into the 

ubiquitin transfer to a battery of E2 conjugating enzymes with both UBE1 and UBA6, 

identifying an UBA6-specific E2, termed USE1 (Jin et al., 2007), formerly known as 

UBE2Z (Gu et al., 2007). Most other tested E2s were only charged by UBE1; however, 

several E2 enzymes accepted ubiquitin from both UBA6 and UBE1. The ubiquitin-fold 

domain of the E1 enzymes in part mediated the specificity of the E2 recruitment (Jin et al., 

2007). A detailed review of the new results on the second strand of ubiquitin activation and 

the relations to FAT10 was given by Groettrup et al. (Groettrup et al., 2008; Appendix). 

 
Remarkably, USE1 also serves as an E2 enzyme for FAT10. A yeast two-hybrid screening 

of a thymus library revealed that USE1 directly interacts with FAT10 (part III). Since it is 

known by now that FAT10 is activated by UBA6 and USE1 is a specific E2 enzyme for 

UBA6 (Chiu et al., 2007; Jin et al., 2007), the hypothesis that USE1 is also a conjugating 

enzyme for FAT10 was tested and proven true by in vitro and in vivo experiments. 

Interestingly, FAT10 formed a stable bond with USE1, which could not be destroyed under 

strong reducing conditions. Since the inactive Cys mutant of USE1 abolished the formation 

of the USE1-FAT10 conjugate, it was assumed that an isopeptide bond was formed with a 
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lysine residue of USE1. The auto-FAT10ylation of USE1 occurred in cis, not in trans (part 

III). Auto-modification of E2 enzymes has also been reported of UCB9, which is 

sumoylated at a lysine residue, leading to impaired RanGAP1 modification or increase 

Sp100 modification efficiency (Knipscheer et al., 2008). Alternatively, ubiquitin-

conjugating enzymes act in monoubiquitylation of several ubiquitin-binding proteins 

independent of E3 protein ligases (Hoeller et al., 2007). Autoubiquitylation is also 

performed by ubiquitin E3 protein ligases, down-regulating their protein levels by 

proteasomal degradation through attachment of polyubiquitin chains (Nuber et al., 1998). It 

is known that FAT10 is responsible for the rapid degradation of GFP and DHFR fusion 

proteins as well as a FAT10 conjugate in a ubiquitin-independent manner (Hipp et al., 

2005) and the degradation is enhanced by the UBL-UBA domain protein NUB1L (Hipp et 

al., 2004). It was assumed that USE1 might auto-FAT10ylate itself to limit its own activity. 

Pulse chase experiments demonstrated that degradation via the proteasome occurred only 

in the presence of NUB1L (part III). 

 
These results present even more complexity of the ubiquitin and ubiquitin-like modifier 

pathways than originally assumed. Moreover, the role of FAT10 and its interacting partner 

NUB1L in the proteasomal degradation process of its conjugates is strengthened. The tight 

overlap of the new ubiquitin pathway and the FAT10 pathway raises the question when 

either ubiquitin or FAT10 is attached to a substrate. The solution, however, might lie in the 

different expression patterns of ubiquitin and FAT10. Ubiquitin is widely expressed in all 

cells and organs whereas FAT10 is preferentially expressed in lymphoid organs (Lukasiak 

et al, 2008) or synergistically induced in other cells by IFN-γ and TNF-α (Raasi et al., 

1999; Liu et al., 1999). The question may possibly be answered by the identification of 

FAT10-specific E3s or FAT10 substrates. The yeast two-hybrid screen actually identified 

an E3 ligase called TRIM11 (Aichem, unpublished), which was recently linked to anti-

retroviral defence (Uchil et al., 2008). However, further experiments need to first clarify its 

role in the FAT10 conjugation pathway. 

 
FAT10 contains two UBL domains and the diglycine motif at the C-terminal end, which 

classifies FAT10 for the family of ubiquitin-like modifiers (Bates et al., 1997). However, 

no physiological substrates have been identified so far apart from the characterized USE1-

FAT10 conjugate. In a murine fibroblast cell line ectopically expressing FAT10-specific 

antibodies could detect one FAT10 conjugate, which shows a higher molecular mass than 
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the FAT10 monomer. Furthermore, this conjugation was dependent on the C-terminal 

glycine (Raasi et al., 2001). As part of this study, the unsolved conjugate was identified as 

a fragment of the large T antigen of SV40 by mass-spectrometry and this result was further 

confirmed by the detection of the conjugate with specific antibodies against the large T 

antigen. The fragment comprises mostly the DNA binding domain as the mass-

spectrometrically recognized peptides were all from this part of the protein. Additionally, 

the conjugate could not be detected with large T antibodies in the comparable FAT10 cell 

line lacking the C-terminal diglycine motif (part IV). 

 
The attachment of FAT10 to a large T antigen fragment was a surprising finding since the 

parental cell line was immortalized with SV40 (Groettrup et al., 1995) and huge amounts 

of the large T antigen were still detected with specific antibodies. One could now argue 

that this is a very artificial system and the conjugation is an artifact arising due to the 

overflow of large T antigen. Moreover, a conjugate between the full-length large T and 

FAT10 was not detected in this cell line. However, this result could also be a hint for the 

array of FAT10 targets and a potential function in antiviral defence. Further experiments 

must be designed to clarify the significance of this discovery. One possible approach is the 

infection of wildtype and FAT10-deficient mice with SV40 to investigate whether 

differences in the viral clearance of various organs or maybe defects in the replication of 

the virus occur. 

 

Several indications point towards a function of FAT10 in the immune response: the 

localisation of fat10 gene in the MHC class I locus, the induction by IFN-γ and TNF-α, and 

the exclusive expression pattern of FAT10 as well as the fact that FAT10 is only present in 

organisms with an immune system. However, the MHC class I dependent antigen 

processing is not affected by the presence of ectopically expressed FAT10 as shown by 

studies on a mouse fibroblast cell line. Here, MHC class I surface expression and also the 

presentation of an MCMV and LCMV derived epitope was not altered (Raasi et al., 2001). 

Hence, these two viral proteins may not be relevant for FAT10 targeting. ISG15, which is 

involved in viral protection and is a structurally closely related protein to FAT10 

(Narasimhan et al., 2005), represents a similar example. It is known that the ISG15 

deficiency in mice has no influence to LCMV and VSV infection (Osiak et al., 2005), but 

the mice had an increased susceptibility to other viruses like influenza A and B, Sindbis 

virus and HSV-1 (Sadler and Williams, 2008). Therefore, FAT10 is possibly also 
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responsible for targeting different viral proteins other than MCMV or LCMV. Recently, a 

gene array conducted in the course of dendritic cell (DC) maturation suggested that FAT10 

together with UBA6 and USE1, and many other proteins of the ubiquitin-proteasome 

system play a role in DC activation, since they were upregulated by stimulatory treatments, 

i.e. Poly(I:C) and LPS (Ebstein et al., 2008). However, the FAT10 knockout mice show no 

evident abnormalities apart from hypersensitivity to LPS stimulation (Canaan et al., 2006), 

which leaves the physiological role of FAT10 unclear and requires further investigation. 

 
FAT10 is the only other modifier apart from ubiquitin known to target proteins to 

proteasomal degradation (Hipp et al., 2005) and the stable conjugate with its own E2 

enzyme is also degraded by the proteasome with the help of NUB1L (part III). 

Additionally, under proteasome inhibition FAT10 interacts with HDAC6 and localizes to 

aggresomes, which are pericentriolar structures sequestering unfolded proteins and leading 

to the lysosomal degradation via autophagy (Kalveram et al., 2008). Therefore, FAT10 is 

involved in two major degradation pathways of the cell. Given that the FAT10-SV40 large 

T fragment conjugate is degraded by the proteasome (Hipp et al., 2005; part IV) it might be 

possible that FAT10 in cooperation with NUB1L targets viral proteins to the proteasome 

leading to their rapid degradation. If this pathway is impaired, formation of aggresomes 

could direct harmful proteins to the lysosomal degradation pathway. Both pathways may 

contribute to the defence mechanism against intracellular pathogens. Alternatively, FAT10 

might also target, e.g., inhibitors of apoptosis (IAP) or other antiapoptotic proteins for 

degradation since overexpression of FAT10 induces caspase-dependent apoptosis in the 

fibroblast cell line (Raasi et al., 1999) as well as in renal tubular epithelial cells (Ross et 

al., 2006). In view of the fact that IAPs also function as RING E3 ligases (Vaux and Silke, 

2005) and that FAT10 together with NUB1L leads its own E2 enzyme to proteasomal 

degradation in an autoregulatory way (part III) it could be speculated that also IAPs 

represent potential E3 ligases for FAT10. Auto-FAT10ylation of IAPs and the subsequent 

degradation could then lead to apoptosis induction in cells. 

 
The results presented in this thesis are revolutionary for the ubiquitin conjugation pathway, 

since the hierarchal model must be revised at least in vertebrates and sea urchin. It will be 

interesting to pursue the upcoming research on the dual ubiquitin conjugation system: 

when, where and with what substrates does UBA6 take over the role of UBE1? Since the 

conventional knockout is lethal, the generation of conditional UBA6 knockout mice is 
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already ongoing, which will allow tissue-specific analysis of UBA6-dependent 

ubiquitylation or FAT10ylation. Additional investigations on the FAT10 knockout mice 

need to be conducted to characterize the role of FAT10 in the immune response more 

precisely. Furthermore, the findings give insight into the FAT10 conjugation pathway and 

provide useful tools to identify the FAT10 substrates and the physiological functions of 

FAT10 in the future.  
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AMP  adenosine monophosphate 
APC  anaphase promoting complex 
ATP  adenosine triphosphate 
ATG  autophagy related gene  
BLAST basic local alignment search tool 
CAND1 cullin-associated and neddylation-dissociated 1 
cDNA  complementary DNA 
CHIP  carboxyl terminus of HSP70- interacting protein 
C-terminal carboxy-terminal 
CUL  cullin 
DC  dendritic cell 
DNA  desoxyribonucleic acid 
DEN  deneddylase 
DHFR  dihydrofolate reductase 
DUB  deubiquitinating enzyme 
E1  ubiquitin-activating enzyme 
E2  ubiquitin-conjugating enzyme 
E3  ubiquitin protein ligase 
E6-AP  E6 associated protein 
EGFR  epidermal growth factor receptor 
FAT10  HLA-F associated transcript 10 
GFP  green fluorescent protein 
GST  glutathione S-transferase 
HA  hemagglutinin 
HDAC  histone deacetylase 
HCC  hepatocellular carcinoma 
HSC  heat shock cognate 
HSP  heat shock protein 
HSV  herpes simplex virus 
HECT  homologous to E6-AP carboxyl terminus 
HIV  human immunodeficiency virus 
HUB1  homologous to ubiquitin 1 
IAP  inhibitor of apoptosis 
IFN  interferon 
IκB  inhibitor of NF-κB 
IP  immunoprecipitation 
IPTG  isopropyl D-1-thiogalactopyranoside 
ISG15  interferon stimulated gene 15 
JAK  Janus kinase 
LC ESI-trap liquid chromatography electrospray ionisation-trap 
LCMV  lymphocytic choriomeningitis virus 
LPS  lipopolysaccharide 
MAD2  mitotic arrest deficient 2 
MCMV mouse cytomegalovirus 
MDM2 mouse double minute 2 
MHC  major histocompatibility complex 
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MNSF  monoclonal non-specific suppressor factor 
mRNA  messenger ribonucleic acid 
NEDD8 neural precursor cell - expressed developmentally down-regulated 
NF-κB  nuclear factor 'kappa-light-chain-enhancer' of activated B-cells 
N-terminal amino-terminal 
NUB1  Nedd8 ultimate buster 1 
PCR  polymerase chain reaction 
PD  Parkinson’s disease 
PIAS  protein inhibitor of activated STAT 
PKR  protein kinase R 
PML  promyelocytic leukemia protein 
RanBP  Ran binding protein 
RanGAP1 Ras-like GTPase Ran 
RBX1  ring box 1 
RCCB  RING-coiled-coil-B-box 
RHD  rhodanese homology domain 
RIG-I  retinoic acid inducible gene I 
RING  really interesting new gene 
Roc  ring of cullin 
RUB1  related to ubiquitin 1 
SCF  Skp1-Cullin-F-box protein 
SENP  SUMO 
siRNA  small interfering RNA 
SMT3  suppressor of MIF2 mutations-3 
STAT  signal transducers and activators of transcription. 
SUMO  small ubiquitin-like modifier 
TKB  tyrosine kinase binding 
TNF  tumor necrosis factor 
TRIM  tripartite motif 
Ub  ubiquitin 
UBA  ubiquitin-associated 
UBC  ubiquitin conjugating 
UBL  ubiquitin-like protein 
UBE1L2 ubiquitin-activating like enzyme 2 
UBP  ubiquitin binding protein 
UCH  ubiquitin C-terminal hydrolase 
UFC1  UFM1 conjugating enzyme 1 
UFM1  Ubiquitin-fold modifier 1 
UIM  ubiquitin-interacting motif 
ULM  Ubiquitin-like modifier 
URM1  Ubiquitin-related modifier 1 
USE1  UBA6-specific E2 enzyme 1 
VCB  VHL-ElonginC/B 
VHL  von Hippel-Lindau 
VSV  vesicular stomatitis virus 
WB  Western blot 
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Amino Acids 
 
Alanine   Ala  A 

Arginine   Arg  R 

Asparagine   Asn  N 

Aspartic acid  Asp  D 

Cysteine   Cys  C 

Glutamine   Gln  Q 

Glutamic acid   Glu  E 

Glycine   Gly  G 

Histidine   His H 

Isoleucine   Ile  I 

Leucine   Leu  L 

Lysine    Lys  K 

Methionine   Met  M 

Phenylalanine   Phe  F 

Proline   Pro  P 

Serine    Ser  S 

Threonine   Thr  T 

Tryptophane   Trp  W 

Tyrosine   Tyr  Y 

Valine    Val  V 
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Experiments in this chapter were performed by myself or under my direct supervision 

(except Figure 6) and I wrote the manuscript of this publication. I carried out the 
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III. The UBA6-specific ubiquitin conjugating enzyme USE1 is auto-modified and 

down-regulated by FAT10 conjugation 
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Summary 

Since its discovery in 1981, ubiquitin-activating enzyme 1 was thought to be the only E1-

type enzyme responsible for ubiquitin activation. Recently, a relatively uncharacterized E1 

enzyme, designated ubiquitin-like modifier activating enzyme 6, was also shown to 

activate ubiquitin. Ubiquitin-activating enzyme 1 and ubiquitin-like modifier activating 

enzyme 6 are both essential proteins, and each uses a different spectrum of ubiquitin-

conjugating (E2) enzymes. Ubiquitin-like modifier activating enzyme 6 activates not only 

ubiquitin, but also the ubiquitin-like modifier FAT10 (human leukocyte antigen F-

associated transcript 10), which, similarly to ubiquitin, serves as a signal for proteasomal 

degradation. This new layer of regulation in ubiquitin activation markedly increases the 

versatility of the ubiquitin conjugation system. 

 

 

The ubiquitin family 

The post-translational modification of proteins by phosphate, sugars or lipids has long been 

recognized as a means to alter the properties of proteins. When the ATP-dependent 

degradation of proteins was first investigated nearly three decades ago, it became clear that 

the scope of protein modifications extends to the covalent linkage with a 76-residue 

polypeptide termed ubiquitin (Ciehanover et al., 1978; Hershko and Ciechanover, 1998). 

The ubiquitin C terminus becomes isopeptide-linked to the ε-amino group of lysines within 

target proteins. Ubiquitin itself is then ubiquitylated on K48, leading to the assembly of 

ubiquitin chains. Chains of four K48-linked ubiquitins or longer are bound by 26S 

proteasome subunits, leading to target protein degradation following the removal and 

recycling of ubiquitin (Hanna et al., 2006). Ubiquitin chains cannot only be linked through 

lysine 48, but also through the other seven lysines within ubiquitin. Chains linked through 

K63, for example, have a role in endocytosis and signal transduction through nuclear 

factor-κB (Deng et al., 2000; Galan and HaguenauerTsapis, 1997). The conjugation and 

deconjugation of ubiquitin falls under stringent enzymatic control. Initially, ubiquitin 

requires activation by a ubiquitin- activating enzyme (E1) that uses ATP and its active site 

cysteine to form a thioester with the ubiquitin C terminus (Huang et al., 2004). Then 

ubiquitin is transferred to the active site cysteine of a ubiquitin-conjugating enzyme (E2). 

A ubiquitin-charged E2 enzyme and a substrate are finally bound by a ubiquitin ligase (E3) 

that mediates the isopeptide linkage of the activated ubiquitin to the substrate (Appendix, 

Figure 1). 
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Ubiquitin was originally described as the ‘heat-stable polypeptide of the ATP dependent 

proteolytic system’ (Ciehanover et al., 1978). Ubiquitin is stable because it folds tightly in 

a so-called ‘β-grasp fold’, wherein four β-sheets pack around a central α-helix. Ubiquitin–

protein binding introduces a new, separately folded domain to the protein which enables 

binding of new interaction partners that bear one or more of the numerous types of 

ubiquitin-interaction domains (Hicke et al., 2005). It is now apparent that binding to 

proteasomal subunits or docking proteins is only one example of ubiquitin-mediated 

interactions. 

 
Twenty years after the first reports on ubiquitin, it became clear that ubiquitin is only the 

tip of an iceberg because nearly a dozen ubiquitin-like proteins use the same biochemical 

principles (Kerscher et al., 2006). Although not all ubiquitin- like proteins share significant 

sequence identity with ubiquitin, each possesses the typical ‘β-grasp’ or ‘ubiquitin-fold’ 

structure. The ubiquitin-like proteins can be subdivided into the ‘ubiquitin-domain 

proteins’, which contain ubiquitin-like domains as protein–protein interaction domains but 

do not become conjugated to target proteins, and the so-called ‘ubiquitin-like modifiers’ 

(ULMs), which become isopeptide linked to selected target proteins through dedicated E1–

E2–E3 enzyme cascades. To date, the ULMs small ubiquitin-related modifier (SUMO)1–3, 

neuronal precursor cell-expressed developmentally downregulated protein (NEDD)8, 

interferon-stimulated gene (ISG)15, autophagy-related (ATG)8, ATG12, human leukocyte 

antigen F-associated transcript (FAT)10, ubiquitin-related modifier (URM)1, ubiquitin-

fold modifier (UFM)1 and monoclonal nonspecific suppressor factor (MNSF)β have been 

described (Kerscher et al., 2006). Each ULM contains one or two glycines at the C 

terminus of its ubiquitin-fold domain that is used to form the isopeptide bond with target 

proteins, and most (except for FAT10, ATG12 and URM1) are synthesized as precursors 

whose conjugation requires C-terminal cleavage at this glycine through specific processing 

proteases. Again, with the exception of FAT10 (Hipp et al., 2005), none of the ULMs 

primarily function in proteolytic targeting, although recent work demonstrated that 

polyubiquitylation and/or accelerated degradation can be a secondary consequence of 

SUMO-1, and possibly NEDD8, modification (Kamitani et al., 2001; Prudden et al., 2007; 

Uzunova et al., 2007; Xie et al., 2007). Instead, modification of proteins with ULMs 

directs changes in other properties, including intracellular localization, enzymatic turnover, 

signal transduction competence and transcriptional activity (Kerscher et al., 2006). 

Remarkably, each ULM requires specific E1, E2 and E3 enzymes, indicating that separate 
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control of these pathways has evolved at the step of ULM activation. Until now, the only 

examples of shared E1 enzymes have been the activation of SUMO1–3 by the 

heterodimeric E1 enzyme, AOS1–UBA2 (activation of Smt3p 1–ubiquitin-like modifier 

activating enzyme 2), and the activation of ATG8 and ATG12 by their common E1 

enzyme, ATG7 (Suzuki and Ohsumi, 2007). The recent discovery that ubiquitin can be 

stimulated by two different E1 enzymes, ubiquitin-activating enzyme 1 (UBE1) and UBA6 

(Chiu et al., 2007; Jin et al., 2007; Pelzer et al., 2007), and that UBA6 can activate two 

different ULMs (ubiquitin and FAT10) (Chiu et al., 2007), emphasizes that a unilateral 

assignment of an E1 enzyme to a select ULM is no longer valid. The enormously diverse 

ubiquitin system does not rely on a single E1 enzyme but, rather, on two. These 

unexpected findings open new avenues for regulation at the level of activating a ULM, but 

also pose several questions regarding the specificity of ULM transfer. 

 

 
 

Structure and enzymatic mechanisms of E1 enzymes 

To date, eight E1 enzymes have been identified owing to their conserved three-domain 

structure, and most have been assigned to one of the known ULMs (Appendix, Table 1). 

E1 enzymes are either formed by a single polypeptide chain or are heterodimers such as 

the E1 enzymes AOS1–UBA2 and β-amyloid precursor protein-binding protein (APP-BP)-

1–UBA3 for SUMO1–3 and NEDD8, respectively, which carry the characteristic E1 

domains on two separate polypeptides (Johnson et al., 1997; Liakopoulos et al., 1998). One 

task of E1 enzymes is to bind non-covalently to their cognate ULM, thereby ensuring that 

the appropriate ULM is selected for the respective conjugation cascade. In addition, the 

ULM C terminus must be activated so that it can eventually form an isopeptide bond. This 

activation is achieved through an ordered mechanism in which first ATP is bound by the 

E1, followed by binding of the ULM (Bohnsack and Haas, 2003; Haas et al., 1982; Huang 

et al., 2004) (Appendix, Figure 1). The ULM glycine carboxy group then attacks the α-
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phosphate of ATP to form an energy-rich acyl-phosphate anhydride with AMP. 

Subsequently, the activated ULM glycine carboxy group is subject to a nucleophilic attack 

by the sulfur atom of a cysteine conserved in the active sites of all E1 enzymes. This 

activity results in the formation of an energy-rich E1–ULM thioester, which remains 

covalently bound while a second ULM is recruited to the adenylation site. A cognate E2 is 

then bound non-covalently, and the ULM thioester is passed onto the E2 active site 

cysteine in a transthiolation reaction. This step ensures that an activated ULM is not 

transferred onto an inappropriate E2. Finally, the E2–ULM thioester is released and the 

cycle begins again (Appendix, Figure 1). Interestingly, the recent structural determination 

of an E1–E2–NEDD8 complex indicated that the formation of the E1–NEDD8 thioester 

enhances the affinity for the cognate E2 Ubc12, which is lowered again after the 

transthiolation reaction has occurred, thus facilitating E2–NEDD8 release (Huang et al., 

2007).  

 
The crystal structures have been solved for the NEDD8 and SUMO E1 enzymes in 

complex with their cognate ULM. A partial structure also exists for UBE1, the ubiquitin 

E1 enzyme (Lois and Lima, 2005; Szczepanowski et al., 2005; Walden et al., 2003b). 

Considering the high degree of conservation among the known E1 enzymes, it can be 

assumed that all E1 enzymes possess three modular domains, which regulate the functions 

outlined here. The domains are arranged around two clefts that coordinate nucleotide and 

protein binding (Dye and Schulman, 2007). The N-terminal portion of E1 enzymes directs 

ATP- and ULM binding. This module is composed of two ThiF-homology motifs, which 

were named according to a homologous domain in the bacterial enzyme ThiF (Appendix, 

Box 1). The second ThiF-homology domain contains the consensus motif GxGxxGCE, 

which directs ATP binding. The next module bears the active site cysteine found within the 

consensus motif PxCTxxxP. The most C-terminal 100 amino acids of E1 enzymes 

constitute the third module, a ubiquitin-fold domain, which binds to E2 enzymes. Domain-

swapping experiments between different E1 enzymes have revealed that this domain 

accounts for the selectivity of E1 enzymes for their cognate E2s (Huang et al., 2005; Jin et 

al., 2007). 
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Figure 1. Activation of an ULM by an E1 enzyme. The E1 enzyme can bind to the 
modifier at two different sites, an adenylation site (blue) and a site where the modifier is 
thioester linked to the E1 (red). First, the E1 enzyme uses ATP to adenylate, and thereby 
activates the ULM. The activated ULM is then transferred from the E1 ThiF domain to the 
active site cysteine-containing domain to form a thioester. Subsequently, a second ULM 
binds and is adenylated. The formation of the thioester enhances the affinity for E2 
binding, and the activated ULM is transthiolated to a cognate E2 enzyme. An E3 ligase 
then binds to the ULM-charged E2 in addition to a substrate, and catalyzes the isopeptide 
bond formation between the C terminus of the ULM and an ε-amino group of lysine in a 
substrate protein.  
 

 

UBA6: a second ubiquitin-activating enzyme 

An E1 enzyme that activates ubiquitin was initially described, characterized and purified in 

1981 and 1982 (Ciechanover et al., 1982; Ciechanover et al., 1981; Haas et al., 1982); 

corresponding genes, named UBA1 in yeast and plants and UBE1 in mammals, were 

cloned a decade later (Handley et al., 1991; Hatfield et al., 1990; McGrath, 1991; 

Zacksenhaus and Sheinin, 1990). In Saccharomyces cerevisiae, UBA1 is essential, 

indicating that no other E1-type enzyme can compensate for this deficiency. In mammals, 

UBE1 is encoded on the X chromosome, which explains how mutations in the single copy 

of UBE1 generated several temperature-sensitive (ts) cell lines which arrested in the G2–S 

phase of the cell cycle at a restrictive temperature (Ciechanover et al., 1984; Finley et al., 

1984; Kulka et al., 1988; Zacksenhaus and Sheinin, 1990) Indeed, transfection of these 

cells with constructs encoding UBE1 rescued the ubiquitylation defect, indicating that the 
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ts mutation affected UBE1 (Handley-Gearhart et al., 1994). These ts cell lines have been 

used extensively to characterize the function of UBE1 and of the entire ubiquitylation 

system. In the ts85 cell line, polyubiquitylation and degradation of pulse-labeled proteins is 

reduced to <15% of the level observed in wild-type cells. The low residual ubiquitin 

activation was assumed to result from incomplete UBE1 inactivation and was taken as 

evidence that, in mammals, no other E1 for ubiquitin exists. However, in mice (Kay et al., 

1991) and marsupials (Mitchell et al., 1992), a second UBE1-like gene is encoded on the Y 

chromosome (UBE1y); this is 90% identical to UBE1 found on the X chromosome 

(UBE1x) (Odorisio et al., 1996). Plants also have two or three different UBE1 genes that 

most likely resulted from gene duplications and are ~90% identical to each other; their 

enzymatic activity and the efficiency of ubiquitin transfer to several E2 enzymes is similar 

(Hatfield et al., 1997). It therefore seemed that UBE1 and these structurally and 

enzymatically related extra copies of UBE1 were the only ubiquitin-activating enzymes. 

 
It came as a surprise when this notion was proven incorrect. Recently, three groups 

independently discovered that a relatively uncharacterized gene previously named 

ubiquitin-activating enzyme E1-like protein 2 (UBE1L2) or monocyte protein-4 (MOP-4), 

the protein product of which contains all the aforementioned structural elements of E1 

enzymes, also activates ubiquitin (Appendix, Figure 2). This novel E1 enzyme is 42% 

identical to UBE1 and 36% identical to the ISG15 E1 enzyme UBE1L. Pelzer et al. used 

the name UBE1L2 (Pelzer et al., 2007), whereas Jin et al. renamed it UBA6 (Jin et al., 

2007) and Chiu et al. termed the protein E1-L2 (Chiu et al., 2007). Following the UBA 

nomenclature (Appendix, Table 1), we agree with Jin et al. (Jin et al., 2007) that UBA6 is 

the most systematic name, and we use UBA6 here.  

 
In a search for the FAT10 E1 enzyme, Pelzer et al. cloned and expressed all eight known 

or putative human E1 type enzymes and tested whether they were able to form thioesters 

with recombinant glutathione S-transferase (GST)–ULM fusion proteins. Because no ULM 

was known to be activated by UBA6, these authors tested all GST–ULM fusion proteins 

and, surprisingly, found that UBA6 activated GST–ubiquitin as efficiently as UBE1 in 

vitro and also in intact cells (Pelzer et al., 2007). In the GST pull-down assay, no other 

GST–ULM fusion proteins formed covalent conjugates that were sensitive to reducing 

agents, initially indicating that UBA6 was specific for ubiquitin. Next, these authors, in 

cooperation with Scheffner’s group, investigated whether ubiquitin activated by UBA6 
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could be transferred to E2 and E3 enzymes and become isopeptide linked to a substrate 

(Pelzer et al., 2007). Indeed, UBA6 was as efficient as UBE1 in transferring activated 

ubiquitin onto the broadspectrum E2 enzyme UbcH5b and further onto the E3 enzymes 

HectH9 and E6-AP. Moreover, the activated ubiquitin could become isopeptide linked to 

the ubiquitylation substrate p53 under the catalysis of the E3 ligase mouse double minute 

(Mdm)2 (Pelzer et al., 2007) (Figure 2).  

 
The activation of one member of the ubiquitin family by two different E1 enzymes is a 

new paradigm and poses the interesting question of why two enzymes have evolved for 

apparently the same purpose. A mere redundancy does not seem to apply because UBA6 

deletion in the mouse leads to embryonic lethality before day E10.5 (Chiu et al., 2007). 

One possibility is that UBA6 has different enzymatic properties than UBE1, although this 

is not likely because the kinetics of ubiquitin activation and the affinity for ubiquitin do not 

differ between UBE1 and UBA6 (Jin et al., 2007). An intriguing possibility is that UBA6 

and UBE1 might use different E2 enzymes, which in turn cooperate with different E3 

enzymes to ubiquitylate a unique subset of protein substrates. This scenario would endow 

the ubiquitylation system with a new layer of regulation at the level of ubiquitin activation. 

Jin et al. (Jin et al., 2007) undertook the impressive effort of testing 29 different E2 

enzymes for their ability to accept activated ubiquitin from either UBE1 or UBA6. They 

found that the 29 E2 enzymes could be grouped into four classes: 14 E2s were charged by 

UBE1 but not by UBA6, nine E2s were charged equally by UBE1 and UBA6, five E2 

enzymes could be charged by neither UBE1 nor UBA6 and, most interestingly, one 

relatively uncharacterized E2 enzyme, UBE2Z (Gu et al., 2007), was only activated by 

UBA6 but not by UBE1, which led to the suggestion that this enzyme be renamed ‘UBA6-

specific E2’ (Use1). The selectivity for certain E2 enzymes was also demonstrated by Chiu 

et al. (Chiu et al., 2007); they showed that Ubc3 and E2–25K could accept ubiquitin from 

UBE1 but not from UBA6. These assignments of cooperating E1 and E2 enzymes were all 

based on qualitative assays with a single endpoint, and need to be confirmed using 

quantitative enzymological data. However, some of the in vitro findings were further 

corroborated by knockdown experiments because Cdc34A and Cdc34B (i.e. two enzymes 

that were selectively charged by UBE1 in vitro) also relied on UBE1 but not on UBA6, in 

intact cells. Conversely, knockdown of UBA6, but not of UBE1, interfered with the in vivo 
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Figure 2. Cooperation of UBE1 and UBA6 with different E2 enzymes. UBE1 (red) and 
UBA6 (orange) load ubiquitin (Ub; green) onto a different spectrum of E2 enzymes and 
might therefore initiate the ubiquitylation of different substrates. Both UBE1 and UBA6 
consist of (i) two N-terminal ThiF homology units which adenylate ubiquitin, (ii) a central 
active site cysteine-containing domain (CCD) which forms a thioester with ubiquitin, and 
(iii) a C-terminal ubiquitin-fold domain (Ufd) which binds to E2 enzymes. As examples, 
the E2 enzyme Use1 (blue) accepts ubiquitin only from UBA6; the E2 enzyme Ubc3 
(purple) accepts ubiquitin only from UBE1; and the E2 enzyme UbcH5b (turquoise) can be 
charged with ubiquitin by both UBE1 and UBA6. E3 enzymes (depicted in a spectrum of 
green colors) selectively bind to E2 enzymes and their cognate substrates (small symbols 
attached to the bottom right of the E3) to transfer ubiquitin activated by UBE1 (red 
substrates) or UBA6 (orange substrates).  
 

 

loading of Use1 with activated ubiquitin (Jin et al., 2007). It is therefore logical to 

conclude that UBE1 and UBA6 only partially overlap with respect to their spectrum of E2 

enzymes, and it is reasonable to expect that this specificity will extend to E3 enzymes and 

their cognate substrates (Appendix, Figure 2).  

 
Other characteristics that might differ between UBE1 and UBA6 are their expression 

profiles in phylogeny, ontogeny or in different organs. UBA6 is expressed in vertebrates 

and the sea urchin but is not detected in insects, worms, fungi or plants. UBA6 expression 

during embryonal development has not yet been reported but the early lethality of the 
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conventional UBA6 knockout mice indicates that it is expressed in mice before day E10.5. 

When UBA6 mRNA expression was quantitatively assessed in 11 different mouse organs, 

a fivefold higher expression was found in the testis compared with all other organs, which 

expressed low levels of UBA6 (Pelzer et al., 2007). This finding might point at an 

enhanced need for UBA6 activity during spermatogenesis and would be consistent with the 

UBA6-dependent ubiquitylation of testis-specific target proteins. A testis-specific E2 

enzyme (Bedard et al., 2005), E3 enzyme (Liu et al., 2005) and ubiquitin-specific protease 

(Lin et al., 2000) have been described. The existence of a second UBE1 enzyme encoded 

on the Y chromosome of mice and marsupials argues for an enhanced need for ubiquitin 

activation during spermatogenesis because the differentiation from spermatocytes to 

mature elongated spermatids involves condensation and removal of much of the cytoplasm 

and the endoplasmic reticulum. Nevertheless, other than the strikingly enhanced expression 

in the testis, UBA6 is broadly expressed in all tissues at a low level. Jin et al. (Jin et al., 

2007) compared UBE1 and UBA6 expression levels, by western blot analysis, in a panel of 

cell lines, and estimated the UBA6 expression levels to be at least tenfold lower than those 

of UBE1. Interestingly, the frequently used ts UBE1 mutant cell lines ts85 and ts20 

expressed normal UBA6 levels, which opens the possibility that the residual level of high 

molecular mass polyubiquitin conjugates found in these cells might result from unaltered 

UBA6 expression rather than the previously proposed incomplete heat inactivation of 

mutant UBE1. This finding has the important implication that the degradation of specific 

protein substrates that occurs at the restrictive temperature in these cell lines might not be 

independent of ubiquitin activation in general but could instead rely on ubiquitin activation 

by UBA6 rather than by UBE1. 
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Box 1. The origin and evolution of E1 enzymes 
The structural analysis of two proteins from Escherichia coli has revealed their 

striking similarity to the E1 enzymes that activate ULMs. These two highly 

conserved proteins are MoeB (Rudolph et al., 2001), which is involved in the 

biosynthesis of molybdopterin, a tricyclic pyranopterin that coordinates 

molybdenum to build the molybdenum cofactor (Moco), and ThiF (Duda et al., 

2005; Lehmann et al., 2006), an enzyme required for thiamine biosynthesis 

(Figure I). Both enzymes bind to ATP and the ubiquitin-fold proteins MoaD and 

ThiS, respectively, to form an adenylate similar to the ULM adenylates formed by 

E1 enzymes. The ATP-binding domain is conserved between MoeB and ThiF in 

structure and sequence (44% identity) but also between these two proteins and 

the corresponding adenylation domains of E1 enzymes (~20–30% identity; Figure 

II). Therefore, these domains have been termed ThiF homology domains. 

Although MoeB and ThiF function as homodimers in which each monomer 

contains one ATP-binding ThiF homology domain, the N termini of E1 enzymes 

contain two ThiF homology units, which together bind only to one ATP molecule. 

Similar to E1 enzymes, MoeB and ThiF use the adenylates of their cognate 

ubiquitin-fold proteins MoaD and ThiS to form thioesters with a cysteine of the 

activating enzymes, with the only exception being that the thiocarboxylate of ThiS 

is disulfide linked to ThiF (Figure I). In contrast to the transfer of thioester-linked 

ULMs between E1 and E2 enzymes, MoaD and ThiS are released after activation 

as thiocarboxylates, which serve as sulfur donors for the biosynthesis of 

molybdopterin and thiamine, respectively. This process requires interaction with 

further factors (Duda et al., 2005; Lehmann et al., 2006), which might explain why 

the active site cysteine-containing domains of E1 enzymes, on the one hand, and 

MoeB and ThiF, on the other hand, are less conserved.  

Although the structures of the ubiquitin-fold proteins MoaD and ThiS are well 

conserved compared with ULMs (Lake et al., 2001; Wang et al., 2001), their 

sequences are not, except for a common diglycine motif at the C terminus of 

MoaD and ThiS. The only ULM that has significant sequence identity to MoaD or 

ThiS is Urm1 (Figure II), consistent with the notion that ULMs, MoaD and ThiS 

have evolved from common ancient sulfur carrier proteins, and that Urm1 

represents an evolutionary link between the two groups. 
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Figure I. Parallels in the activation of the ubiquitin-fold proteins ThiS, MoaD and ubiquitin. 
The top row (a) shows the formation of a ThiS adenylate by the activating enzyme ThiF, which is 
involved in thiamine biosynthesis in E. coli. The thiocarboxylate of ThiS serves as a sulfur donor for 
the synthesis of thiamine. The middle row (b) shows MoaD adenylation by the activation enzyme 
MoeB, which together constitute the molybdopterin synthase. The MoaD thiocarboxylate 
contributes the sulfur atoms that bind to molybdenum in the molybdenum cofactor. The bottom row 
(c) shows the activation of ubiquitin (Ub) and transfer onto a lysine residue (K) within a substrate 
protein. The activation enzymes that contain the ThiF homology motives are displayed in blue, and 
the ubiquitin-fold proteins in red.  
 
 

 
Figure II. Dendrogram analysis of the evolution of human (Hs) and yeast (Sc) E1 enzymes. 
The dendrogram was calculated by the ‘neighbor joining’ algorithm from a multiple sequence 
alignment of nucleotide-binding Rossman-fold domains – where possible, with support from 3D 
structures. Because we consider the prokaryotic MoeB and ThiF enyzmes and their eukaryotic 
counterpart UBA4 as the most ancient E1s, they can be used as an outgroup, resulting in a 
pseudo-rooted tree. The N-terminal (nt) and C-terminal (ct) Rossman-fold domains of UBE1, UBA6 
and UBE1L were separately aligned. Sequence conservation is usually higher within the 
nucleotide-binding C-terminal domain copies. When focusing on this subdomain, UBA6 is the 
closest relative of UBA1. 
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UBA6 activates two different modifiers: ubiquitin and FAT10 

UBA6 challenges a second major paradigm in the ubiquitin field – namely, that a specific 

E1 enzyme only activates one type or one closely related subfamily of modifiers. 

Thoroughly investigated examples for this selectivity are NEDD8 and ubiquitin, which are 

nearly 60% identical; a single arginine residue in the E1 for NEDD8 determines its 

selectivity for NEDD8 and prevents aberrant ubiquitin activation (Walden et al., 2003a). 

By contrast, UBA6 was recently shown to activate two ubiquitin family proteins, ubiquitin 

and FAT10 (Chiu et al., 2007) (Appendix, Box 2). Therefore, UBA6 is another example of 

an E1 that activates two structurally and functionally unrelated modifiers (Appendix, 

Figure 3). Chiu et al. demonstrated that FAT10 is activated by UBA6, but not by UBE1 or 

UBE1L, in vitro; this activation relied on the UBA6 active site cysteine and the FAT10 C-

terminal diglycine motif. Initially, the activation of GST–FAT10 by UBA6 in GST pull-

down experiments could not be detected (Pelzer et al., 2007) but the use of different tags 

enabled the activation to be consistently observed (Chiu et al., 2007). In HEK293 cells, 

endogenously expressed UBA6 and FAT10 are known to be covalently bound because 

FAT10 is released from UBA6 immunoprecipitates following dithiothreitol treatment. 

Chiu et al. also addressed whether UBA6 knockdown in HEK293 cells would abolish 

FAT10 conjugate formation. Previously, it had been difficult to detect FAT10 conjugates 

in HEK293, COS or HeLa cell lines (Hipp et al., 2005; Lee et al., 2003; Liu et al., 1999) 

(Appendix, Box 2). However, following overexpression from a His6-FLAG3-FAT10 

expression construct, Chiu et al. found an array of faint putative FAT10 conjugates in 

HEK293 cells that did not appear when a C-terminal diglycine mutant of FAT10 was 

expressed. These conjugates were strongly, but not completely, diminished following 

UBA6 knockdown but not knockdown of UBE1. This finding was interpreted to indicate 

that UBA6 is both necessary and sufficient to activate FAT10, a conclusion that should be 

confirmed in cells treated with the FAT10-inducing proinflammatory cytokines interferon 

(IFN)-γ and tumor necrosis factor (TNF)-α (Raasi et al., 1999).  

 
If UBA6 activates both ubiquitin and FAT10, how do these modifiers compete for 

activation? Chiu et al. showed that even a fourfold molar excess of FAT10 over ubiquitin 

in vitro still enabled only marginal formation of UBA6–FAT10 complexes; however, these 

were readily apparent in the absence of competing ubiquitin. Assuming that the ubiquitin 

and FAT10 proteins used in this assay were intact, this result indicates that UBA6 

preferentially activates ubiquitin. The solution to this problem could lie in the strong and 
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rapid FAT10 induction following IFN-γ and TNF-α stimulation (Raasi et al., 1999) 

(Appendix, Figure 3), which might shift the equilibrium in favor of FAT10 conjugation. 

Alternatively, post-translational modifications of FAT10, which have been detected on 

two-dimensional gels (Raasi et al., 2001), might positively affect FAT10 activation in 

cells. Another interesting question is whether the group of E2 enzymes that can be charged 

by UBA6–ubiquitin will also accept FAT10. Chiu et al. started to address this question and 

found that two E2 enzymes, UbcH5 and Ubc13, which can be ubiquitin charged by UBA6, 

did not accept FAT10 in vitro. This finding indicates that in addition to the E1 ubiquitin 

fold domain, the ULM itself codetermines its transferability to a given E2 (Appendix, 

Figure 3). Similarly, it is interesting that Ubc9, the cognate E2 for SUMO, through non-

covalent SUMO-1 binding, facilitates the assembly of SUMO-1 chains (Knipscheer et al., 

2007). It might therefore be the case that non-covalent FAT10 binding to the still elusive 

E2 enzyme(s) of FAT10 contributes to the specificity of the FAT10 conjugation cascade. 

 

 

 
Figure 3. UBA6 activates both ubiquitin and FAT10. In vitro, the UBA6-mediated 
activation of ubiquitin (Ub; green) is preferred over FAT10 (blue). However, when FAT10 
is strongly induced by the proinflammatory cytokines IFN-γ and TNF-α, FAT10 can 
compete with ubiquitin for activation by UBA6. We postulate that the UBA6 ubiquitin-
fold domain (Ufd; orange) and the ULM codetermine the E2-type enzyme to which the 
respective ULM is transferred [e.g. ubiquitin to UbcH5b (turquoise) and FAT10 to a still 
unknown E2 (pink)]. 
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Box 2. FAT10: the youngest member of the ULM family Box 2. FAT10: the youngest member of the ULM family 
When the MHC class I locus was sequenced in 1996, FAT10 was identified as encoding 

an 18 kDa protein which comprises two ubiquitin-like domains in tandem array (Fan et al., 

1996) (Figure I). In evolutionary terms, FAT10 is the youngest member of the ULM family, 

being expressed only in mammals. FAT10 is constitutively expressed in mature dendritic 

cells and B cells but is synergistically induced in many tissues by the proinflammatory 

cytokines IFN-γ and TNF-α (Bates et al., 1997; Lee et al., 2003; Liu et al., 1999). FAT10-

deficient mice are viable and fertile but they are hypersensitive to lipopolysaccharide 

(Canaan et al., 2006). These properties point to a possible function for FAT10 in the 

immune system. Ectopic expression of FAT10 induces caspase-dependent apoptosis in 

murine fibroblasts (Raasi et al., 2001) and renal tubular epithelial cells (Ross et al., 2006). 

In seeming contradiction to this function, FAT10 is often overexpressed in several 

carcinomas, most notably in hepatocellular carcinoma (Lee et al., 2003). This finding, 

along with the observed chromosome missegregation in tumor cell lines overexpressing 

FAT10 (Ren et al., 2006), was attributed to the noncovalent interaction of FAT10 with the 

spindle assembly checkpoint protein mitotic arrest deficiency 2 (MAD2) (Liu et al., 1999). 

Moreover, p53 has been reported to direct the downregulation of FAT10 transcription 

(Zhang et al., 2006). Whether FAT10 expression contributes to tumor development or is a 

consequence of IFN stimulation in the tumor requires further investigation.  

When the MHC class I locus was sequenced in 1996, FAT10 was identified as encoding 

an 18 kDa protein which comprises two ubiquitin-like domains in tandem array (Fan et al., 

1996) (Figure I). In evolutionary terms, FAT10 is the youngest member of the ULM family, 

being expressed only in mammals. FAT10 is constitutively expressed in mature dendritic 

cells and B cells but is synergistically induced in many tissues by the proinflammatory 

cytokines IFN-γ and TNF-α (Bates et al., 1997; Lee et al., 2003; Liu et al., 1999). FAT10-

deficient mice are viable and fertile but they are hypersensitive to lipopolysaccharide 

(Canaan et al., 2006). These properties point to a possible function for FAT10 in the 

immune system. Ectopic expression of FAT10 induces caspase-dependent apoptosis in 

murine fibroblasts (Raasi et al., 2001) and renal tubular epithelial cells (Ross et al., 2006). 

In seeming contradiction to this function, FAT10 is often overexpressed in several 

carcinomas, most notably in hepatocellular carcinoma (Lee et al., 2003). This finding, 

along with the observed chromosome missegregation in tumor cell lines overexpressing 

FAT10 (Ren et al., 2006), was attributed to the noncovalent interaction of FAT10 with the 

spindle assembly checkpoint protein mitotic arrest deficiency 2 (MAD2) (Liu et al., 1999). 

Moreover, p53 has been reported to direct the downregulation of FAT10 transcription 

(Zhang et al., 2006). Whether FAT10 expression contributes to tumor development or is a 

consequence of IFN stimulation in the tumor requires further investigation.  

FAT10, similarly to ubiquitin, serves as a signal for proteasomal degradation. The fusion 

of long-lived proteins (e.g. green fluorescent protein or dihydrofolate reductase) to FAT10 

causes their rapid degradation by the proteasome; this function is independent of the 

ubiquitin system (Hipp et al., 2005). Because no evidence for the deconjugation of FAT10 

from its substrates has been obtained, FAT10 is probably degraded, along with its 

substrates, in a manner similar to that seen with ubiquitin-modified substrates when 

deconjugation is inhibited (Hanna and Finley, 2007). The FAT10 degradation rate is 

markedly enhanced by the coexpression of NEDD8 ultimate buster 1 long (NUB1L) (Hipp 

et al., 2004), an IFN-inducible protein that non-covalently associates with FAT10 through 

three C-terminal UBA domains and with the 26S proteasome through an N-terminal 

ubiquitin-like domain. The NUB1L ubiquitin-like domain, but not FAT10 binding, is 

essential for enhancing FAT10 degradation (Schmidtke et al., 2006). Because FAT10 

itself binds to the proteasome, we propose that NUB1L binds to a different site at the 26S 

proteasome, thus inducing a conformational change that results in rapid degradation of 

FAT10 and FAT10-conjugated proteins.  

FAT10, similarly to ubiquitin, serves as a signal for proteasomal degradation. The fusion 

of long-lived proteins (e.g. green fluorescent protein or dihydrofolate reductase) to FAT10 

causes their rapid degradation by the proteasome; this function is independent of the 

ubiquitin system (Hipp et al., 2005). Because no evidence for the deconjugation of FAT10 

from its substrates has been obtained, FAT10 is probably degraded, along with its 

substrates, in a manner similar to that seen with ubiquitin-modified substrates when 

deconjugation is inhibited (Hanna and Finley, 2007). The FAT10 degradation rate is 

markedly enhanced by the coexpression of NEDD8 ultimate buster 1 long (NUB1L) (Hipp 

et al., 2004), an IFN-inducible protein that non-covalently associates with FAT10 through 

three C-terminal UBA domains and with the 26S proteasome through an N-terminal 

ubiquitin-like domain. The NUB1L ubiquitin-like domain, but not FAT10 binding, is 

essential for enhancing FAT10 degradation (Schmidtke et al., 2006). Because FAT10 

itself binds to the proteasome, we propose that NUB1L binds to a different site at the 26S 

proteasome, thus inducing a conformational change that results in rapid degradation of 

FAT10 and FAT10-conjugated proteins.  
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(a) Ubiquitin    (b) FAT10 (model) 

 

 

 

 

 

 
Figure I. Ribbon diagrams of the ubiquitin structure and the FAT10 model structure. Ubiquitin 
and the N- and C-terminal ubiquitin-like domains of FAT10 show the typical β-grasp fold, where a 
central α-helix (turquoise) is surrounded by β-sheets (purple). The diagrams were generated with 
the Pymol program, using the Research Collaboratory for Structural Bioinformatics (RCSB) Protein 
Data Bank entry 1UBQ for human ubiquitin (Vijay-Kumar et al., 1987) and 1Z2M for ISG15 
(Narasimhan et al., 2005) that was predicted by the Phyre server as a model for the human FAT10 
primary structure. This model was previously proposed because the residues making contacts 
between the 310 helices of the two β -grasp folds in ISG15 and FAT10 are conserved (Narasimhan 
et al., 2005). However, because the linker between the two ubiquitin folds of FAT10 is hydrophilic 
and probably flexible, a different orientation between these two domains in solution is possible. 
 
 
 
Concluding remarks and future perspectives 

The unique properties of UBA6 challenge two major paradigms of ULM conjugation: first, 

UBE1 and UBA6 are the first examples of E1 enzymes that both activate the same member 

of the ULM family, and, second, UBA6 is, aside from ATG7 and AOS1–UBA2, the third 

example of an E1 that activates two ULMs: ubiquitin and FAT10, which have widely 

different structural and biological properties. Because UBE1 and UBA6 cooperate with 

only partially overlapping pools of E2 enzymes (Chiu et al., 2007; Jin et al., 2007), it is 

expected that at the stage of ubiquitin activation, a new level of control exists for 

distinguishable E1–E2–E3–substrate cascades. To substantiate this hypothesis, it will be 

necessary to identify further E2 enzymes, E3 enzymes and substrates that rely on UBA6 

for their supply of activated ubiquitin. In particular, it will be important to determine if the 

residual ubiquitylation detected in UBE1 ts cell lines relies on UBA6 (Ciechanover et al., 

1984). Moreover, mechanistic insight is needed to clarify how ubiquitin and FAT10 

compete for activation by the same E1 and how these ULMs mediate E2 selectivity. The 

structural basis enabling discrimination between such loading events also needs to be 

determined. This work will require the identification of E2 and E3 enzymes specific for 

FAT10 conjugation, an endeavor that will be facilitated by the recent discovery of UBA6 

as the cognate E1 for FAT10. Conditional knockout mice are required to determine the 

biological function of UBA6. Such mice should help to address whether, as indicated by 
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expression analysis, UBA6 has a special role in the testis. The early embryonic lethality of 

UBA6-deficient mice probably results from a defect in ubiquitin, rather than FAT10 

activation, because FAT10-deficient mice are viable and healthy but are hypersensitive to 

lipopolysaccharide. The identification of further phenotypes of FAT10-deficient mice, in 

addition to the substrates of FAT10-conjugation, will enable new insights into the 

physiological functions of this fascinating member of the ULM family. 
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