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Zusammenfassung 

Das Ubiquitin-Proteasom-System ist eines der am intensivsten untersuchten Systeme, wie 

Zellen kurzlebige, zerstörte oder falsch gefaltete Proteine aus ihrem Kreislauf entfernen. 

Ubiquitin und die Mitglieder der Familie der Ubiquitin-ähnlichen Proteine besitzen eine 

vergleichbare Struktur, die Ubiquitin-Domäne. Eines dieser Ubiquitin-ähnlichen Proteine ist 

das HLA-F-assoziierte Transkript 10 (FAT10), welches zwei dieser Ubiquitin-Domänen besitzt, 

die durch einen kurzen, flexiblen Linker verbunden sind. FAT10 wird sehr stark von Geweben 

des Immunsystems exprimiert, z.B. von Milz, Leber, Lymphknoten und Thymus. In vielen 

anderen Geweben und Zellen kann die FAT10-Expression durch die pro-inflammatorischen 

Cytokine Interferon-γ und Tumornekrosefaktor-α induziert werden. Die vermehrte Produktion 

von FAT10 muss sehr genau reguliert werden, da eine fehlende Kontrolle zur Entstehung von 

Tumoren führen kann. Kovalent FAT10ylierte Substrate werden zumeist durch das Proteasom 

abgebaut. Die Konjugation von FAT10 erfolgt an seinem C-terminalen Glycin-Glycin-Motiv, 

das durch sein E1-Enzym UBA6 aktiviert und durch sein E2-Enzym USE1 an die Substrate 

gebunden wird. Den letzten Schritt vermittelnde E3-Ligasen wurden für FAT10 noch nicht 

identifiziert. Neben der Beteiligung am Abbau sind wenige Funktionen für FAT10 bekannt. 

Mit den Daten dieser Arbeit können wir zeigen, dass die unterschiedliche Modifizierung durch 

FAT10 verschiedene Konsequenzen für Zielproteine haben kann. Während stabil gebundene 

Substrate wie das Ubiquitin-aktivierende Enzym UBE1 proteasomal abgebaut werden, werden 

nicht-kovalent gebundene Proteine wie das Ubiquitin-dekonjugierende Enzym OTUB1 

stabilisiert. Dadurch wird die Peptidase-Aktivität von OTUB1 stimuliert, und auch die zweite 

Funktion, Ubiquitin-Kettenbildung zu unterbinden, wird verstärkt. Weitere Daten legen nahe, 

dass die Interaktion von FAT10 und OTUB1 mit den zwei E2-Enzymen USE1 und UbcH5B zur 

Bildung eines trimeren Komplexes führt, in dem dann die Aktivität der E2s oder von OTUB1 

verändert werden kann. Diese Interaktion von FAT10 mit Mitgliedern des Ubiquitin-Signalwegs 

bestätigt, dass FAT10 seine Substrate eben nicht nur zum Abbau führen, sondern auch deren 

Aktivität beeinflussen kann. Diese Regulierung wäre ein weiterer Indikator dafür, dass sich die 

Eigenschaften von Ubiquitin-ähnlichen Proteinen überschneiden und beeinflussen können. 

Des Weiteren wurden in dieser Arbeit mehrere Methoden entwickelt, um eine FAT10-

spezifische E3-Ligase zu identifizieren. Methoden wie ein Yeast-Two-Hybrid-Screen, BioID, 

eine FAT10-Sonde oder ein genom-weiter CRISPR-basierter Knockout-Screen wurden 

etabliert und durchgeführt. Jedoch konnte keine der identifizierten E3-Ligasen in Folge-

Experimenten bestätigt werden. Zusätzlich wurde auch die Möglichkeit untersucht, dass keine 

E3-Ligase notwendig ist, um FAT10 an seine Substrate zu koppeln. Zusammenfassend, in 

dieser Arbeit wurde gezeigt, dass FAT10 mehr kann, als seine Substrate zum Abbau zu führen, 

auch wenn weiterhin unklar ist, ob dies mit oder ohne Hilfe einer E3-Ligase vonstattengeht.  



 

Summary 

The ubiquitin proteasome system is one of the best studied processes, how mammalian cells 

discard misfolded, short-lived, or damaged proteins. Ubiquitin and the members of the family 

of ubiquitin-like modifiers share a common three-dimensional structure, the β-grasp fold. One 

of these modifiers is the HLA-F adjacent transcript 10 (FAT10) which consists of two β-grasp 

domains connected by a short flexible linker. FAT10 is highly expressed in organs of the 

immune system such as spleen, thymus, liver, or lymph nodes. In multiple other tissues and 

cell lines FAT10 expression is synergistically inducible by pro-inflammatory cytokines 

interferon γ and tumor necrosis factor α. Upregulation of FAT10 has to be tightly controlled 

since aberrant expression is strongly correlated with tumor development. Substrate proteins 

covalently modified with FAT10 are mainly targets for degradation by the 26S proteasome. 

FAT10 conjugation is achieved at its C-terminal diglycine motif via activation by its E1 enzyme 

UBA6 and conjugation by its E2 enzyme USE1; E3 ligases transferring FAT10 onto target 

proteins are not described yet. Besides the involvement in proteasomal degradation, functional 

consequences of interactions with FAT10 are poorly understood. 

In this work, we provide evidence that covalent and non-covalent interaction with FAT10 result 

in different consequences for its targets. While covalent FAT10ylation of the ubiquitin-

activating enzyme UBE1 leads to its degradation, non-covalent FAT10 binding to the ubiquitin-

deconjugating enzyme OTUB1 seems to stabilize the target. This interaction stimulates the 

catalytic activity of OTUB1 towards free ubiquitin chains and polyubiquitinated substrates. 

Moreover, FAT10 supports the non-catalytic activity of OTUB1 in inhibiting K63-linked 

polyubiquitin chain formation. In vitro and in cellulo data revealed an interaction of FAT10, 

OTUB1 and the E2 conjugating enzymes USE1 and UbcH5B, indicating the formation of a 

trimeric complex to modulate the E2 conjugation activity and the functionality of OTUB1. Thus, 

interaction of FAT10 with members of the ubiquitin pathway may provide evidence that FAT10 

not only targets substrates for proteasomal degradation but also modulates the activity and 

functionality of target proteins of other conjugation pathways indicating an interesting cross-

regulation between these two modifiers under certain conditions. 

Furthermore, several approaches were established and applied to identify an E3 ligase 

specifically transferring FAT10 onto protein substrates. Screening methods such as a Yeast-

Two-Hybrid screen, BioID, a cascading activity-based FAT10 probe, or a genome-wide 

CRISPR-based knockout screen were only the main methods which were facilitated. However, 

although multiple yet described E3 ligases have been identified, none of them could be 

confirmed by subsequent analyses. Even the question whether FAT10 conjugation requires 

an E3 ligase was addressed with interesting outcome. Concluding, this work provides further 

insights into the covalent and non-covalent interaction of FAT10 with its target proteins with or 

without help of so far unknown E3 ligases.
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1 

1. General Introduction 

Maintaining the integrity of the proteome is a major aspect of living cells to ensure proper cell 

metabolism, stress adaptation and long-term viability of any cell type and organ [1]. Imbalance 

in protein homeostasis disturbs cellular functions and has been associated with aging and age-

related diseases such as neurodegeneration, immunological diseases or cancer. Cells are 

constantly subjected to external and internal changes and stressful triggers – to meet these 

demands a functional proteome is therefore dependent on permanent remodeling as well as 

the repair or destruction of damaged proteins. 

1.1 The ubiquitin proteasome system 

A carefully balanced degradation of proteins, the so-called proteostasis, is the first mechanism 

of protection against harmful consequences of unfolded, misfolded or damaged proteins. [1, 

2]. To constantly ensure this, cells have evolved an interconnected protein quality control 

system including the two major quality control processes, the autophagy lysosome pathway 

and the ubiquitin proteasome system (UPS) [3].  

The autophagy lysosome pathway detects and clears large and potentially dangerous protein 

aggregates whereas the ubiquitin proteasome system removes dysfunctional or defective 

proteins by regulated degradation by post-translational modification with ubiquitin [3]. The 

discovery of this primary proteolytic pathway for short-lived, damaged or misfolded proteins 

was that field-changing that the Nobel Prize in Chemistry in 2004 was awarded to the scientists 

Ciechanover, Hershko and Rose for their first description of the ubiquitin-mediated 

degradation. The controlled removal of proteins by the UPS is not only important in several 

cellular functions such as cell cycle progression, cell survival, proliferation and apoptosis [4] 

but also plays a crucial role in systemic pathways since host immune defense and cancer 

development can be dependent on UPS control and functionality [5-8]. 

1.1.1 Structure and function of the proteasome 

The proteasome is a large, cylindrical, multimeric protease complex of about 2.5 MDa and is 

responsible for the turnover of short-lived, damaged or misfolded proteins in an ATP-

dependent manner [9]. Structurally, the proteasome consists of a core particle harboring the 

catalytic activity to degrade proteins, and regulatory particles being responsible for protein 

recognition, binding and unfolding [10]. The role of the proteasome is to bind ubiquitinated 

proteins, and to deubiquitinate and unfold these substrate proteins before finally completely 

degrading them [10]. Proteasomes are evolutionary highly conserved [11] and homologous 

structures were described for archeae [11] and some classes of bacteria [12]. For full 

functionality of the proteasome regulatory particles associate with one or both ends of the 
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proteasome core particle (CP) [10, 13] whereas also hybrid proteasomes with different 

activators on either end of the CP cylinder have been described [14]. Known activators include 

the 19S regulatory particle (RP), the proteasome activator PA28, and PA200/Blm10 [15]. The 

regulatory particle consists of two large subcomplexes, the base and the lid [16] whereas both 

complexes themselves exist as major assembly intermediates which associate during full 

proteasome formation [10]. The lid orchestrates substrate deubiquitination and the base 

mediates unfolding and translocation of the polypeptide substrates [17]. In contrast to the lid, 

both the core particle and the base rely in their efficient assembly process on supporting 

chaperones or assembly factors [10, 18, 19]. 

1.1.1.1 The 20S Core Particle (CP) 

The core particle (CP) is a barrel-shaped complex consisting of four stacked heptameric rings 

composed of two identical α and β rings arranged in an α-β-β-α series (Figure 1) [14, 20]. In 

eukaryotes, each α and β ring is composed of seven different subunits, α1-α7 and β1-β7. The 

outer α rings form narrow substrate entry channels which act as a physical barrier to the inner 

β rings which create an internal chamber containing the proteolytically active sites responsible 

for substrate degradation [21]. 

The α paralogs possess highly conserved N terminal extensions essential to their function of 

forming a gate-like structure which allows to control substrate passage through the central ring 

channel [22]. The N terminal peptide of the α3 subunit especially plays a major role in 

stabilization and is therefor a key contributor to the α ring gate formation [22, 23]. Opening and 

closing of the α ring gate is mediated by proteasome activators (PA); in the absence of these 

PAs this α ring gate is closed and binding of PAs leads to conformational changes and opening 

of the channels [24].  

Within the catalytic chamber constituted by the β paralogs three of the seven subunits in each 

β ring possess proteolytic activity differing between the subunits, resulting in six catalytically 

active sites in each eukaryotic proteasome [25, 26]. The β1 subunit bears a caspase-like 

activity cleaving after acidic amino acids, whereas the β2 subunit cleaves behind basic amino 

acids since it possesses a trypsin-like activity. Cleavage after hydrophobic amino acids is 

mediated by the chymotrypsin-like activity of the β5 subunit [25, 26]. Every β paralog harbors 

a catalytic triad Thr-Lys-Asp whereas the proteolytically active Thr is localized at the N terminus 

of the β subunit rendering the proteasome a threonine protease [27]. Inside the catalytic 

chamber proteins are cleaved into small peptides of 3-25 amino acids in a subsequent manner. 
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This mechanism ensures complete degradation preventing harmful effects resulting from 

partially degraded proteins [28, 29].  

1.1.1.2 Regulatory particles  

Among the best investigated regulatory particles of the constitutive 20S proteasome are the 

regulatory proteins 19S or PA700, PA28 or 11S, and PA200 or bleomycin resistance protein 

(Blm10) [15]. The 19S regulatory particle is uniquely found in eukaryotes and highly conserved 

among them, whereby subunit variability was documented only to a minor extend [15]. The 

20S core particle binds either one or two of the 19S regulatory particles to form an activated 

fully assembled 26S or 30S proteasome, respectively [13]. Upon binding of 19S to one of the 

outer α rings of the core particle the ring is opened and the proteasome becomes activated. 

The 19S regulatory particle is composed of two subcomplexes: the lid consisting of nine 

subunits, and the base, which also consists of nine subunits (Figure 1) [30]. 

The base is composed of a ring-shaped heteromeric complex formed by six regulatory AAA 

ATPases (Rpt1-6) and three regulatory particle non-ATPases (Rpn1, 2, 13) [31, 32]. Every Rpt 

subunit contains an N terminal helix, an oligonucleotide/oligosaccharide-binding (OB) fold, and 

a large AAA ATPase domain followed by a C terminal helical domain [33]. 

The α ring of the 20S core particle is bound and subsequently opened by the hetero-hexameric 

complex of Rpt1-6, followed by unfolding and translocation of proteins into the catalytic 

chamber mediated in an ATP-dependent manner [34, 35]. The non-ATPases Rpn1 and Rpn2 

are the two largest subunits of the proteasome, which serve as linker proteins binding to the 

Figure 1. Schematic overview of the 26S proteasome. The 26S proteasome consists of the barrel-shaped catalytic 20S core particle 
which is built of four stacked heptameric rings: two outer α rings (blue) and two inner β rings (red), and the regulatory 19S particle, which 
can be dividied into the lid (purple) and base subcomplexes (green). Whilst the α rings form a restrictive entrance channel, the β rings harbor 
proteolytically active subunits. The core particle is capped either at one single end or at both ends by the regulatory particles, resulting in the 
26S or 30S proteasome. Base and lid of the regulatory particle consist of triple-A subunits (RPT) and regulatory particle non-ATPase (RPN) 
subunits. Yellow RPN10 is located at the interaface between lid and base. Image is reprinted from [20].  
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Rpt1-6 complex. These proteins mediate the shuttling of ubiquitin receptors or ubiquitin-like 

(UBL)- ubiquitin- associated domain (UBA) proteins such as Rad23A/B and Nedd8 ultimate 

buster 1 long (Nub1L), as well as of the ubiquitin receptor Rpn13 and proteasome associating 

DUBs such as USP14 and UCHL5 [31]. 

The lid is composed of additional nine non-ATPase subunits (Rpn3, 5-9, 11, 12, 15) [17, 31]. 

The lid subunit Rpn11 plays a crucial role in the assembled proteasome since it is necessary 

for the complete deubiquitination of proteins before they become unfolded and translocated by 

the AAA ATPase ring into the core particle [31]. 

The formation of a fully assembled and conformationally dynamic proteasome is further 

supported by the binding of another subunit, Rpn10, which was described as the first intrinsic 

ubiquitin receptor of the proteasome (Figure 1) [36-38]. Rpn10 contains an N terminal von 

Willebrand type A factor (VWA) domain interacting with proteasomal subunits, and a C terminal 

ubiquitin-interacting motif (UIM) domain [39]. Mutation of the VWA domain facilitates 

dissociation of the lid and the base subcomplexes indicating a role of Rpn10 in stabilizing their 

interaction [15]. Intensified studies into the proteasomal structure revealed an insertion of the 

VWA domain of Rpn10 into the lid complex primarily binding to Rpn8, 9 and 11, and leading 

to large conformational changes within the lid complex [17, 31]. The functionality of subunits 

can be affected by post-translational modifications such as ubiquitination. Keran-Keplan and 

colleagues published a novel, second binding site for ubiquitin which is located in a 

hydrophobic patch within the VWA domain of Rnp10 and promotes the ubiquitination of Rnp10 

at Lys84 [39]. Monoubiquitination of Rpn10 was shown induce release of Rpn10 from the 

proteasome [39]. Thereby its ability of recruiting substrate proteins for degradation is reduced 

[40] and the proteasomal activity is decreased. Additionally, decreased monoubiquitination 

under certain stress conditions such as heat or cold shock implies a regulatory mechanism in 

controlling proteasomal activity [40]. 

Other regulatory particles also bind to the 20S core particle but by a different mechanism 

forming a wide range of differently capped hybrid proteasomes [13, 26]. The PA28 regulatory 

particle either exists as hetero-heptamer PA28αβ consisting of four α and three β subunits, or 

as homo-heptamer PA28γ formed by γ subunits [27, 41, 42], whereby both variants differ in 

their subcellular localization and properties:  PA28αβ is mainly expressed in the cytoplasm and 

in nucleoli, whereas PA28γ is exclusively found within the nucleus [43, 44]. In addition, the 

subunits of PA28αβ are inducible by pro-inflammatory cytokines whereas PA28γ paralogs are 

not inducible [45, 46]. The two supercomplexes also differ in their functional implications within 

cellular processes: PA28αβ influences the peptide generation by the proteasome and is 

involved in processing of specific viral, bacterial and tumor-derived antigens [47-55], whereas 

PA28γ was shown to affect nuclear proteolysis and other various processes [44, 56-58]. 
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The monomeric, 200 kDa regulatory particle PA200 is expressed in the nucleus [59, 60] plays 

a role in spermatogenesis [61] and maturation of the 20S core particle [62, 63]. 

In addition to the activating regulatory particles the 20S core particle can also be bound by 

inhibitory regulatory particles such as PR39 [64] or PI31 [41]. However, their functional 

implications and mechanisms are still poorly understood. 

1.1.1.3 Alternative isoforms of the proteasome 

Under certain conditions the active subunits of the constitutive (20S) core particle become 

exchanged by inducible or tissue-specific subunits. The best described alternative proteasome 

is the immunoproteasome where approximately 60 % of β1, β2 and β5 are replaced by their 

respective subunits β1i (LMP2), β2i (MECL-1) and β5i (LMP7) (Figure 2) [15, 65-73]. The rate 

of degradation by the immunoproteasome is unaffected by subunit replacement and is similar 

to the degradation rate of the constitutive proteasome [74].  

A major function of the immunoproteasome is the transformation of the population of peptides 

generated for antigen presentation by the major histocompatibility complex class I (MHC I) due 

to altered catalytic activities of the subunits: As opposed to the β1 caspase-like activity the 

immunoproteasome subunit β1i harbors a chymotrypsin-like activity further enhancing the 

production of peptides with hydrophobic and basic residues at their C terminus (Figure 2) [50, 

75-79]. In most immunoproteasomes all three inducible subunits are present in each β ring but 

hybrid proteasomes have been observed containing both constitutive and induced subunits 

further enlarging the pool of peptides for MHC I presentation [80, 81]. In addition to the 

inducibility of the immunoproteasome subunits, a constitutive expression of β1i, β2i and β5i 

was discovered in immune cells such as dendritic cells and tissues related to the immune 

Figure 2. The transition from constitutive proteasome to immunoproteasome. The barrel-shaped constitutive 20S core particle consists 
of 4 heptameric rings in an α-β-β-α conformation. The β rings contain three catalytically active subunits: β1, β2, and β5. Uder certain
conditions, such as inflammation and presence of pro-inflammatory cytokines IFNγ and TNFα, the constitutive β subunits are exchanged for 
β1i (LMP2), β2i (MECL-1), and β5i (LMP7). Thereby, the catalytic activity of the proteasome is changed: β1 – caspase-like cleavage, β2 –
trypsin-like, β5 – chymotrypsin-like versus β1i – chymotrypsin-like, β2i – trypsin-like, β5i – chymotrypsin-like. Thus, the set of produced 
peptides for antigen presentation is altered. Image is reprinted from [73].  
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system including spleen and thymus [82-86]. Due to its involvement in autoimmune disease 

progression the immunoproteasome recently became a novel interesting target for therapeutic 

treatments [87-89]. 

Another alternative isoform of the constitutive proteasome is the thymoproteasome which plays 

an essential role in positive and negative selection of CD8+ T cells [90, 91]. For 

thymoproteasome formation, exclusively β1i, β2i and β5t are assembled at their respective 

positions in the β ring [92]. In addition to β subunit exchange, variability of α subunits has also 

been described. The α4-α4 proteasome is formed under conditions which cause deletion of 

the α3 subunit, overexpression of the α4 subunit, deletion of chaperones or oxidative stress 

[93-95]. In spermatoproteasomes the constitutive α4 subunit is replaced by α4s which is 

exclusively synthesized in male germ cells after their differentiation into spermatocytes [96]. 

The testis proteasomes contain an alternative α6 subunit (a6T) and are essential for fertility in 

Drosophila [97-99]. 

1.1.2 Ubiquitin 

Ubiquitin is a small molecular modifier which consists of 76 amino acids and is expressed 

broadly in a large variety of species [100, 101]. After its discovery in the 1970s ubiquitin was 

described as highly stable protein with a half life of around nine hours [102-104], possessing a 

characteristic structure which was eponymous for a whole protein family, the ubiquitin-like 

proteins. The globular structure of ubiquitin consists of two α helices surrounded or grasped 

by five β strands forming the β-grasp fold with a flexible six residue tail at the C terminus [104, 

105] (Figure 3). This fold is not only found in all domains of life but also ubiquitin itself is highly 

conserved with only three conservative changes from yeast to human [105]. The ubiquitin fold 

or β-grasp fold is not exclusive to eukaryotes as antecedents were found in prokaryotic proteins 

such as ThiS, MoaD, and SAMP, which have similar conjugation machineries indicating that 

all ubiquitin moieties evolved from a common ancestor present in all domains of life [106-108]. 

Ubiquitin is expressed as an inactive precursor from four different genes. UBA52 and RPS27a 

each encode one ubiquitin variant fused to ribosomal proteins L40 and S27a, respectively. 

Figure 3. The ubiquitin structure. Ribbon diagram of the ubiquitin structure with its five β-sheets (purple) and the two α-helices (cyan). The 
typical β-grasp fold is formed by the β-sheets (purple) and the two α-helices (cyan). The image is adapted from [478].  
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UBB and UBC encode several ubiquitin moieties resulting in polyubiquitin peptides in head to 

tail repeats whereas the number of repeats differs between species and strains [109, 110]. The 

precursors are processed by isopeptidases, the so called deubiquitinating enzymes. In addition 

to production of free ubiquitin moieties, these also produce an exposed free C terminal 

diglycine motif [111, 112]. 

Since the first description of ubiquitin attachment to substrate proteins in the 1970s, our 

understanding of ubiquitin conjugation and chain formation has increased rapidly [105, 113, 

114]. Ciechanover and colleagues described an ATP-dependent degradation of proteins 

mediated by the covalent modification with ubiquitin [115, 116] which is attached to proteins 

via its C terminal diglycine motif or via its N terminus [117, 118]. Target proteins become either 

modified by a single ubiquitin moiety or by polymeric ubiquitin chains linked via their internal 

lysine residues (K6, 11, 27, 29, 33, 48, 63) or the N terminal methionine M1 (Figure 5B) [105]. 

Modification sites within the substrate proteins differ since ε amino group of internal lysine 

residues [119, 120], the N terminal α amino group of target residues, hydroxy groups of serine 

and threonine residues, or the thiol group of cysteine residues can be ubiquitin target sites 

[121]. 

Ubiquitin is attached to its substrate proteins via a three step enzyme cascade consisting of 

an E1 activating enzyme, an E2 conjugating enzyme, and an E3 ligase (Figure 4). The human 

genome encodes for two ubiquitin E1s, around 40 E2s, and 600-1000 E3s leading to a broad 

variety in conjugation [122, 123]. Enzymes catalyzing ubiquitination of targets need to 

distinguish lysine residues of their target proteins from lysine residues within ubiquitin. This 

specificity is mediated by E2 and E3 enzymes and in particular substrate-E3-complexes [105]. 

In the first step of ubiquitination one of the two known E1 activating enzymes, either UBA1 

(UBE1) [124] or UBA6 (UBE1L2) [125-127] binds one ubiquitin moiety, ATP and magnesium, 

whereby ubiquitin becomes adenylated at its C terminus under the release of pyrophosphate 

[128].  

Next, this highly energetic ubiquitin adenylate is attached to the adenylation site of the E1 

enzyme and reacts with the active site cysteine residue of the E1, forming a thioester bond. 

After release of AMP a second ubiquitin moiety is bound and adenylated at the adenylation 

site. Ubiquitin is now activated for transfer and conjugation and the E1 activating enzyme is 

fully loaded, which allows an E2 conjugating enzyme to attach to the E1 enzyme [123, 128-

131]. The E1 mediates the transfer of the activated ubiquitin onto the active site cysteine of the 

E2 enzyme in a transthiolation reaction. E2 conjugating enzymes contain a catalytic ubiquitin-

conjugating (UBC) domain housing the active site cysteine and enabling the interaction with 

the E1 and the E3 [121]. E3 ligases are responsible for the last step of ubiquitin conjugation 

either onto substrate proteins or onto another ubiquitin moiety (Figure 4). These enzymes can 
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be divided into three subclasses dependent on their function within the conjugation 

mechanism.  

Really-interesting-new-gene (RING) domain containing E3s and U box domain containing E3s 

function as adapter proteins and mediate the close proximity of charged E2 and substrate 

protein for the ubiquitin transfer. Homologous-to-E6AP-C-terminus (HECT) and RING-

Between-RING (RBR) domain E3s contain an active site cysteine which first accepts ubiquitin 

from the E2 enzyme and then transfers the modifier onto target proteins [132, 133]. The 

conjugation of ubiquitin is driven by the affinity of mediating enzymes within the conjugation 

cascade. Loaded E1s show a higher affinity for free E2 enzymes, and E3s are more likely to 

bind to charged E2 enzymes than to uncharged E2s [131, 134, 135]. 

1.1.2.1 Ubiquitin modifications and functional consequences 

To attach ubiquitin to substrate proteins the modifier must be recognized by certain domains, 

so-called ubiquitin-binding domains (UBDs) within members of the conjugation and 

deconjugation machinery. Ubiquitin is mainly recognized through a hydrophobic patch that 

Figure 4. The ubiquitin conjugation and deconjugation pathway. During the ubiquitin conjugation cascade, ubiquitin becomes first 
adenylated and activated by an E1 activating enzyme (E1) in an ATP-dependent manner. The resulting ubiquitin-adenylate reacts with the 
active site cysteine of the E1 and a thioester bond is formed. After binding a second ubiquitin molecule at its adenylation site, the E1 interacts
with an E2 conjugating enzyme (E2), which accepts ubiquitin from the active center of the E1 resulting in a thioester formation at the active 
site cysteine of the E2. In the last step of conjugation, an E3 ligase interacts with the E2 and mediates the transfer of ubiquitin onto an internal 
lysine residue of a target protein. Multiple cycles of ubiquitin conjugation at one single lysine reisdue within ubiquitin can lead to formation of 
polyubiquitin chains which can have different consequences for the ubiquitinated proteins. Attachment of ubiquitin and chain formation can 
be reversed or shaped by de-ubiquitinating enzymes (DUB). Thus, ubiquitin becomes recycled prior to substrate degradation and the cellular 
ubiquitin pool is maintained. Image has been re-drawn from [134].  
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includes residues Ile44, Leu8, Val70, and His68 [105, 136], and the 26S proteasome and most 

UBDs bind this Ile44 patch [136, 137]. Another hydrophobic area within the ubiquitin protein 

consists of residues Ile36, Leu71, and Leu73 of the ubiquitin tail and mediates interactions 

either between ubiquitin molecules within chains or with HECT E3s [138], DUBs [139], and 

UBDs [140]. A third surface patch is located around Phe4, including residues Gln2, and Thr12. 

This patch is proposed to be required for cell division in yeast [137], as well as for recognition 

by USP DUBs [139]. Last but not least, in higher eukaryotes the TEK-box of ubiquitin consisting 

of residues Thr12, Thr14, Glu34, Lys6, and Lys11, is required for mitotic degradation [141]. 

Attachment of ubiquitin to substrate proteins can take place in different ways. Initial transfer of 

one ubiquitin moiety results in mono-ubiquitination of a target protein. Subsequent additional 

conjugation of ubiquitin to other internal substrate lysine residues causes multi-

monoubiquitination whereas attachment of several ubiquitin moieties in a row to one internal 

target residue leads to polyubiquitination (Figure 5A) [105, 142]. Different modifications of 

varying linkage types and chain topologies result in different outcomes for protein substrates 

[105]. Monoubiquitination can either occur at a defined residue or be restricted to a single 

domain [143, 144], which mediates a broad range of regulatory changes in endocytosis, 

localization, DNA damage repair, and transcriptional regulation [145]. 

Ubiquitin chains can be short – consisting of only two ubiquitin moieties – or long – containing 

up to ten ubiquitin molecules [105]. The topology of ubiquitin chains displays a large variety 

since multiple diversifying factors play a role during chain formation. The choice of the 

conjugating E2 enzymes, the interaction of different E2s with changing E3s, post-translational 

modifications, editing through DUBs as well as the choice of the internal lysine residues or the 

N terminus of ubiquitin to be linked describe only a snapshot of opportunities how ubiquitin 

Figure 5. The ubiquitin code. (A) Covalent modification of targets with ubiquitin molecules can result in three main topologies:
monoubiquitination, multi-monoubiquitination, and polyubiquitination. (B) Homotypic polyubiquitin chains consist of a single ubiquitin linkage
type. Each chain type can lead to different fates of the target protein. (C) In heterotypic mixed polyubiquitination chains various ubiquitin
linkages can occur. The image is adapted from [142].  
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chains ca be modified [105, 146]. Besides homogeneous chains attached to the same residue 

during elongation, mixed chains are built, with altering modified residues, branched chains, 

and heterogenic chains consisting of ubiquitin and ubiquitin-like modifiers [105, 147, 148]. 

All possible linkages were detected in cells (Figure 5B and C) [149-151], but only linear, K48- 

and K63-linked polyubiquitin chains are extensively studied [105, 152]. Substrates modified 

with K48-linked polyubiquitin chains are mainly targets for degradation by the 26S proteasome 

[153, 154]. Initial studies proposed that these K48-linked chains should consist of at least four 

ubiquitin moieties to be efficiently degraded [155]. However, new studies revealed that also 

mono- and multi-monoubiquitination, as well as two di-ubiquitin chains can cause proteasomal 

degradation [156-158]. Furthermore, decoration with K11- and K63-linked polyubiquitin chains 

as well as branched chains containing K11/K48- linked molecules can activate the catalytic 

activity of the proteasome [159-163]. Therefore, in 2011, the ubiquitin-threshold model has 

been invented, proposing that not the linkage topology but rather the amount of ubiquitin 

molecules within the substrate linked chain is important to induce degradation by the 

proteasome [147].  

In turn, M1 and mixed M1/K63-linked chains are proposed to be involved in distinct immune 

signaling pathways such as the regulation of NF-κB activation [164-166]. Homogeneous 

polyubiquitin chains consisting of K63-linked ubiquitin regulate not only proteolytic but also 

non-proteolytic processes, including mitophagy, [167, 168], DNA repair [169, 170], autophagy 

[171-173], and the innate immune response [174]. Polyubiquitin chains arranged via either K6 

or K27 linkages are described to affect mitochondrial homeostasis [167, 168, 175], as well as 

recruitment of proteins for DNA damage response and repair [176-179]. K33-linked ubiquitin 

chains are mediators of intracellular trafficking [180] whereas K29-linked chains prevent stress-

induced proteasomal degradation [181]. Mixed chains with other ubiquitin-like modifiers such 

as Nedd8 or SUMO have also been described, however, functional implications are not yet 

identified [147].  

Besides these chain topologies, ubiquitin polymers can either arrange in compact or open 

conformations, including adjacent moieties that interact with each other, or those that contain 

no interaction sites except from their linkage site [182-185]. Whilst K48-, K6-, and K11-chains 

are arranged in compact conformations [186-188], M1-, or K63-linked chains mostly adopt an 

open conformation [184, 189-192]. Depending on the chain topology distinct proteins can 

recognize and bind these chain types due to recognition sites and structural features [105]. 

1.1.2.2 E1 activating enzymes 

E1 enzymes mediate the first step in ubiquitin activation and further conjugation to substrate 

proteins [193]. The process of activating small proteins is highly conserved from yeast to 

human [124, 194], as mechanistically similar ATP-dependent activation mechanisms can also 
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be found in bacteria [195]. Physical and structural characteristics of activating enzymes are 

well conserved they can be subdivided into two classes of E1 enzymes based on their domain 

structure. UBE1 (ubiquitin), NAE1-UBA3 (Nedd8), SAE1-UBA2 (SUMO), UBA6 (ubiquitin, 

FAT10) and UBA7 (ISG15) share a related domain structure and similar enzymatic 

mechanisms and are members of the canonical E1 enzymes. Atg7, UBA4, and UBA5 are 

classified as non-canonical E1 enzymes [123]. 

All canonical E1s contain a three parted modular domain structure whereby the domains are 

located around two clefts which are crucial for ATP and modifier binding [196]. The N terminal 

part of the canonical E1s harbors the two MoeB- and ThiF-homologous repeats, named after 

their homologous structures in their antecedents in bacteria. These repeats are either arranged 

in a single polypeptide or in two subunits corresponding to the N and C terminal halves of 

heterdomeric E1s [197, 198]. The MoeB- and ThiF-homologous repeats house the adenylation 

site of the E1 responsible for the initial recognition of ubiquitin or another modifier, for binding 

of ATP and for adenylation of the modifier. The second domain contains the active site cysteine 

residue necessary for thioester formation with the modifier, and the third module located at the 

C terminus mediates binding of the E2 conjugating enzyme and E2 specificity [126, 199]. This 

domain is called ubiquitin fold domain (UFD) [126, 199] which undergoes dramatic rotations to 

bring E1 donor and E2 acceptor cysteine residues into close proximity of each other in order 

to facilitate transfer of the modifier from E1 onto E2 [123, 199, 200]. 

The first described ubiquitin activating enzyme was UBA1 (UBE1) which is conserved from 

yeast to human [129, 193]. Later, UBA6 (UBE1L2) was identified as a second activating 

enzyme for ubiquitin [125-127]. In contrast to UBE1, UBA6 can only be found from zebrafish 

to human, and in sea urchin, but is absent from worms, flies and yeast indicating a selective 

role in only certain organisms [123]. Although UBE1 and UBA6 share 40 % identity they are 

only distantly related. Interestingly, UBE1 is phylogenetically more closely related to UBA7, the 

E1 activating enzyme for ISG15 [126]. In contrast to UBA6, which is broadly expressed in all 

tissues [127], UBE1 has two distinct isoforms with different subcellular localizations and 

functions [201]. Although UBA6 expression in general is ten fold lower than UBE1 expression, 

an increased presence in testis was observed indicating a specific function during 

spermatogenesis [127]. Deletion of the uba6 gene induces embryonic lethality [125], whereas 

temperature-sensitive mutations in mammalian uba1 lead to arrest in cell cycle progression 

and diminished cell proliferation [202-204]. 

E1 enzymes also differ in their preferences for E2 conjugating enzymes and vice versa. Of all 

tested E2s only 14 were charged by UBE1 but not by UBA6, 9 E2s were charged by both 

UBE1 and UBA6, 5 E2s were neither charged by UBE1 nor UBA6, and one E2 conjugating 

enzyme was charged specifically by UBA6 – the UBA6-specific conjugating enzyme USE1 

(Ube2Z) [126, 205]. Besides modifier activation, E1 enzymes mediate specificity between 
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substrate and modifier by matching a particular modifier with only cognate E2 enzymes [123]. 

E1s are highly specific for their cognate modifier [206, 207], hoewever the interaction between 

E1 and E2 involves at least two non-covalent interaction patches. The first part of the selectivity 

is mediated by interactions between UFD of E1 and an N terminal sequence of an E2 catalytic 

domain [123, 126, 208]. The second part includes either N terminal extensions of the E2 

docking specifically in a groove at their cognate E1 [199, 209], or unique insertions near the 

active site of E1s implicated in specific E2 binding [200, 210, 211]. By these structural and 

functional characteristics E1 activating enzymes mediate selective activation and transfer of 

their cognate modifier onto their cognate E2 enzymes and prevent mis-charging of the latter 

[123]. 

1.1.2.3 E2 conjugating enzymes 

For a long time E2 conjugating enzymes were described as ubiquitin carriers with supportive 

functions. Only in in the last years it became clear that E2s fulfill major roles in ubiquitin 

conjugation to substrates or polyubiquitin chains, determining length and topology of these 

chains [212]. E2s receive activated ubiquitin from the E1 enzyme forming a thioester bond 

between the catalytic cysteine of the E2 and the C terminal glycine residue of ubiquitin. E2s 

then mediate the transfer of ubiquitin onto either an E3 ligase or substrate proteins with help 

of an E3 [212]. Since E2s only interact with a single or a limited number of E3 ligases they are 

key mediators of ubiquitin chain formation processes, as they also control the switch from chain 

initiation to chain elongation and regulate processing and topology of ubiquitin chains [212]. 

Thereby, E2s are not only involved in building up ubiquitin chains but also in determining the 

consequences for ubiquitinated proteins [212]. 

The human genome encodes for at least 38 E2 enzymes [212] which can be classified into 17 

subclasses based on phylogenetic analyses [213]. All E2 enzymes contain a highly conserved 

core ubiquitin-conjugating (UBC) domain of around 150 amino acids which houses the active 

site cysteine [212]. Depending on their size and possession of C terminal and/or N terminal 

protrusions – which may play a role in E2 activity and E3 regulation – E2s can be divided into 

four classes [214]. An additional class is formed by the rare ubiquitin E2 variant proteins (UEV) 

which do contain the UBC domain but lack the active site cysteine [215]. The UBC domains of 

different E2s show a high degree of sequence homology and all adopt a similar structure 

comprising four α helices and an anti-parallel β sheet formed by four β strands [183, 216, 217]. 

The highly conserved active site cysteine is located in a shallow groove formed by a short loop 

connecting α helix 2 with α helix 3 and a long loop proximal to the active site [212]. 

E2 enzymes perform and regulate several crucial processes during ubiquitin conjugation. They 

strongly influence the selection of the particular ubiquitin-like protein (UBL) by only accepting 

their specific modifier from their cognate E1 enzyme [212]. Therefore, E2s bind their cognates 
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with significantly increased affinity only if the E1 is carrying their UBL [123, 218]. Charging of 

the E1 with a modifier induces conformational changes within the E1 which lead to the 

exposure of hidden E2 binding sites and allow the formation of proper E1-E2-complexes [200, 

219, 220]. For example, minor differences in the ubiquitin fold domains (UFD) of the E1 

enzymes UBE1 and UBA6 guarantee ubiquitin E2s to discriminate between them [126]. Other 

E2s possess N terminal protrusions which stabilize the interaction with their cognate E1 

enzyme while at the same time reducing the affinity for other E1s [200, 209, 221-223]. Thus, 

the UFD domain provides E2s with the necessary structural framework to communicate with 

the correct E1 to accept the correct modifier [212]. 

Moreover, E2s have a strong impact on the selection of a suitable E3 ligase for ubiquitin and 

UBL conjugation. E2s recruit and bind E3 ligases to induce substrate ubiquitination [212]. 

Single E2 enzymes can interact with one or several E3s, so are UbcH5 and UbcH7 which bind 

to the HECT E3 ligase E6AP [224, 225], however, only UbcH5b interacts also with the RING 

E3 ligase Mdm2 [226]. Other well-characterized E2-E3 pairs are the yeast E3 Skp-cullin-F-box 

protein (SCF) complex and the E2 Cdc34 [227] or the human E3 anaphase-promoting complex 

or cyclosome (APC/C) and its E2 Ube2C and Ube2S [222, 228]. All E2s described so far 

identify their E3 via a patch built from two loops surrounding the N terminal α helix on the E2 

surface whereas slight alterations contribute to E3 binding specificity [212]. Despite the 

weakness of the interaction between E2 and E3, the binding of an E3 is required for full activity 

of the E2 [212, 217, 229, 230]. Additionally, E2s make use of overlapping binding patches for 

their interaction with E1 and E3, making the conjugation of ubiquitin and UBLs a highly dynamic 

process [212]. 

Another process controlled by E2s is that they strongly influence length and topology of 

ubiquitin chains and regulate processivity of chain formation. The assembly of ubiquitin chains 

is initially induced by the addition of the first ubiquitin moiety to the substrate protein [212]. 

Afterwards, E2-E3 pairs switch from chain initiation to chain elongation. The decision whether 

the next ubiquitin is conjugated to an internal lysine residue within the substrate or within 

another ubiquitin moiety is usually taken by the E2 enzymes whereby certain E2 types hold 

different functions. For example, the yeast APC/C complex uses the E2 Ubc4 to modify lysine 

residues in its substrate proteins, but engages Ubc1 to elongate K48-linked ubiquitin chains 

[231]. Other E2s lack specificity for a certain lysine residue in the substrate which enables 

them to initiate chain formation on a diverse set of substrates for multiple E3 ligases [232]. E2s 

which are involved in chain elongation are mostly dependent on the first addition of ubiquitin 

to lysine residues within the target protein and lack chain initiation functionality [228, 233-235]. 

Another type of E2s first initiates the extension of short ubiquitin chains before elongating E2s 

take over [236]. Yet another subset of E2 enzymes catalyzes both initiation and elongation as 

described for the yeast Cdc34 interacting with the APC/C complex [212, 237]. 
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Another property of E2 enzymes is their capacity to influence ubiquitin chain topology. Early 

studies described the ability of E2s to synthesize ubiquitin chains of a distinct length even in 

the absence of an E3 ligase [238-241]. For example, members of the Ube2D family do not 

possess linkage type specificity but synthesize ubiquitin chains of all possible linkages in vitro 

[212]. They bind ubiquitin in a non-covalent manner at their backside, which is located too far 

away from the active site of the E2. This indicates that here, E3s mediate the chain type 

specificity by orienting E2, ubiquitin and substrate protein in the correct manner [212, 214]. 

E2s mostly define chain type specificity for RING E3 ligases but they might be less important 

for HECT E3s [212], since HECT E3s accept ubiquitin at their active center and subsequently 

orient the specific lysine residue of substrate proteins towards ubiquitin conjugation [212, 242]. 

Depending on the recognized surface of ubiquitin, E2s engage distinct E3 ligases, and different 

linkages will be assembled which determines the fate of modified proteins. 

1.1.2.4 RING E3 ligases 

After activation of ubiquitin by an E1 enzyme and transfer onto the active site of a conjugating 

E2 enzyme, the modifier becomes covalently attached to substrate proteins or to polyubiquitin 

chains [123, 212]. This very last step within the catalytic conjugation cascade is mediated by 

ubiquitin E3 ligases. These proteins bring substrate and ubiquitin charged E2 into close 

proximity for the ubiquitin transfer to take place – either by mediating the direct transfer or by 

accepting ubiquitin from the charged E2 and actively transferring ubiquitin onto the 

substrate  [122]. Specificity is achieved by the correct coupling of cognate E2-E3 pairs with 

their substrate proteins [122, 212]. E3 ligases can be classified into three major families 

dependent on their possession of either (RING) and/or HECT domains [243]. Although both 

families do not share sequence identity or conjugation mechanisms, similarities in structural 

features were observed [131, 244, 245]. 

Really-Interesting-New-Gene (RING) E3 ligases are conserved from yeast to humans and 

approximately 600 different RING or U-box domain ligases potentially expressed within the 

human body, comprising over 95% of all predicted E3 ligases [246]. The RING domain is 

Figure 6. RING E3 ligases. RING E3s are the most common type of ubiquitin ligases. (A) They act as scaffolding factors during ubiquitin 
conjugation, as they directly bind the ubiquitin-charged E2 as well as the substrate protein. (B) RING E3s possess a zinc-binding domain 
called RING (really Interesting New Gene) which is required for the interaction with ubiquitin charged E2 enzymes and for the stimulation of 
ubiquitin transfer. Image was re-drawn from [133].  
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formed by conserved but hidden cysteine and histidine residues which help to maintain the 

overall domain’s structure by binding zinc atoms (Figure 6B) [122, 247]. Additional 

semiconserved residues are described to be involved in either formation of a hydrophobic core 

within the RING domain or in recruiting interaction partners [122]. In contrast to zinc fingers, 

the RING zinc coordination sites are arranged in a complex structure forming the rigid, globular 

platform for protein-protein interactions, the RING domain [248, 249]. Several variants of RING 

domains are described including exchanged cysteine and histidine positions or cysteine 

replacements by other zinc coordinating residues [250]. Other variants of RING domain 

containing proteins possess a U-box instead of the RING domain presenting the similar fold 

but lacking the zinc coordination [133, 251]. In these cases, the zinc binding sites are replaced 

by conserved charged and polar residues that are engaged in hydrogen-binding networks and 

which are responsible for maintenance of structure and activity [251, 252]. The RING and U-

box domains are required for  

binding of ubiquitin charged E2 enzymes and stimulating ubiquitin transfer (Figure 6B) [133]. 

B-box containing proteins such as members of the TRIM E3 ligase family are structurally 

related to RING domains but lack the capability of recruiting E2 enzymes [253]. 

RING E3s can function as monomers such as c-Cbl, homodimers such as cIAP, heterodimers 

such as Mdm2/MdmX or multimeric complexes such as the SCF or APC/C complex where 

substrate recognition is mediated by a different subunit than substrate ubiquitination [133, 230]. 

Certain RING domains do not exhibit an intrinsic E3 ligase activity but need to heterodimerize 

with another RING domain for full activity of the latter, examples include Brca1-Bard1, Mdm2-

MdmX or Ring1b-Bmi1 [254-256]. RING E3s are not only regulated by dimerization but also 

by post-translational modifications such as ubiquitination, phosphorylation and neddylation. 

This was shown for cullin RING E3 ligases (CRL) which require neddylation for full activation 

[257-259]. Phosphorylation is a prerequisite for polyubiquitination of APC/C substrate proteins 

[227, 237, 260]. And autoubiquitination of Mdm2 and its removal by DUBs such as Hausp has 

functional consequences for the p53 life cycle [261]. 

RING E3 ligases directly bind their cognate E2 interaction partners via a shallow cleft on the 

surface of the E3 formed by loop regions, zinc coordination sites and a central helix [262-265]. 

On the other side, E2s contain a binding surface for the E3 within their first α helix and loop1 

and 2 [212]. 

Besides their binding to E2s, RING E3s also directly attach to their substrate proteins and can 

be considered to be bisubstrate enzymes, as they bind two substrates and two products: their 

substrates are the ubiquitin charged E2 and a lysine residue of a substrate protein, their 

products are the discharged E2 and the ubiquitinated substrate protein (Figure 6A). Upon 

transfer of ubiquitin from the E2 onto the RING bound substrate protein, the E2 has to detach 

from the E3 to become recharged by an E1 enzyme. Multiple cycles of E2 binding, ubiquitin 
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transfer and E2 detachment are necessary to form ubiquitin chains [122]. Overlapping binding 

sites for E1 and E3 on the E2 enzyme prohibit recharging with ubiquitin by the E1 when the E2 

is still bound to the RING E3 [212, 266]. RING E3s catalyze ubiquitin transfer and 

polyubiquitination of substrate proteins in different manners: substrate and charged E2 are 

bound for sequential transfer of ubiquitin onto substrates, or they are bound for formation of 

ubiquitin chains on the E2 and en bloc transfer of the formed polyubiquitin chains [122]. To not 

completely loose RING-E2 contact when the E2 is removed from the E3 ,it is assumed that 

E3s contain an additional domain which mediates tight binding of E2, which enables a possible 

on-side recharging of E2 by E1 [122].  

The catalysis of ubiquitin transfer is initiated by the induced proximity of ubiquitin charged E2s 

and substrate proteins. Since the RING is too remotely located from the catalytic site of the E2 

and because the conserved RING cysteines are not surface exposed [122], the active 

involvement of the RING in ubiquitin transfer is questionable [267]. It is therefore assumed that 

transfer of ubiquitin involves RING-induced conformational changes within the E2 to enhance 

ubiquitin discharge from the active site [263, 268]. Although changes in uncharged E2 

structures upon binding to RING or U-box domains were not detectable [265, 269-272], the 

ubiquitin charged E2 does undergo activating conformational changes [230, 268, 273]. The 

binding of charged E2s to RING E3s could stimulate rearrangements in the active center of 

the E2, which may lead to the exposure of certain conserved side chains which were shown 

to be essential for catalysis [274].  

Since the chemical reaction of ubiquitin transfer by RING E3s takes place at the active site of 

the E2, the selection of lysine residues for conjugation depends on proximity and on which 

lysine residues gains access to the active center of the E2 [122]. However, in most of the cases 

the distance between substrate docking site on the RING E3 and anticipated location of the 

thioester linked ubiquitin accounts for 50-60 Å [250, 265, 275-277], which implies two possible 

explanations: Either lysine residues are selected based on their accessibility and/or E3s 

undergo major conformational changes when arranged in multisubunit complexes such as 

SCF or APC/C in order to bridge the gap between substrate and charged E2 [122]. 

Upon binding of substrates and ubiquitin charged E2 to RING E3 ligases, ubiquitin is 

transferred either onto an internal lysine residue within the substrate protein or within another 

already attached ubiquitin moiety. Ubiquitin chain initiation and chain elongation are catalyzed 

by RING E3 ligases in separate processes. In case of the SCF complex substrate Sic1 both 

processes are mediated by one single E2 enzyme, Cdc34, whereas APC/C substrates are 

mono- and polyubiquitinated by different E2 enzymes to ensure a processive ubiquitination 

and degradation [230, 231, 273, 278]. Another so-called tag team consists of the heterodimeric 

RING E3 Brca1-Bard1 and six E2 enzymes – here, four E2s mediate monoubiquitination of 

Brca1, whereas another two are associated with chain synthesis on Brca1 upon 
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monoubiquitination [233]. Following this process, ubiquitin chains can be built on the substrate 

protein or can be transferred en bloc [279, 280]. Although a number of RING E3s 

monoubiquitinate or oligoubiquitinate their substrates, such as Mdm2/MdmX on p53 [261] or 

Bre1-Rad6 on histone H2B [281, 282], certain E2s mediate ubiquitin chain transfer such as 

Ube2G2 [283]. Upon attachment of the first ubiquitin moiety to a substrate protein, Ube2G2 

subsequently transfers further ubiquitin moieties to the growing chain at the active site cysteine 

of a second Ube2G2 molecule followed by complete transition of the growing ubiquitin chain 

onto the substrate protein [283]. For transfer of ubiquitin chains en bloc, a close proximity 

between two E2 molecules is required, which explains why some RING E3s contain an 

essential E2 binding element in addition to their RING domain [284].  

This way, the output of the ubiquitin chain formation is determined by the known specificity of 

the E2 enzyme. This is contrast to HECT E3 ligases where the chain linkage is determined by 

the E3 itself [233, 285, 286]. In general, the nature of the formed product, whether it be 

substrate ubiquitination or polyubiquitin chains, is defined by the last enzyme that forms a 

thioester intermediate with the ubiquitin moiety which is transferred [122]. 

1.1.2.5 HECT E3 ligases 

HECT (homologous to E6AP C terminus) E3 ligases are encoded in all eukaryotic organisms 

and are conserved from yeast to humans [287]. So far, 28 human HECT E3s were identified 

which catalyze the covalent attachment of ubiquitin to substrate proteins via formation of a 

HECT~ubiquitin thioester intermediate [287-289]. Some pathogenic bacterial strains were also 

shown to express HECT domain-like E3s which are injected into host cells in order to hijack 

the ubiquitin conjugation system for bacterial purposes [290-293]. 

In addition to N terminal domains with multiple different extensions, HECT E3s contain the 

eponymous HECT domain, which harbors the conserved active site cysteine in the C terminal 

region and exhibits significant similarity to the C terminus of E6AP [287, 289, 294, 295]. The 

HECT domain consists of two lobes, the N terminal lobe or N lobe, and the smaller C terminal 

Figure 7. HECT E3 ligases. E3s containing a HECT (homologous to the EAP carboxyl terminus) domain mediate ubiquitin transfer onto the
target protein in a two-step mechanism: (A) Ubiquitin is first linked to the active site cysteine of the E3 and is then transferred onto the
substrate protein. (B) The conserved HECT domain consists of two lobes: the N terminal lobe and the C terminal lobe. While the N lobe is 
required for the interaction with ubiquitin-charged E2s, the C lobe harbors the catalytic cysteine residue. The two lobes are tethered by a
flexible linker that is important for conformational changes during ubiquitin transfer. Image was re-drawn from [133].  
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lobe or C lobe, connected by a short linker (Figure 7B). The flexibility of this linker was 

described to be essential for catalysis [296] as it allows not only mutual rearrangements of the 

two lobes  

but also a proper positioning of the active center towards the E2~ubiquitin thioester [297]. 

Whereas the N lobe associates via its hydrophobic grove with the ubiquitin charged E2 [138, 

294, 298], the C lobe is important for ubiquitin transfer onto substrate proteins and for chain 

type determination [294, 296, 299, 300]. At Another region is located at the very C terminus of 

the C lobe, the C tail, which performs important but not yet clarified functions in catalysis of 

ubiquitin transfer [301-303]. Conserved residues within the C terminal tail or the C terminus 

itself support the isopeptide bond formation by anchoring the two lobes in a ligation-competent 

state [301-303]. Substrate recognition is mediated by domains or motifs within the extended 

regions N terminally to the catalytic HECT domain [297]. 

Based on sequence motifs or domains in the N terminal extensions, three subfamilies of HECT 

E3 ligases were defined: Nedd4/Nedd4-like E3s containing WW domains, HERC (HECT and 

RCC1-like domain) E3s harboring RLDs (RCC1-like domains), and other E3s neither 

containing RLDs nor WW domains [287, 289]. The Nedd4 family exhibits a N terminal Ca2+-

dependent, membrane-targeting C2 domain, followed by two or four WW domains, and the C 

terminal HECT domain [304, 305] whereas WW domains are binding to substrates, adapters 

and regulatory proteins [289, 306, 307]. HERC E3 ligases contain one or more RCC1 

(Regulator of Chromatin Condensation 1) repeat domains N terminally to their HECT domain. 

These ligases can be separated by size into small HERCs (100-120 kDa) and large HERCs 

(more than 500 kDa) [308, 309]. The remaining HECTs contain diverse domains N terminally 

to their HECT domain – it therefore appears that these regions have evolved as interaction 

hubs for co-localization of various signaling factors and interaction partners [297]. 

Ubiquitin transfer by HECT E3 ligases is mediated in a two-step mechanism (Figure 7A). The 

first step is a trans-thioesterification reaction where the E3 accepts ubiquitin from the active 

center of the E2 and forms a thioester bond between the C terminus of ubiquitin and the active 

site cysteine of the E3. In the second step, primary amino groups within the target protein carry 

out a nucleophilic attack towards the activated ubiquitin C terminus and an isopeptide bond is 

formed between ubiquitin and the substrate protein [297]. How HECT E3s mediate ubiquitin 

chain formation is not yet fully understood but different action models are proposed [279, 296]. 

According to one model, either ubiquitin chains are pre-assembled and still thioester-linked at 

the active site of the E3, followed by a transfer of the chain en bloc. Alternatively, HECT E3s 

mediate a step-wise transfer of single ubiquitin moieties to target proteins or a growing ubiquitin 

chain. Whereas E6AP is suggested to build K48-linked chains en bloc [310], UBE3C and 

Nedd4-type enzymes are proposed to transfer ubiquitin sequentially and to preferentially form 

K63-linked polyubiquitin chains [285, 299, 310-317]. In addition to the covalent interaction 
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between ubiquitin and the catalytic cysteine residue, several HECT E3s possess an additional 

non-covalent interaction site for ubiquitin [311, 315], thus keeping the growing ubiquitin chain 

in close proximity to the catalytic center [313, 314]. On the one hand, the donor ubiquitin, bound 

to the active site of the E2, forms a conserved hydrophobic interface with the HECT C lobe 

which induces critical rearrangements enabling the catalytic cysteine residues of E2 and E3 to 

come into close proximity [138, 302]. On the other hand, the acceptor ubiquitin performs the 

nucleophillic attack towards the donor ubiquitin and is bound to the substrate or the growing 

ubiquitin chain [297]. 

Some HECT E3s are specific for monoubiquitination of target proteins, others possess linkage 

type specificity or at least show selectivity for ubiquitin chain formation, while others are able 

to do both [105, 147, 289]. HECT E3s mediate linkage type specificity via proper positioning 

of the particular acceptor ubiquitin towards the C terminus of the donor ubiquitin at the active 

site of the ligase. In this way, the chain type is determined in a manner dependent on the 

acceptor which performs the nucleophillic attack towards the donor ubiquitin [297]. Chain 

specificity is supported by the HECT domain, especially the C lobe and the HECT C terminal 

tail [299, 302, 310, 318]. 

Activity of HECT E3 ligases is regulated by intra- and/or intermolecular interactions at two 

general levels. Either HECT E3s associate with substrates and regulatory proteins, or the 

HECT domain activity is targeted directly by changing the interaction with the E2 [319]. 

Association with substrate proteins is mediated by specific protein-protein interaction domains 

located N terminally to the HECT domain, such as WW or C2 domains [320]. HECT E3s 

contain either domains for adapter proteins which stimulate their activity, or they house 

domains for negative regulation by inhibitory proteins [289, 321-323]. Some HECT E3s require 

adapter proteins for efficient interaction with their ubiquitin loaded E2 enzymes [300]. In a non-

activated HECT E3 the catalytic cysteine residue is not accessible for E2 enzymes, as the 

active center is buried upon intramolecular interactions between C2 and HECT domain [324, 

325]. Binding of the C2 domain to the HECT domain is proposed to restrict the flexibility of the 

two lobes, which in turn would be important HECT E3 activity [296]. Other intramolecular 

interactions inihibit the transfer of ubiquitin to the active site of the E3 [297, 325]. 

Members of the Nedd4-type E3 subfamily are further regulated by binding of ubiquitin to an 

area on the N lobe, the so-called exosite which is required for chain formation [311, 313-315, 

326]. The inhibitory effect of binding to the exosite is only released upon interaction with 

adapter proteins [324, 325]. Processive assembly of target-bound, E3-bound or unbound 

ubiquitin chains depends on the exosite interaction in the HECT E3 with the hydrophobic patch 

of ubiquitin [313-315, 326]. A major function of the exosite lies in the stabilization of the 

ubiquitinated proteins on the E3, which is achieved by binding the last ubiquitin moiety in a 

growing ubiquitin chain [300, 313, 314]. 
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Another level of regulation is introduced by post-translational modifications such as 

phosphorylation. Under inhibitory conditions the WW domain interacts with the HECT domain, 

keeping the latter in an inactive state [327, 328]. Stimulus-dependent phosphorylation of 

distinct residues within the N terminus induces activating conformational changes and the 

disruption of the WW-HECT interaction [329]. 

Yet other HECT E3 ligases, such as E6AP, are regulated by invading viruses. The presence 

of the human papilloma virus (HPV) oncoprotein E6 facilitates polyubiquitination of the tumor 

suppressor p53 by E6AP and stimulates HPV-induced carcinogenesis [330, 331]. Only the 

complex of E6, E6AP and ubiquitin promotes the recruitment of p53 but not E6 protein alone 

[332]. Whereby, aberrant inactivation of E6AP is linked to the development of Angelman 

Syndrome, a neurodevelopmental disorder [333-335]. E6AP is also regulated by 

phosphorylation and interaction with regulatory proteins which control the self-associating 

ability of E6AP in cells required for full activity [294, 336-343]. Although regulation of E6AP is 

intensively investigated, other HECT E3s are less well understood and open questions 

regarding their own regulation and functionality towards ubiquitination of substrate proteins 

remain. 

1.1.2.6 RBR E3 ligases 

For a long time, HECT and RING E3s were believed to be the only two classes of E3 ligases. 

However, in 1999, a third class of ligases was discovered: the RING-Between-RING or TRIAD 

(two fingers and a DRIL (double RING finger linked)) E3s [344-347]. The human genome 

encodes for 14 RBRs [344, 348], whereby the most famous family members of these E3 

ligases are Parkin and HOIP/HOIL-1. While Parkin is involved in the progression of Parkinson’s 

Disease [349, 350] and mitochondrial integrity [351-353], HOIP and HOIL-1L are both involved 

in linear ubiquitin chain formation by the LUBAC complex (linear ubiquitin chain assembly 

complex) [354]. Other members are involved in various processes within cells, such as 

transcription and RNA metabolism, translation, subcellular tethering, regulation of post-

translational modifications and protein stability, cellular and stress signalling, cell cycle control, 

and response to microbial infection [355]. 

Unlike RING or HECT E3 ligases the RBRs are continuously arranged as complex multidomain 

proteins. Initial sequence alignments indicate that two of the RBR domains contain multiple 

cysteine residues required for zinc atom coordination. These alignments confirm a rough 

similarity to RING ligase consensus sequences (RING1 and RING2) [344, 348, 356]. The third 

domain was proposed to also contain several cysteine residues and to be located between the 

two RING domains, building up the InBetweenRING (IBR) domain [345]. Initial experiments 

were performed based on the hypothesis that RBR E3s were unusual E3s possessing RING 
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domains that behave like RING E3s in regard to ubiquitin transfer to substrate proteins [357-

360]. 

Due to newly obtained structural insights, this RING1-IBR-RING2 nomenclature became 

invalid and new names for these particular domains are proposed. The RING2 does not 

arrange in a canonical RING E3 structure but contains one single cysteine residue enabling 

the E3 to accept activated ubiquitin from an E2, to form of a thioester E3~ubiquitin intermediate 

and to transfer ubiquitin onto substrate proteins. Due to these difference compared to classical 

RING domains and its essential relevance in ligase activity, Spratt and colleagues proposed a 

new name, the Rcat (Relevant for catalysis) domain [361]. From new structural insights it also 

became clear the IBR domain is not physically located between RING1 and RING2 but adopts 

a Rcat-like fold whilst lacking the catalytic cysteine residue and ubiquitination activity, which 

leads to its new name BRcat (Benign-catalytic) domain (Figure 8B) [361]. 

In contrast to RING E3s, RBRs use an auto-inhibitory mechanism which is more similar to 

HECT E3s [362-367] and furthermore, RBRs transfer ubiquitin onto substrates in a hybrid 

mechanism which partially adopts steps of RING and HECT E3s catalysis [347]. While RBRs 

are associated with their own set of substrate proteins, they determine the types of 

modifications such as monoubiquitination, linear ubiquitination or polyubiquitination [368]. 

Although the binding site for protein substrates has only been described for one RBR member 

[369], a lot about the RBR domains and their functional implications in catalysis is known: 

RING1 binds the E2~ubiquitin thioester thereby adopting the typical fold similar to canonical 

RING E3s [363, 366, 367, 370-375]. As indicated above, the RING2 is structurally different 

from classical RING domains and is more similar to the IBR domain [368]. In addition, it 

contains the essential active site cysteine not to organize zinc atoms but to accept ubiquitin 

from the E2~ubiquitin thioester and to generate a covalent E3~ubiquitin thioester intermediate 

[347, 364, 365, 376]. Therefore, RBR Es are considered to be RING-HECT hybrid E3s. The 

IBR domain does not contain an active center, however, the domain and its linkers on either 

Figure 8. RBR E3 ligases. (A) RBR (RING-Between-RING) E3s catalyze the ubiquitin transfer in two steps: Ubiquitin is first accepted by
the active site cysteine of the E3 and becomes then transferred onto the substrate protein. (B) The characteristic domain structure contains 
two RING domains (RING1 and 2) separated by an interlocated in-between-RING domain (IBR). The RING1 domain mediates the recruitment 
of ubiquitin-charged E2s, whereby the RING2 harbors the catalytic cysteine for ubiquitin transfer and is, due to new structural insights, also
named Rcat (required-for-catalysis). Since the IBR domain adopts a similar fold as RING2 but lacks the catalytic cysteine, it is also called
BRcat (benign-catalytic) domain. Image has been re-drawn from [133].  
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side are involved in ubiquitin binding during ubiquitin transfer [373, 374, 377]. Although the 

particular relevance of the IBR domain is not yet fully understood, it is described to form 

multiple interactions with RING1 as well as with regions N and C terminally located from of the 

RBR unit [378]. Additionally, parts of the IBR domain contribute to the RING1 binding surface 

of the E3 on which the E2~ubiquitin thioester can attach [367]. Due to its ability to mediate 

these interactions, the IBR domain is an important structural part of RBR E3s in regulating the 

activity and accessibility of the RBR unit [378]. 

Besides the unchangeable order of the catalytic triad of RING1-IBR-RING2 [344, 348], RBR 

E3 ligases contain a variety of different protein-protein interaction motifs near their N terminus. 

Parkin contains an N terminal Ubl (ubiquitin-like) domain for binding of other interaction 

partners as well as for binding to the RBR domain in order to diminish ubiquitination [362]. The 

Ubl domain in HOIL-1L acts as a recruitment factor for HOIP [379] to support formation of the 

LUBAC complex [354]. C terminal extension of the RBR domain in HOIP form a helical base, 

which is responsible for the linear ubiquitin chain activity of the LUBAC complex [364, 369]. 

The ubiquitin transfer onto substrate proteins mediated by RBR E3 ligases takes place in a 

two-step mechanism (Figure 8A). Via binding of their RING1 to the E2~ubiquitin thioester 

conjugate, RBR E3s are able to accept ubiquitin from the E2. Thereby, they form a short-lived 

RING2~ubiquitin thioester prior to ubiquitin transfer onto target proteins [347, 363-365, 380] 

similar to HECT mediated transfer [138, 294, 301, 302, 319]. Comparable to RING E3s [348, 

364, 365], ubiquitin transfer is initiated by binding of the E2~ubiquitin thioester to the RBR 

domain [347, 364, 365]. Upon binding of the charged E2 and subsequent E3~ubiquitin 

thioester formation, the substrate becomes attached and ubiquitin is transferred onto the 

protein substrate. In contrast to RING E3s, RBRs are able to accept ubiquitin directly from the 

E1 enzyme in a step that does not require the RING1 domain of RBRs [364, 365]. In the 

catalysis mediated by classical RING E3s, the interaction between RING and loaded E2 

stimulates the E2 discharge [230, 268]. In contrast, the RING1 domain of RBRs is not sufficient 

to allow a discharge of ubiquitin from the E2 but requires presence of the RING2 domain 

containing the active site cysteine [347, 364, 371]. 

Unlike RING E3s but related to HECT E3s, RBRs are regulated by interaction partners and 

adapter proteins via an auto-inhibitory process influencing their ubiquitination activity [362-

367]. Several different mechanisms for different members of the RBR family are described 

[364, 365, 371, 376, 381]. For Parkin three forms of auto-inhibition have been identified so far. 

The first is that the Ubl domain interacts with the RBR domain and blocks self-activation of 

Parkin [362, 380]. The second form includes a helical region between the IBR and RING2 

domains of Parkin which docks with particular residues into the proposed E2 binding site on 

RING1 [363, 366, 367]. In a third mode, the active site cysteine in RING2 is blocked by 

intramolecular interactions with the RING0 domain N terminally of RING1 [363, 366, 367]. 
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Other members of the RBR E3 family, such as HHARI or TRIAD, contain an Ariadne domain 

[371], which is located between IBR and RING2 and blocks access to the active center thereby 

lowering the activity of HHARI [371]. Additionally, both proteins bind to neddylated forms of 

cullin E3 ligases to become activated [376]. LUBAC, however, persists in an inactive state 

unless HOIP is activated by assembling with its triad components SHARPIN and HOIL-1L [382-

384]. As an additional layer of regulation, Parkin and LUBAC can team up to increase the 

modification of NEMO with linear ubiquitin chains to modulate subsequent regulatory 

processes [385]. As it is the case for HECT E3 ligases, several members of the RBR family 

remain to be investigated regarding their activity, regulation and functional implications in 

cellular processes. 

1.1.2.7 Deubiquitinating enzymes  

The human genome encodes for approximately 100 deubiquitinating enzymes (DUBs) which 

are catalytically active and thereby counteract the function of E3 ligases [386-390]. DUBs can 

be divided into six subfamilies according to their structures and features: the ubiquitin C-

terminal hydrolases (UCHs), the ubiquitin-specific proteases (USPs), the ovarian tumor 

proteases (OTUs), the Josephins, the motif interacting with ubiquitin (MIU) containing novel 

DUB family (MINDys) [391] and JAB1/MPN/MOV34 metalloenzymes (JAMMs). Except for 

JAMMs, which are zinc metalloproteases, all other families of DUBs belong to the group of 

cysteine proteases [112, 392]. Besides their catalytic domain, DUBs possess several different 

domains that mediate protein-protein interactions [112, 212, 386].  

The most abundantly present group of domains are ubiquitin-binding domains (UBDs), which 

involve the ubiquitin-interacting motif (UIM), the ubiquitin-associated (UBA) domain,  the 

ubiquitin-like (UBL) folds, or the zinc finger ubiquitin-specific protease (ZnF-UBP) domain [215, 

393]. UBL folds show low sequence homology but share a common three-dimensional 

structure which is similar to ubiquitin. In contrast to ubiquitin however, these domains do not 

possess the C terminal diglycine motif, making these folds incompatible for DUB cleavage 

activity [112]. DUBs are subdivided into three subfamilies based on their activity towards 

ubiquitin, ubiquitinated proteins and ubiquitin chains.  

The first family is involved in precursor processing: Since the human genome encodes several 

ubiquitin variants the modifier can occur in different precursor types such as linear fusions of 

multiple ubiquitin moieties or fused to ribosomal proteins. To gain free and activatable single 

ubiquitin molecules, DUBs are required for processing the C termini of the precursors [112]. 

The second family of DUBs is able to remove polyubiquitin chains from substrate proteins to 

counteract the ubiquitin signaling or to stabilize the target protein. The rescue of target proteins 

from degradation by the 26S proteasome or by the autophagosome-lysosome pathway is not 

uncommon [112]. By doing so, DUBs contribute to ubiquitin homeostasis by recycling ubiquitin 
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from its protein substrates. And the third type of DUBs does not only clear off complete ubiquitin 

chains from their substrates but this type is also able to modify these polyubiquitin chains by 

editing them [112]. 

The origin of DUBs goes back further in evolution than yeast, as also bacteria and certain types 

of pathogenic viruses express DUBs, which enables them to hijack the host ubiquitin 

conjugation and deconjugation system and to utilize it for their purposes [394, 395]. DUBs are 

known to modulate ubiquitination in two different ways. In the first way, they directly bind either 

to ubiquitinated substrates or to polyubiquitin chains which they then deubiquitinate.  

The catalysis of ubiquitin removal or chain cleavage by cysteine protease DUB families is 

mainly occurring between an ε-amino group of an internal lysine residue of ubiquitin or a 

substrate and the carboxyl group at the C terminus of ubiquitin [112]. Thereby, the catalytic 

cysteine of the DUBs performs a nucleophillic attack on the isopeptide linkage leading to the 

formation of a covalent bond between the catalytic cysteine residue and the carboxyl group of 

ubiquitin. This bond is then hydrolyzed and ubiquitin is completely removed from the chain or 

protein substrate [112, 396].  

Ubiquitin-specific DUBs can distinguish ubiquitin from other ubiquitin-like modifiers (ULMs) by 

their different surface properties with high specificity [395]. Catalytic domains of DUBs possess 

a primary ubiquitin recognition site, the S1 site [112, 391] where the specificity for ubiquitin 

over other ULMs is encoded. The S1 site is also described to drive formation of the enzyme-

substrate complex [392]. When DUBs are cleaving polyubiquitin chains, the distal ubiquitin 

contributing its C terminus for cleavage is recognized by the S1 site. In case of diubiquitin 

cleavage, the S1 site binds to the second ubiquitin whereas the proximal ubiquitin is attached 

to the S1’ site. This surface area preferentially recognizes the ubiquitinated substrate and 

orients the lysine residue towards the active center [392]. In addition to recognizing the C 

terminus of ubiquitin, certain surface patches on ubiquitin – including its hydrophobic patch 

around residues 36 and 44 [105] – are necessary for DUBs to recognize and bind ubiquitin. 

Even minor changes in these hydrophobic surface patches are sufficient in preventing ULMs 

from becoming DUB targets [392]. Additionally, the C terminus of ubiquitin is maximally 

stretched upon binding leading, thereby leading to its orientation towards the active center of 

the DUB [112]. Interestingly, the C terminal sequence of ISG15 is similar to ubiquitin, which 

explains why some DUBs are able to remove both ubiquitin and ISG15 from substrate proteins 

[397, 398]. Other modifiers such as SUMO or Nedd8 contain slight differences in their C 

terminal sequences preventing them from cleavage by DUBs [112, 399]. 

Another level of specificity is achieved by the differences between isopeptide and peptide 

linkages, as not every DUB cleaves every linkage type. While the peptide linkage shows limited 

rotational freedom, the isopeptide linkage is quite flexible [112]. These differences may explain 

why certain DUBs are able to cleave linear chains formed by peptide linkages or K63-linked 
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chains which show a similar topology and require a more spacious environment around the 

active center of the DUB [112, 190]. In contrast to USP domain containing DUBs which clear 

these chains with low efficiency, OTU, JAMM and UCH domain containing proteases are 

completely inactive towards these linkage types indicating that they are isopeptide-specific 

proteases [190]. For example, OTUB1 is one of the most abundant DUBs in cells [400] and 

exhibits a high specificity for K48-linkages [401-403]. 

With regard to the determination of linkage type specificity, the proximal ubiquitin within a linked 

chain plays a crucial role. Depending on its orientation towards the active site of the DUB, a 

corresponding lysine residue is presented to the catalytic center. Hence, DUBs specific for 

certain chain types are more likely to recognize and bind ubiquitin rather than substrate 

proteins [392]. This means that DUBs recognizing a certain linkage type require binding of two 

ubiquitin moieties across their active site, which indicates that these DUB types are not able 

to cleave off the proximal ubiquitin but instead leave the substrate monoubiquitinated [392]. 

For example, OTULIN possesses a linear linkage specificity and exclusively targets Met1-

linked ubiquitin chains [404, 405]. UCH and Josephin family enzymes harbor only minor activity 

towards diubiquitin [190, 406] whereas members of the OTU domain proteases exhibit distinct 

preferences for a small subset of linkage types [402]. Ataxin-3 prefers longer and more 

heterotypic ubiquitin chains [407]. However, most USPs show almost no linkage preference 

[190, 406, 408, 409]. While they clear ubiquitin from their substrates independently of linkage 

type or topology [406, 408] [406, 408], they also usually remove the proximal ubiquitin from 

target proteins [392]. However, members of the JAMM metalloproteases remove ubiquitin in a 

manner dependent on K63-linkages [406, 410-412], whereas MINDY DUBs are proposed to 

possess a K48 linkage specificity [391]. 

Depending on the positioning of the DUB at the ubiquitin chains, these are either cleaved at 

their distal end (exo) or internally (endo). DUBs cleaving at the distal end of an ubiquitin chain 

leave behind a monoubiquitination, as they process the substrate multiple times on order to 

remove one ubiquitin moiety after another. Removal of mono-ubiquitin from substrates then 

requires substrate-directed, nonspecific DUBs [190]. DUBs exhibiting an endo-activity are 

efficient in removing ubiquitin from a target protein but release polyubiquitin chains, which then 

require further processing to achieve single ubiquitin moieties [392]. The proteasome-

associated DUB USP14 harbors exo-activity cleaving K48-linked ubiquitin from the distal end 

[413], whereas OTU DUBs show activity towards endo-cleavage [402, 414]. 

Interaction between DUBs and their substrate proteins is based on direct binding. However, 

regions required for this interaction are often featureless and not conserved between DUB 

families or between species [392]. This may explain why linkage and substrate specificity is so 

diverse between different DUB families and even between family members [406, 408, 409, 

415, 416]. The direct binding of target proteins provides DUBs with a highly selective capacity, 
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which allows the regulation of almost every cellular pathway or process. On the other hand, 

DUBs themselves need to be tightly controlled in terms of their localization, activity and 

abundance [417]. Deregulation of DUBs is implicated in a variety of diseases such as tumor 

development [418], neurodegeneration [419] and inflammatory diseases [420]. Regulation of 

DUBs is mainly divided into two classes, as either both their localization and expression, or 

their DUB activity itself are coordinated. DUB abundance is regulated via transcription, 

translation and degradation, whereas activity and localization can be regulated via multiple 

processes [190]. Several DUBs undergo stimulus-dependent translocation to endosomes, 

mitochondria or nucleoli [401, 403, 421]. In addition, phosphorylation of certain DUB types also 

results in translocation to the nucleus [422, 423]. Localization of DUBs thereby determines the 

accessibility of certain subsets of target proteins for processing [112]. 

DUB activity can be controlled via post-translational modifications, whereby especially the 

cross-talk between ubiquitination and phosphorylation is intensively investigated [112, 392]. 

Constitutive phosphorylation of USP8 blocks its catalytic activity during interphase [424], 

whereas in mitosis this modification is removed. In turn, increased USP8 activity supports 

cytokinesis [425, 426]. Ubiquitination of ATXN3 leads to an activation of the DUB, in contrast, 

modification of USP25 with SUMO induces inhibition via sterical hindrance [427]. Hydroxylation 

of certain OTU domain containing DUBs (such as OTUB1) influences the interactome and 

substrate choice [428], whereas binding of OTULIN to the LUBAC complex is blocked by 

OTULIN phosphorylation [429, 430].  

Activity of DUBs is further controlled by protein-protein interactions and by allosteric regulation. 

Several DUBs contain additional ubiquitin-binding domains or motifs which directly influence 

their activity [386, 431]. For example, USP25 or OTUD5 are dependent on intact UIM domains 

for efficient hydrolysis of ubiquitin chains [386, 402], whereas binding of free ubiquitin to the N 

terminal ZnF-UBP domain of USP5 changes its conformation stimulating catalysis of ubiquitin 

chain cleavage [432]. The interaction of A20 with the TAX1-binding protein affects its catalytic 

activity or substrate targeting [433]. In some DUBs, the substrate-binding site can be buried or 

covered by intra- and/or intermolecular interactions. In others, the catalytic triad is rendered in 

an inactive state and requires activation by conformational changes or interactions with 

adapter proteins [112, 392].  

Since DUBs control various cellular processes, these regulatory mechanisms provide a wide 

field for drug targeting during therapies against cancer development and other severe diseases 

triggered by deregulation of the ubiquitin conjugation system. 

1.1.2.8 Ubiquitin-like modifiers 

Ubiquitin and its three-dimensional structure, the β-grasp fold, are eponymous to a complete 

family of small proteins sharing the similar globular fold domain [106, 434]. The ubiquitin-like 
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family consists of ubiquitin-domain proteins (UDPs) and ubiquitin-like modifiers (ULMs) [435]. 

Although UDPs contain the three-dimensional β-grasp fold among other domains or patches, 

they are not conjugated to substrate proteins via this domain but facilitate protein-protein 

interactions [436]. At first, UDPs were described to be required for recruitment of ubiquitinated 

substrates to the proteasome [437], where they bind in a UBL-dependent manner [438]. Only 

later it became clear that not all UDPs interact with the proteasome [439] but fulfill multiple 

functions in almost all cellular processes and are consequently involved in the pathogenesis 

of several diseases [436]. So far, 11 ULMs have been identified, which are all small proteins 

that contain the β-grasp fold [435, 440]. These include ISG15 [441, 442], Nedd8 [443, 444], 

SUMO1-3 [445, 446] or FAT10 [447]. Almost all ULMs share common characteristics such as 

their expression as precursors, their reliance on C terminal processing before activation by 

E1s, and a conjugation machinery similar to ubiquitin [134]. 

However, these common features are not found in all family members. For example, FAT10 

[448], Atg12 [449], and URM1 [450] are translated as mature proteins and do not require 

processing prior to their conjugation in order to gain a free C terminal diglycine motif [134]. 

ISG15 and FAT10 harbor two ubiquitin-like domains and belong, together with MNSFβ/FUBI, 

to the cytokine-inducible ULMs [451-456]. UFM1, Atg8, and Atg12 harbor only one C terminal 

glycine residue instead of the classical gly-gly motif [449, 457, 458]. And UBL5 lacks this C 

terminal motif completely but exhibits a conserved di-tyrosine motif at this site [459]. In contrast 

to typical ULMs, UBL5 interacts with its target proteins only in a non-covalent manner 

independently of ATP hydrolysis and classical conjugation and deconjugation enzymes [460-

464]. Activation of URM1 by its E1 enzyme UBA4 does not lead to formation of a classical 

thioester intermediate between the active site cysteine of the E1 and C terminal glycine 

residues but induces formation of thiocarboxylate intermediate. URM1 activated in this manner 

becomes directly conjugated to target proteins without further support by E2 or E3 enzymes 

[465-468]. As sequence and structure are more closely related to bacterial sulfur carrier 

proteins [450], it was proposed to represent an evolutionary link between ancient bacterial 

proteins and early ULMs in eukaryotes [469-471]. 

Besides these differences, ULMs share common features and also overlap in their conjugation 

cascades. For example, ubiquitin is activated by two E1 enzymes, UBE1 and UBA6, whereas 

UBE1 can also induce Nedd8 conjugation under certain stress conditions [129, 193, 472], and 

UBA6 is also bispecific for ubiquitin and FAT10 [125-127]. Similarly, the UBA6-specific E2 

conjugating enzyme USE1 acts in a bispecific manner in the conjugation of both ubiquitin and 

FAT10 [473]. In contrast, SUMO1-3 possess their personal canonical enzymatic cascade in 

which they become activated by SAE1/2 and transferred onto their canonical E2 Ubc9 [121, 

474]). ISG15 and ubiquitin, since these contain a similar C terminal tail, are transferred by the 

same E2 enzyme, UBE2L6 and are cleared from protein substrates by similar DUBs [112, 
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474]. Atg8 and Atg12 share one E1 enzyme, Atg7, but rely on their distinct, canonical E2 

enzymes [475]. Furthermore, whereas most of the ULMs are described to become attached to 

substrate proteins as single modifications, ISG15, Nedd8 and SUMO1-3 form polymeric chains 

in a ubiquitin-like manner [118]. 

Post-translational modifications of target proteins by ubiquitin-like modifiers trigger a wide 

range of functional consequences within cells and control almost every regulatory process. 

Among their involvement in proteasomal and autophagosomal targeting, protein trafficking, 

signal transduction and cell cycle progression, ULMs also play crucial roles in DNA repair, 

stress responses and host immune answers to bacterial and viral infections [118, 463, 476]. 

This participation in all these processes mean that ULMs and their conjugation and 

deconjugation machineries are putative therapeutic targets in many severe diseases such as 

cancer development, neurodegeneration and age-related diseases as well as autoimmune 

disorders or inflammatory diseases [2, 350, 419, 420]. 

1.2 The ubiquitin-like modifier FAT10 

The ubiquitin-like modifier FAT10 was named Human Leukocyte Antigen (HLA)-F adjacent 

transcript 10 [447, 477] as it was discovered by sequencing of the HLA-F locus within the 

human Major Histocompatibility Complex (MHC) class I region. Further analyses revealed 

FAT10 as a di-ubiquitin protein [447] consisting of two ubiquitin-like domains [448]. Recent 

NMR structure analyses confirmed that the two domains are arranged in a tandem head to tail 

formation joined by a short flexible linker [447, 478]. Although the N terminal and C terminal 

domain of FAT10 share only 20% sequence similarity to each other, they possess 29% and 

36% sequence identity to ubiquitin, respectively [448]. The murine Fat10 domains are even 

less similar to ubiquitin but share a high sequence identity with the human FAT10 domains 

(69%) [452, 455]. Although human and murine FAT10 share a high sequence identity, lysine 

residues corresponding to K27, K33, K48, and K63 are only conserved in both human FAT10 

domains [448]. In murine Fat10 only K48 is conserved in both the N and C terminal domains, 

indicating that other lysine residues are not required for exertion of Fat10 functions in mice 

Figure 9. Model of the FAT10 structure. The ribbon diagram of the proposed structural model of human FAT10 displays both the N terminal 
domain and C terminal domain of FAT10 in a head to tail conformation joined by a short linker. Both domains adopt the characteristic 
ubiquitin- or β-grasp fold consisting of four β-strands and one α-helix. The structural model is adapted from [478].  
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[455]. So far, only NMR based determinations of the structure of the FAT10 N terminal domain 

are available [479]. However, these and hypothetical model analyses based on the structures 

of ubiquitin and ISG15 support the position that the N and C terminal domain of FAT10 adopt 

the typical β-grasp fold consisting of five β strands grabbing one α helix (Figure 9) [478, 479]. 

Both domains are joined by a short linker, which was proposed to be very flexible to allow free 

movement of the two domains towards each other [479]. Moreover, since the linker sequence 

and surrounding residues are highly conserved between species, the linker function was 

shown to be crucial for the functionality of FAT10 [452, 455]. 

Apart from becoming conjugated to other protein substrates, FAT10 itself was shown to be 

target of post-translational modifications. Lysine residues within FAT10 can be targets for 

ubiquitination [480, 481], and acetylation [482]. Furthermore, threonine and serine residues 

within FAT10 were shown to become phosphorylated [481, 483]. 

FAT10 is expressed at a basal level in tissues of the immune system such as adult and fetal 

thymus, spleen, liver, and lymph nodes as well as in organs possessing mucosa-associated 

lymphoid tissues including the gastrointestinal tract, lung, and kidney, but also in immune-

privileged reproductive organs [452, 484-487]. Additionally, FAT10 is expressed in non-

activated and activated CD34+- derived and monocyte-derived dendritic cells (moDCs) and B 

cells [448, 487]. The high expression of FAT10 in the thymus is mainly due to high expression 

rates in medullary thymic epithelial cells (mTECs) and to a minor extend by expression in 

cortical thymic epithelial cells (cTECs) [488]. Furthermore, FAT10 was proposed to be 

expressed in long-term cultures of human regulatory T cells (Tregs) [489]. 

Apart from basal expression of FAT10, its endogenous expression ca be induced by various 

inflammatory stimuli or by infection with certain virus types in cellulo. For example, mature B 

cell lines transformed with Epstein-Barr virus (EBV) but not transformed precursor B cell lines 

show a high FAT10 expression [447, 448]; the human respiratory epithelial cell line A549 

produces FAT10 upon infection with influenza virus [490]. Moreover, FAT10 expression can 

be synergistically induced in a variety of human and murine cell types by pro-inflammatory 

cytokines, such as IFNγ and TNFα [452, 455, 487, 491], or IL-6 and TNFα [492]. IL-1β 

treatment was described to induce FAT10 expression in human and rat beta cells as well as 

in human keratinocytes [493, 494]. When human dendritic cells are generated in vitro, they 

produce FAT10 upon treatment with Toll-like receptor (TLR) ligands lipopoly-saccharide (LPS) 

and polyI:C, CD40L apo or in combination with prostaglandin E2 (PGE2) [448, 487, 495].  

Reasons for inducible FAT10 expression by a variety of cytokine triggers can be found in the 

promoter and 5’ untranslated regions of the FAT10 gene. These regions harbor the respective 

recognition sites for several transcription factors involved in the signaling of above described 

stimuli [484, 492, 496, 497]. Additionally, in this promoter region a recognition site for p53 

negatively regulating FAT10 expression is included [497]. Both proteins are suggested to 
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regulate each other in a negative feedback loop: whilst FAT10 modifies p53 and its activity at 

protein level, p53 in turn diminishes FAT10 gene expression [492, 497]. In accordance with 

these findings, overexpression of FAT10 in gastric cancer tissue was positively linked to 

expression of mutant p53 [497, 498]. However, the impact of FAT10 overexpression on p53 

activity was described as either stimulatory or inhibitory [492, 499], whereas induction of 

endogenous FAT10 expression by treatment with pro-inflammatory cytokines leads to a 

reduction of p53 activity [492]. These data suggest that under normal conditions FAT10 

expression is retained at a low level depending on the negative impact of p53 on the FAT10 

promoter region. In contrast, FAT10 is upregulated in chronic inflammation inducing 

downregulation of p53-dependent genes and leading to chromosomal instability and disruption 

of cell cycle control [500]. 

Besides its feedback regulation with p53 in cell cycle progression, FAT10 also appears to play 

a role during apoptosis. FAT10 was shown to induce caspase-dependent apoptosis in mouse 

fibroblasts [501], HeLa cells [452], a renal tubular epithelial cells [483]. However, lymphocytes 

of FAT10 knockout mice are more susceptible to spontaneous cell death compared to 

lymphocytes from wild type mice, likewise human and murine cardiac myocytes with 

upregulated FAT10 are protected from myocardial infarction induced apoptosis [150]. Since 

FAT10 was also shown to possess pro-survival capacity [484], this topic is controversially 

discussed and implies a role for FAT10 in apoptosis under certain stress condition and/or in a 

cell type specific manner. 

FAT10 may also play a role in the pathogenesis of certain diseases, as it is highly upregulated 

in certain types of cancer such as colon cancer, hepatocellular carcinoma (HCC), 

gastrointestinal and pancreatic carcinomas, gynecological carcinomas, and glioma [486, 487, 

502-504]. In addition, FAT10 was proposed to be an epigenetic marker in liver neoplasia [491, 

505-507], and for colon cancer patients in postoperative chemotherapy, whose tumor samples 

showed high FAT10 expression, a higher recurrence rate was described than for those with 

FAT10 negative tumors. In line with these findings, high FAT10 expression correlated with 

significantly shorter survival time [508]. Moreover, a statistically significant association 

between high FAT10 expression and disease progression, severity, and poor prognosis was 

confirmed for several cancer types such as triple-negative breast cancer [509], glioma [504, 

510], or gastric cancer [498]. 

High FAT10 expression and its regulation are not only influenced by p53 but are also tightly 

controlled by transcription factors such as NF-κB. This regulatory protein is involved in various 

processes such as inflammation, cell-cycle progression, proliferation, immune responses and 

apoptosis [511]. FAT10 expression is synergistically inducible by pro-inflammatory cytokines 

such as IFNγ and TNFα [452, 455, 473, 487], or IL-6 and TNFα [492], which are known to 

promote activation of NF-κB [512]. Additionally, analysis of the FAT10 promoter region 
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revealed multiple regulatory binding sites for p65/NF-κB and for transcription factors of the 

family of signal transducer and activator of transcription (STAT)3 [484, 492, 496]. Both p65/NF-

κB and STAT3 were shown to synergistically induce FAT10 gene expression upon IL-6 and 

TNFα treatment [492]. Furthermore, cells treated with IFNγ and TNFα as well as the NF-κB 

inhibitor silibinin displayed decreased FAT10 mRNA expression due to silibinin-dependent 

inhibition of p65/NF-κB translocation into the nucleus [496]. These findings were further 

supported by recent studies in which knockdown of p65 reduced TNFα-mediated induction of 

FAT10 expression [496, 513]. In turn, FAT10 knockout cells exhibited diminished TNFα-

induced IκBα degradation and expression of NF-κB-dependent genes [514]. Overexpression 

of FAT10, however, increased p65 nuclear import [515], indicating that FAT10 and NF-κB are 

regulating each other in a positive feedback loop [500]. 

1.2.1 The FAT10 conjugation mechanism 

Ubiquitin is transferred onto substrate proteins by a three step enzyme cascade consisting of 

an activating E1 enzyme, a conjugating E2 enzyme and variable types of E3 ligases [134]. In 

this process ubiquitin is conjugated to substrates via its C terminal di-glycine motif [134]. 

Several ubiquitin-like modifiers (ULMs) are described to share a similar conjugation 

mechanism but to rely on their own cognate enzymes within the cascade [134]. This is also 

the case for covalent attachment of FAT10 to target proteins, which is performed in this 

ubiquitin-like manner (Figure 10).  

In the first step, FAT10 becomes activated by UBA6 (UBE1L2), the only currently known E1 

activating enzyme for FAT10 [125-127]. In this ATP-dependent process the C terminal glycine 

residue of FAT10 becomes adenylated at the adenylation site within the E1 and is then 

transferred onto the active site cysteine. Subsequently, a thioester intermediate is formed 

between the E1’s active center and the C terminal glycine residue of FAT10. Although UBA6 

is bispecific in activating both ubiquitin and FAT10 [125-127], it prefers FAT10 over ubiquitin, 

as it showns higher binding affinity for FAT10 but mediates a faster adenylation of ubiquitin as 

compared to FAT10 [126, 516]. These findings indicate that elevated amounts of FAT10, for 

example during inflammation, together with a stronger binding affinity of UBA6 for FAT10, may 

lead to preferential activation of FAT10 and thereby to a switch in proteasome target proteins.  

In the following trans-thioesterification reaction FAT10 is transferred from the active center of 

the E1 onto the active site cysteine of the E2. For FAT10 conjugation only one E2 enzyme is 

known so far, the UBA6-specific E2 conjugating enzyme USE1 (UBE2Z) [473]. Although USE1 

is as bispecific as UBA6 in transferring ubiquitin and FAT10, USE1 accepts these modifiers 

only from UBA6 [126, 205, 473]. Other E2 conjugating enzymes such as UBC5, UBC13 [125], 

and UBCH8 [473] cannot be charged by UBA6 – neither with FAT10 nor with ubiquitin. In turn, 

activated ubiquitin can be accepted by multiple E2s from UBA6 [126]. Similar to the slower 
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adenylation rate of FAT10 by UBA6, the transfer onto USE1 is also slower than the conjugation 

of ubiquitin [516]. In the next step, USE1 is charged with FAT10 and a thioester intermediate 

between the active center of USE1 and the C terminal glycine residue of FAT10 is formed [6, 

518]. New insights into the structure of USE1 uncovered how the specificity for FAT10 is 

achieved [517]. The main specificity of UBA6 and USE1 for FAT10 is defined by the last four 

amino acid residues before the gly-gly motif at the very C terminal end of FAT10. Exchange of 

CYCI in FAT10 versus LRLR, the corresponding residues within ubiquitin, leads to abrogation 

of FAT10-specific activation and transthiolation [517]. Additionally, FAT10 LRLR can be 

activated by UBE1 and transferred onto multiple E2 enzymes. Even the velocity of the transfer 

from UBA6 onto USE1 is elevated to a comparable level as determined for ubiquitin [517]. 

Additional surface patches on UBA6, USE1 and FAT10 are suggested to be required for further 

specific interactions between these three interaction partners [517]. In contrast, in murine and 

Figure 10. The FAT10 conjugation pathway. Within the conjugation cascade, FAT10 becomes first adenylated and activated at its C
terminal glycine residue by the E1 enzyme UBA6 in an ATP-dependent manner. The resulting FAT10-adenylate is then bound by the active 
site cysteine of UBA6 and a thioester bond is formed. Subsequently UBA6 charges the E2 conjugating enzyme USE1 with the activated
FAT10 resulting in a thioester formation between the active site cysteine of USE1 and the C terminus of FAT10. FAT10-charged USE1 may 
interact with so far unknown E3 ligases which mediate the transfer of FAT10 onto substrate proteins. This covalent modification of targets
with FAT10 leads them to degradation by the 26S proteasome. It is not clear yet whether deconjugating enzymes exist which can remove 
FAT10 from substrates (Left pathway). FAT10-charged USE1 can automodify itself at an internal lysine residue resulting in proteasomal
degradation (Left pathway). Degradation of FAT10 along with its substrates may provide a mechanism how cellular presence of FAT10 is 
regulated. The image is re-drawn from [134, 473].  
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rat the four last amino acid residues before the C terminal GG motif of Fat10 are not conserved, 

whereas Uba6 and Use1 are almost identical to their human homologues (Richard Schregle, 

dissertation, 2018), indicating that in these species intermolecular interactions are more 

relevant for specificity than conserved sequence stretches. 

Besides functioning as conjugating enzyme of FAT10, USE1 was also described as one of the 

first substrates of FAT10 (Figure 10) [473]. Upon thioester formation at the active site, FAT10 

can be transferred onto an internal lysine residue within USE1 – mainly K323 – and an 

isopeptide linkage between this lysine residue and the C terminal glycine residue of FAT10 is 

formed [473]. This transfer occurs in cis but not in trans, meaning that each USE1 molecule 

transfers FAT10 from its own catalytic center onto its own internal lysine. FAT10ylated USE1 

becomes degraded by the 26S proteasome, whereby the overall USE1 protein amount is not 

reduced [473, 518]. FAT10ylated USE1 can still accept ubiquitin or FAT10 from UBA6 and 

further conjugation onto target proteins is not impaired [518], indicating that another function 

for this conjugate may exist. FAT10ylation and subsequent degradation of USE1 may also be 

part of a negative feedback loop which may prevent destructive ongoing FAT10ylation of target 

proteins during inflammation [518]. 

Regarding the last step of ubiquitin and its corresponding process in FAT10, it is assumed that 

FAT10 is transferred onto substrate proteins by either proximity mediating RING E3 ligases or 

by HECT/RBR E3 ligases which actively accept and transfer FAT10. So far, no E3 ligases for 

FAT10 are described, despite intense research [519] (this work). Also the existence of FAT10-

specific deconjugating enzymes is under intense investigation, however, no mediators of 

FAT10 deconjugation could be described so far. Since FAT10 is synthesized as mature protein 

and does not require C terminal processing prior to activation [448], and as FAT10 is degraded 

along with its substrate proteins rather than being recycled [481, 518, 520, 521], at least for 

these two processes FAT10-specific deconjugating enzymes are redundant. Yet, not all 

substrates of FAT10 have been described and characterized so far, it is therefore possible that 

a deconjugating enzyme for FAT10 will be identified in the future. Nevertheless, since the C 

terminal sequences of FAT10 and ubiquitin are different from each other, the existance of a 

DUB which can act bispecifically on ubiquitin and FAT10 is very unlikely for structural reasons 

[105]. In order to identify FAT10-specific E3 ligases and deconjugating enzymes large 

genome-wide screenings are required and currently ongoing. 

Despite overlapping features in their conjugation pathways, ubiquitin and FAT10 differ in their 

ability to form polymeric chains. Ubiquitin chain formation is described to be very diverse and 

to be involved in regulation of several cellular processes [105]. However, this chain formation 

capability has not been observed for FAT10. Most substrate proteins become modified by a 

single FAT10 moiety such as USE1 [473, 518], UBE1 [520, 522], or p53 [499]. In rare cases, 

other targets are decorated with multiple FAT10 moieties resulting in multi-monoFAT10ylation, 
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such as the autophagy adapter p62/SQSTM1 [519], or the leucine-rich repeat flightless-

interacting protein 2 (LRRFIP2) [523]. The choice of internal substrate lysine residues for 

FAT10 modification seem to play a minor role, as mutation of the main lysine residue does not 

affect the FAT10ylation shown for USE1 or LRRFIP2 to a larger extent [473, 523]. Additionally, 

although not observed so far, it cannot be excluded that FAT10 modifies other substrate 

residues such as cysteine or serine/threonine residues, or even the N terminus of a target 

protein as shown for ubiquitination [121]. Moreover, mixed chains consisting of ubiquitin and 

FAT10 can also be not excluded, since certain residues (K27, K33, and K48) are conserved in 

human FAT10 [448, 455] and modification of FAT10 with multiple ubiquitin molecules has been 

observed [481, 523, 524]. 

1.2.2 FAT10 and the proteasome 

Besides ubiquitin, FAT10 is the only ULM which directly targets its substrate proteins for 

degradation by the 26S proteasome in a ubiquitin-independent manner [481, 525]. This 

function was first observed in experiments where the proteasome was inhibited [452, 483]. The 

half-life of free FAT10 was assessed for 1 hour [481], and linear fusion of FAT10 to long lived 

proteins such as GFP or dihydrofolate reductase (DHFR) reduced the half-life of these fusion 

proteins as potently as fusion with ubiquitin did [481, 525]. Moreover, naturally occurring 

isopeptide linked FAT10 conjugates with USE1 [473], p62 [519], or UBE1 [520, 522] were 

degraded by the proteasome almost as quickly as free FAT10 while unconjugated proteins 

were stable. The dependency of FAT10 degradation on ubiquitin conjugation was intensively 

investigated and discussed over the past decade. Modifications of ubiquitin with FAT10 and 

vice versa have been described, however, ubiquitination of FAT10 does not seem to be 

required for FAT10-mediated degradation of target proteins [481, 525]. Ubiquitination of a 

FAT10-GFP fusion protein was observed, but the low amount of modification did not correlate 

with the velocity of degradation [481], implying that the degradation was mediated by FAT10 

and occurred independently of ubiquitination. A comparison of FAT10 wild type and a lysine-

less mutant which is resistant to ubiquitination revealed similar degradation rates for both 

FAT10 variants [481]. In contrast, other experiments showed that degradation of FAT10 and a 

FAT10-GFP fusion protein required primary ubiquitination prior to degradation by the 

proteasome [480]. However, these studies could not exclude a ubiquitin-independent but 

FAT10-dependent degradation since they also observed degradation of the fusion protein in 

the presence of a non-degradable ubiquitin [480].  

Degradation of FAT10 along with its substrates is not only dependent on FAT10ylation of these 

substrates but also requires binding of FAT10 to the proteasome. This mechanism involves  
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the interaction of FAT10 with the proteasomal subunit Rpn10 located in the 19S regulatory 

particle [522], as well as with the adapter protein Nedd8 ultimate buster 1-long (NUB1L) [526]. 

NUB1L was identified as a non-covalent interaction partner of FAT10 and is described to 

accelerate FAT10 degradation by the proteasome approximately fourfold [526]. The N terminal 

UBL domain of NUB1L associates with the proteasomal subunits Rpn1 and Rpn10, whereas 

the three C terminal UBA domains of NUB1L bind to FAT10 (Figure 11) [522, 526, 527]. 

However, even a ∆UBA mutant of NUB1L was able to stimulate FAT10 degradation, whereas 

NUB1L lacking the UBL domain was not able to fulfill its accelerating function anymore [528]. 

Later it was shown that FAT10 directly binds to the proteasomal subunit Rpn10, leading to the 

hypothesis that a trimeric complex is formed. According to this hypothesis, NUB1L uses its C 

terminal UBA domains for binding to the N terminal domain of FAT10, whereas the NUB1L N 

terminus harboring the UBL domain binds to the VWA (von Willebrand A) domain of Rpn10. 

This region within Rpn10 also associates with the C terminal domain of FAT10 [522].  

In this process, Rpn10 functions as docking site for both NUB1L and FAT10. Notably, 

polyubiquitinated proteins are bound by Rpn10 as well but, however, its C terminal UIM motifs 

are used (Figure 11). FAT10 was shown to directly bind to the proteasomal subunit Rpn10, a 

process which was shown to reduce degradation speed of FAT10 and its conjugates [522]. 

Therefore, two models were proposed that describe how NUB1L accelerates FAT10 

degradation [522]. The transfer model proposes NUB1L to be a soluble receptor, which binds 

to FAT10 and transfers the modifier and its conjugates onto Rpn10 upon binding to Rpn1. In 

the facilitator model, NUB1L binds to Rpn1 and induces conformational changes in Rpn1 and 

Rpn10, which allows binding of FAT10 and its modified substrates to Rpn10 (Figure 12) [522]. 

Figure 11. FAT10 interacts with NUB1L and the proteasomal subunit Rpn10. Degradation of FAT10 and FAT10ylated substrates 
requires binding of FAT10 to its non-covalent interaction partner NUB1L as well as to the proteasomal subunit Rpn10. The N terminal domain
of FAT10 associates with the three UBA domains of NUB1L, whereby the C terminal domain of FAT10 binds to the von Willebrand A (VWA) 
domain of Rpn10. NUB1L uses its UBL domain to also interact with the VWA domain of Rpn10. This nteraction of FAT10 with NUB1L
accelerates its proteasomal degradation. Notably, polyubiquitinated substrates bind to the proteasome via interacting with the UIM domains 
of Rpn10. The image is re-drawn from [521, 522].  
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Both models could explain a faster degradation rate facilitated by NUB1L similar to that 

proposed for ubiquitin and Rpn10 [529].  

1.2.3 Covalent interaction partners and functional consequences of FAT10ylation 

As only few interaction partners of FAT10 have been described and characterized so far, an 

endogenous screening for FAT10 interacting proteins was performed. Therefore, HEK293 cells 

were treated with pro-inflammatory cytokines IFNγ and TNFα and FAT10 conjugates and 

interaction partners were detected by the highly sensitive monoclonal FAT10 antibody 4F1 

[473, 519]. Bulk FAT10 conjugates were detectable of a large range of sizes, which is also the 

case for ubiquitin, ISG15, or SUMO conjugates [519]. A mass spectrometry analysis revealed 

more than 500 proteins to be interaction partners of FAT10, either due to a non-covalent 

binding manner (~400 proteins), or they were described as putative protein substrates of 

FAT10 (~150 proteins) [519]. In addition to other proteins, the ubiquitin-activating enzyme 

UBE1 [124] was identified to be a putative interaction partner and was further investigated in 

this work [520, 522]. Additionally, the UBA6-specific E2 conjugating enzyme USE1, 

bispecifically accepting both ubiquitin and FAT10 from UBA6 [473], was confirmed as 

interaction partner in this mass spectrometry analysis. How FAT10 and USE1 may regulate 

each other was already described above (see 1.2.1) [518, 519].  

The autophagosomal receptor protein p62/SQSTM1 was also proposed as novel substrate of 

FAT10, whereas p62 and FAT10 did interact in a non-covalent manner as well, as it was 

described later [519]. In line with the mass spectrometry results, p62 becomes decorated with 

not only one FAT10 molecule but with several moieties forming a multi-monoFAT10ylation on 

p62. This modification leads to degradation of the corresponding p62 portion by the 26S 

Figure 12. Two models how FAT10 degradation by the proteasome is accelerated by NUB1L. (1) The interaction with the proteasomal 
subunit Rpn10 reduces the degradation rate of FAT10 and FAT10ylated proteins. Therefore, two models are described how the interaction 
with NUB1L accelerates FAT10 degradation. (2) In the transfer model, NUB1L is proposed to act as soluble receptor, which binds FAT10
and transfers it onto Rpn10 upon binding to Rpn1. (3) In the facilitator model, NUB1L binds to Rpn1 and induces conformational changes 
within Rpn1 and Rpn10, which allows binding of FAT10 and FAT10ylated proteins to Rpn10. Models are depicted as proposed by [522].  
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proteasome. Furthermore, upon interaction with p62, FAT10 has been shown to localize to p62 

bodies but no further functional consequences of FAT10 on autophagosomal degradation 

could be observed [519]. However, FAT10 co-localized not only with p62 but also with other 

autophagy-related markers such as light chain 3B (LC3B), ubiquitin, and nuclear dot protein 

52 (NDP52) on cytosolic Salmonella that were targeted for autophagy [530]. Moreover, FAT10 

knockout mice were more susceptible to Salmonella infection, indicating that FAT10 may not 

have a direct impact on autophagy but acts as a linker between FAT10-decorated Salmonella 

and p62 targeting invasive bacteria for autophagosomal degradation [530]. However, whether 

the coating of intracellular bacteria was dependent on covalent conjugation with FAT10 or on 

non-covalent interaction with so far unknown bacterial surface proteins could not be clarified 

[530]. 

Recently, another covalently modified FAT10 substrate was identified. The inflammatory 

mediator Leucine-rich Repeat Fli-I-interacting Protein 2 (LRRFIP2) is a positive regulator of 

NF-κB activity upon LPS/TLR4-mediated stimulation [531, 532]. FAT10ylation of LRRFIP2 has 

been described to occur at two distinct sites, whereby the first modification triggers the second 

[523]. Truncation of the N terminus of FAT10 inhibits recruitment of a second FAT10 molecule, 

indicating that the N terminal domain of FAT10 functions as sensor for the second FAT10 [523]. 

FAT10ylation of LRRFIP2 does not neccessarily lead to proteasomal degradation but to re-

localization into insoluble fractions or aggregates which block recruitment of LRRFIP2 to the 

plasma membrane. This FAT10-induced inactivation of LRRFIP2 leads to an impaired NF-κB 

signaling upon TLR4-mediated immune response to LPS [523]. Since NF-κB activation 

induces inhibitors of apoptosis at a transcriptional level, these effects may explain why 

overexpression of FAT10 induces apoptosis in certain cell types. This could also be a reason 

why FAT10 knockout mice are susceptible to LPS treatment [484, 521].  

FAT10 has furthermore been described to play a role in immune defense against viral 

infections such as influenza virus H5N1 infection in A549 cells [490]. A mechanism which may 

provide an explanation for how FAT10 is involved in antiviral host defense was provided by 

Nguyen and colleagues: RIG-I is an important cytosolic sensor which mediates innate immune 

response against RNA viruses [533]. FAT10 binds non-covalently to the 2CARD domain of 

RIG-I and sequesters it from mitochondria in insoluble fractions or cytosolic aggregates [534]. 

Thereby, FAT10 modulates the viral RNA-induced NF-κB activation and induction of genes 

which regulate innate antiviral immune defense [534]. Upregulation of FAT10 during viral 

infection may therefore trigger a negative regulation of immune responses against certain 

viruses, possibly preventing an excessive immune response and its putative harmful effects 

such as tissue damage or sepsis. 
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1.2.4 Non-covalent interaction partners and their role in FAT10 biology 

In addition to covalent decoration of substrate proteins with FAT10, studies describing non-

covalent interactions with the modifier were published recently. One study showed that the 

histone deacetylase 6 (HDAC6) interacts with FAT10 in a non-covalent manner [482]. HDAC6 

is linked to dynein motor proteins to facilitate transport of cargo such as polyubiquitinated 

proteins into aggresomes [535-537]. Upon impairment or flooding of the proteasomal 

degradation pathway, misfolded proteins are transported along the microtubule network into 

aggresomes and are cleared by autophagosomal-autolysosomal degradation [538, 539]. 

HDAC6 assists in this transfer of surplus proteins by binding and transporting the cargo along 

the microtubule network. In addition, HDAC6 transports cargo even when the proteasome is 

functionally active, provided that the cargo is K63-linked polyubiquitinated [172]. FAT10 and 

FAT10ylated proteins can be transported to the aggresomes by HDAC6 [482].  

Upon proteasome inhibition, FAT10 interaction with HDAC6 is induced and FAT10 localizes to 

aggresomes in a microtubule-dependent manner. Neither the catalytic activity of HDAC6 nor 

the C terminal diglycine motif of FAT10 are required for this interaction [482], although 

knockdown of HDAC6 inhibits proper formation of FAT10-containing aggresomes. The authors 

proposed that the role of FAT10 is to target substrate proteins for rapid proteasomal 

degradation, and if this pathway is blocked or inhibited FAT10 takes another route to ensure 

removal of substrate proteins [482]. 

Another novel interaction partner of FAT10 is the aryl hydrocarbon receptor-interacting protein-

like 1 (AIPL1) which was described to be involved in photoreceptor maintenance [540]. 

Mutations in the AIPL1 gene cause the degeneration of photoreceptor cells and inherited 

blindness [541, 542], and are therefore associated with the most severe form of the autosomal 

recessive retinal disease Leber congenital amaurosis (LCA) [541, 542]. AIPL1 has been 

observed to interact with NUB1 [543], which induces re-localization of NUB1 from the nucleus 

into the cytosol [544]. This indicates that AIPL1 may interfere with the degradation of retinal 

proteins and that impairment of NUB1-AIPL1 interaction contributes to development of LCA 

[545]. Together with FAT10, NUB1 and AIPL1 from a ternary complex, whereas a small portion 

of AIPL1 becomes covalently FAT10ylated and main AIPL1 interacts non-covalently with 

FAT10 [540]. Expression of AIPL1 inhibits NUB1-mediated acceleration of FAT10 degradation, 

indicating a role of AIPL1 in the FAT10 clearance by the 26S proteasome. The authors 

postulated that AIPL1 prevents NUB1-mediated degradation of specific retinal substrates of 

FAT10, which may be crucial for proper eye development [540]. 

The identification of another interaction partner implies a role of FAT10 in induction of 

chromosomal instability. Although the connection between FAT10 and this hallmark of cancer 

was reported early on in FAT10 research [452], the association regained attention recently 
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[479, 496, 546]. FAT10 expression was observed to be controlled during cell cycle with high 

levels during S phase and low levels during G2/M phase [547, 548].  

Additional studies on FAT10 proteomics revealed an involvement of FAT10 in mitotic 

regulation [549]. The spindle assembly checkpoint protein MAD2 (Mitotic arrest deficient 2) 

binds to kinetochores of sister chromatids in the metaphase during cell cycle progression. 

There, MAD2 ensures proper attachment to the mitotic spindle and correct arrangement of all 

chromosomes along the metaphase plate [550, 551]. Non-covalent interaction of FAT10 with 

free MAD2, but not with spindle bound MAD2 [452, 479], results in prevention of MAD2 binding 

to the kinetochores [513, 546] and disturbance of proper attachment of chromosomes to the 

spindle during prometaphase [546]. The consequence of aberrant high expression of FAT10 

during mitosis is the formation of missegregated sister chromatids, which leads to 

chromosomal instability [547], a hallmark of cancer cells. Knockdown of FAT10 in these cells 

completely blocked the TNFα- induced effects such as delocalization of MAD2, missegregation 

of chromosomes, and acceleration of mitosis [513]. Moreover, mutation of the MAD2 

interaction sites within FAT10 diminished binding of MAD2 to FAT10. Under these conditions, 

the chromosomal numbers in these cells were comparable to wild type cells, and accelerated 

mitosis was disturbed as cells did not escape from nocodazole-induced mitotic arrest anymore 

Figure 13. Regulation of FAT10 expression and downstream targets of FAT10 during tumorigenesis. Enhanced and prolonged 
overexpression of FAT10 in tumor tissues and environment by pro-inflammatory cytokines such IFNγ, TNFα, or IL-6 triggers the cancer-
promoting characteristics of FAT10. Under these conditions, FAT10 influences pathways involved in cancer development such as NF-κB-, 
WNT-, and AKT-signaling. In addition, FAT10 modulates the activity and stability of downstream targets such as p53, MAD2, or SMAD2.
Thus, tumor cells with high FAT10 expression display enhanced survival, proliferation, invasiveness, and metastasis-forming capacities. 
Arrows with (-) illustrate positive regulation by FAT10; arrows with (-) illustrate negative regulation by FAT10. The image is reprinted from 
[500].  
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[479]. These findings indicate that in order to prevent mitotic dysfunction, cells keep FAT10 

expression at a low level to avoid cancer development [500]. 

Furthermore, FAT10 has been implied in stabilization of β-catenin and therefore to be involved 

in regulation of the wnt signaling pathway – an important pathway in cancer development – in 

hepatocellular carcinoma (HCC) and osteosarcoma [548, 552, 553]. The transcription factor β-

catenin translocates into the nucleus in an unphosphorylated state, where it heterodimerizes 

with other transcription factors and induces gene expression of regulatory proteins involved in 

proliferation, cell survival and differentiation [500]. Upon inhibitory phosphorylation of β-catenin 

by the kinases GSK3β and casein kinase I, β-catenin becomes polyubiquitinated by the E3 

ligase β-TRCP and degraded by the proteasome [554-556]. Mutations in β-catenin prevent its 

phosphorylation and subsequently its ubiquitination, which leads to a constitutively active 

transcription factor. Beta-catenin therefore plays an important role in metastasis formation of 

HCC [557, 558]. Due to upregulated expression, FAT10 binds non-covalently to β-catenin and 

prevents its ubiquitination and subsequent proteasomal degradation. Stabilized β-catenin 

induces gene expression and thereby contributes to increased invasiveness and metastasis 

formation of HCC cells [553].  

As a second level of regulation, FAT10 has been described to interact with the serine/threonine 

kinase Akt (or PKB) and to stabilize its active form. Active Akt phosphorylates GSK3β, which 

is transformed into its inactive state. Subsequently, β-catenin phosphorylation is prevented 

leading to the stabilization of β-catenin [548]. HCC cells expressing stabilized β-catenin were 

shown to become highly invasive and to undergo epithelial mesenchymal transition (EMT) 

promoting metastasis formation and tumor progression [559]. High FAT10 expression and its 

promoting effects on tumor progression have not only been observed for HCC and 

osteosarcoma but also for glioma development: here, upregulation of FAT10 correlates with 

disease progression and poor survival prognosis [504, 510]. FAT10 overexpressing glioma cell 

lines show enhanced tumorigenic features such as increased migratory and invasive capacity 

in vitro due to FAT10-mediated alteration of the transforming growth factor beta-1 (TGFβ) 

signaling [510]. As a result, glioma cells display a higher level of phosphorylated Smad2 and 

other cancer stem cell markers such as BMI-1, nestin, OCT4, and CD133 [510].  

Likewise, stabilization of elongation factor 1 alpha-1 (eEF1A-1) by elevated FAT10 expression 

induces increased tumor proliferation [560]. Additionally, survivin stabilization by FAT10 

overexpression promotes bladder cancer progression [561]. Taken together, it appears that 

FAT10 overexpression in tumor cells leads to stabilization of certain transcription factors and 

regulatory proteins promoting tumor formation, metastasis formation and tumor progression. 

Further research will be necessary to determine the exact role of FAT10 in tumor biology.  

To gain more precise insights into FAT10 expression and its regulation in steady state or under 

inflammatory conditions, further knowledge is required in regards to its conjugation and 
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deconjugation; and consequences of covalent FAT10ylation and non-covalent interaction with 

FAT10 must be investigated in greater detail. Only when the basics of FAT10 biology are 

enlighted, we will achieve a better understanding of the tumorigenic characterstics of FAT10.  
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1.3 Aim of the study 

The ubiquitin-like modifier FAT10 targets its substrate proteins for degradation by the 26S 

proteasome. For a long time, this has been the main functional implication of FAT10 in 

mammalian cells. In the meantime, it became more and more clear that FAT10 is associated 

with various regulatory processes such as cell cycle progression, apoptosis, and innate 

immune defense against pathogens. These molecular mechanisms are strongly related to 

disease progression and cancer development. Nevertheless, how FAT10 itself is regulated 

and regulates its substrate proteins is not yet completely understood. Although the conjugation 

mechanism for attachment of FAT10 to protein substrates is partially investigated, open 

questions are still left. Similar to ubiquitin, FAT10 conjugation is mediated by E1 activating and 

E2 conjugating enzymes. Whether E3 ligases exist to transfer FAT10 onto its target is not yet 

clarified. In the last years, several of these FAT10 targets were described, however, 

investigations into molecular mechanisms and functional consequences of interactions with 

FAT10 are described to a lesser extent. Even further, whether FAT10 cross-regulates the 

ubiquitin conjugation pathway or vice versa is not investigated in detail. 

The objective of this work was to gain further insights into the conjugation mechanism of 

FAT10, and to learn more about covalent and non-covalent interaction partners of FAT10 and 

their functional implications in FAT10 biology. Therefore, the following questions were 

addressed in this work: 

 

1. The ubiquitin-activating enzyme UBE1 was identified as novel interaction partner of FAT10. 

How does UBE1 influence the FAT10 conjugation? Can UBE1 function as a second E1 

enzyme for FAT10? Is UBE1 a substrate for covalent modification with FAT10? How does 

FAT10 influence UBE1 activity? 

 

2. The ubiquitin-deconjugating enzyme OTUB1 was identified as new interaction partner for 

the E2 conjugating enzyme USE1. Does OTUB1 serve as the first deconjugating enzyme of 

FAT10? How does the interaction between OTUB1 and USE1 influence the FAT10 

conjugation? Is OTUB1 a substrate of FAT10ylation? How is OTUB1 activity regulated by 

USE1 and FAT10? 

 

3. How do we search for FAT10-specific E3 ligases? Several different approaches such as a 

Yeast-Two-Hybrid screen, BioID, a FAT10 activity-based probe, or a CRISPR-based genome-

wide knockout screen were established and applied to identify the first FAT10-specific E3 

ligase. What are the advantages and pitfalls of these screening approaches and their 

readouts? How should putative E3 ligases be confirmed? 
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2.1 Abstract 

The ubiquitin-like modifier HLA-F adjacent transcript 10 (FAT10) directly targets its substrates 

for proteasomal degradation by becoming covalently attached via its C-terminal diglycine motif 

to internal lysine residues of its substrate proteins. The conjugation machinery consists of the 

bispecific E1 activating enzyme Ubiquitin-like modifier activating enzyme 6 (UBA6), the 

likewise bispecific E2 conjugating enzyme UBA6-specific E2 enzyme 1 (USE1), and possibly 

E3 ligases. By mass spectrometry analysis the ubiquitin E1 activating enzyme ubiquitin-

activating enzyme 1 (UBE1) was identified as putative substrate of FAT10. Here, we confirm 

that UBE1 and FAT10 form a stable non-reducible conjugate under overexpression as well as 

under endogenous conditions after induction of endogenous FAT10 expression with 

proinflammatory cytokines. FAT10ylation of UBE1 depends on the diglycine motif of FAT10. 

By specifically downregulating FAT10, UBA6 or USE1 with siRNAs, we show that UBE1 

modification depends on the FAT10 conjugation pathway. Furthermore, we confirm that UBE1 

does not act as a second E1 activating enzyme for FAT10 but that FAT10ylation of UBE1 leads 

to its proteasomal degradation, implying a putative regulatory role of FAT10 in the ubiquitin 

conjugation pathway.  
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2.2 Introduction 

The ubiquitin proteasome system (UPS) is one of the major pathways for the regulation of 

protein homeostasis in human cells. Besides ubiquitin, several related proteins were identified 

sharing the similar three-dimensional structure, the ubiquitin or β-grasp fold [466]. These 

ubiquitin-like modifiers (ULM) such as HLA-F adjacent transcript 10 (FAT10), small-ubiquitin-

like modifier (SUMO)-1/2/3, ISG15, NEDD8, ATG12, UFM-1 and URM-1 become covalently 

attached to target proteins via the carboxyl group of their C-terminal glycine residue and form 

an isopeptide linkage with a lysine residue of the substrate protein [118].  

The ubiquitin-like modifier FAT10 (formerly named di-ubiquitin or ubiquitin D) was initially 

discovered to be encoded in the human Major Histocompatibility Complex (MHC) class I locus 

[447]. Similar to ubiquitylation also the posttranslational modification with FAT10 was 

described to directly target proteins for degradation by the 26S proteasome but in case of 

FAT10 this is performed independently of ubiquitylation [481, 521, 525]. FAT10 is an interferon 

(IFN) γ and tumor necrosis factor (TNF) α inducible protein [455] and it is constitutively 

expressed in mature dendritic cells [484]. The basal level of FAT10 expression is the highest 

in organs of the immune system [452, 486, 487]. FAT10 overexpression was shown to induce 

apoptosis in a caspase-dependent manner in mouse fibroblasts, renal tubular epithelial cells 

and HeLa cells [455, 501, 562]. It was further shown to play a crucial role in MHC class I-

restricted antigen presentation, cell cycle control and chromosomal segregation [513, 563, 

564]. Additionally, FAT10 is highly upregulated in certain types of cancer [452, 487] implying a 

putative role of FAT10 in the pathogenesis of cancer. The mechanism behind the conjugation 

of FAT10 to its target proteins is mostly similar to the conjugation pathway of other ubiquitin-

like modifiers.  

Generally, a modifier uses its private cascade consisting of one E1 activating enzyme, one or 

more E2 conjugating enzymes, and usually several different E3 ligases to become covalently 

attached to its substrate proteins [134]. In case of FAT10 this is different because the E1 

activating enzyme ubiquitin-like modifier activating enzyme 6 (UBA6) as well as the E2 

conjugating enzyme UBA6-specific E2 enzyme 1 (USE1) are both bispecific for FAT10 and 

ubiquitin [125-127, 473]. FAT10ylated proteins are guided to proteasomal degradation and this 

was e.g. shown for single substrates such as the autophagosomal receptor p62/SQSTM1 or 

the E2 conjugating enzyme USE1, but also for bulk FAT10 conjugates [518, 519]. Next to this 

function, FAT10 was also shown to interact non-covalently with target proteins such as histone 

deacetylase 6 (HDAC6) [482], the mitotic spindle checkpoint protein MAD2 [452] or aryl 

hydrocarbon receptor-interacting protein-like 1 (AIPL1) playing an important role during eye 

development [540]. In order to identify new interaction partners and substrates of FAT10 we 

recently performed a large mass spectrometry analysis and showed that endogenous FAT10 
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becomes conjugated to more than 100 proteins with various functions in several different cell 

biological processes [519].  

One of the identified proteins was the ubiquitin-activating enzyme E1 (UBE1) which we 

classified as putative substrate of FAT10. UBE1 was first published to solely activate ubiquitin 

[129, 193] but only recently, UBE1 was shown to activate and transfer also the ubiquitin-like 

modifier NEDD8 under several stress conditions in cellulo and in vitro [565, 566]. Interestingly, 

an additional function of UBE1 in Atg7- and Atg3-independent autophagy was shown by Chang 

et al. [567] implying an overlap between the conjugation pathways of different modifiers. In 

case of UBA6 and USE1, which are both bispecific for ubiquitin and FAT10, the decision which 

of the modifiers is conjugated to substrate proteins is controlled at least partially on the level 

of the E1 activating enzyme UBA6. It was shown that UBA6 binds FAT10 with higher affinity 

than ubiquitin although the adenylation and transthiolation reaction was slower for FAT10 than 

for ubiquitin [516]. We recently showed that the likewise bispecific E2 conjugating enzyme 

USE1 undergoes self-FAT10ylation in cis which leads to its proteasomal degradation but, 

interestingly, does not lead to its inactivation concerning FAT10 and ubiquitin transfer [473, 

518].  

We suggested that USE1 auto-FAT10ylation might influence the ability of USE1 to interact with 

either ubiquitin- or FAT10-specific E3 ligases which would implicate an additional regulatory 

step for these bispecific conjugation pathways [473, 518]. The identification of UBE1 as a 

putative substrate of FAT10 implies an additional overlap between the two different modifier 

pathways of FAT10 and ubiquitin. Therefore we were interested to characterize the interaction 

of UBE1 and FAT10 in more detail. We show here that UBE1 does not act as a second E1 

activating enzyme for FAT10 but that it becomes covalently modified by one single FAT10 

molecule and this conjugate resists reducing and denaturing conditions. Furthermore we show 

by specific siRNA-mediated knockdown that FAT10 modification of UBE1 is dependent on the 

FAT10-specific E1 and E2 enzymes UBA6 and USE1. We suggest that the main function of 

UBE1-FAT10ylation is to target it to proteasomal degradation which would further favor the 

FAT10ylation pathway upon the high up-regulation of FAT10 expression during inflammatory 

processes and imply a regulatory role for FAT10 in the ubiquitin conjugation pathway. 

2.3 Results 

2.3.1 UBE1 becomes covalently modified with a single FAT10 molecule 

Recently we published proteomic data to identify new interaction partners and substrates of 

endogenous FAT10. In this analysis, the ubiquitin-activating enzyme UBE1 was identified and 

classified as a novel putative substrate of FAT10 [519]. In order to confirm this classification 

and to show that UBE1 and FAT10 indeed interact and form a stable conjugate, co-
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immunoprecipitations of HA-tagged UBE1 (HA-UBE1) and different versions of FLAG-tagged 

FAT10 (FLAG-FAT10) transiently overexpressed in HEK293 cells were performed and 

analyzed under reducing conditions by western blot analysis (Figure 14A). Upon expression 

of HA-UBE1 and FLAG-FAT10 a non-reducible conjugate with an apparent molecular mass of 

approximately 150 kDa was formed (Figure 14A, upper panel, lane 4) and the amount of the 

conjugate increased upon proteasome inhibition with MG132 (Figure 14A, lane 5), suggesting 

that FAT10ylated UBE1 may be guided to proteasomal degradation. When HA-UBE1 was co-

expressed with a FLAG-FAT10 mutant lacking the C-terminal diglycine motif (FLAG-

FAT10GG) only a minor portion of FLAG-FAT10GG formed a conjugate with HA-UBE1, 

most probably due to the high protein concentrations under overexpression conditions (Figure 

14A, lane 6), further supporting the conception of a covalent attachment of FAT10 to UBE1 via 

its C-terminal diglycine motif.  

Additionally, the overexpression of a lysine-less FAT10 mutant (FLAG-FAT10 K0) revealed a 

conjugate with the same size as the wildtype HA-UBE1-FLAG-FAT10 conjugate, indicating 

Figure 14: UBE1 is a substrate of FAT10ylation. (A) HEK293 cells were transiently transfected with expression plasmids for HA-UBE1, 
the active site cysteine mutant of HA-UBE1 (HA-UBE1 C632A), His-3xFLAG-FAT10 (FLAG-FAT10), His-3xFLAG-FAT10 with a mutated 
diglycine motif at the C terminus (FLAG-FAT10 ΔGG), or a lysine-less mutant of His-3xFLAG-FAT10 (FLAG-FAT10 K0). Where indicated, 
cells were additionally treated with 10 µM of the proteasome inhibitor MG132 for six hours prior to harvesting. Cell lysates were subjected 
to immunoprecipitation with anti-HA antibody coupled to agarose. Proteins were separated on 4-12% Bis/Tris NuPAGE gels, and western 
blot analysis was performed with antibodies reactive against HA or FLAG. β-actin was used as loading control. The upper panels show the 
immunoprecipitated proteins and the lower western blot panels show the total protein expression in the cell lysates (Load). One 
representative experiment out of three experiments with similar outcomes is shown. (B) HEK293 cells were transfected with the expression 
constructs indicated, harvested and lysed as described in (A). Cell lysates were subjected to immunoprecipitation with anti-FLAG antibody 
coupled to agarose and subsequent western blots were performed as described in (A). An asterisk in lane 6 marks an unspecific background
band in the WB against FLAG. Cartoons describe the covalent and non-covalent interactions of UBE1 and FAT10. One representative 
experiment out of three experiments with similar outcomes is shown.  
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that UBE1 becomes modified by one single FAT10 molecule (Figure 14A, lane 7). Monomeric 

FAT10 was also immunoprecipitated together with HA-UBE1, pointing to an additional non-

covalent interaction of the two proteins (Figure 14A, lanes 4-8). To further characterize the 

non-covalent interaction of FAT10 and UBE1, an immunoprecipitation of FLAG-tagged FAT10 

or its diglycine mutant FLAG-FAT10GG was performed and the non-covalent interaction of 

HA-UBE1 was investigated by a subsequent western blot analysis using an HA-reactive 

antibody (Figure 14B). As shown in Figure 1B, both, the HA-UBE1-FLAG-FAT10 conjugate as 

well as unconjugated HA-UBE1 were immunoprecipitated with FLAG-FAT10 (Figure 14B, lane 

3). HA-UBE1 was also immunoprecipitated with the FAT10 diglycine mutant FLAG-FAT10GG 

(Figure 14B, lane 5), indicating a non-covalent interaction of UBE1 and FAT10 which might be 

independent of the FAT10 diglycine motif. To verify the formation of a stable non-reducible 

isopeptide linkage between UBE1 and FAT10, an immunoprecipitation of overexpressed 

proteins under denaturing conditions was performed. A subsequent western blot analysis 

under reducing conditions revealed that the UBE1-FAT10 conjugate was still detectable 

confirming that UBE1 and FAT10 formed a stable isopeptide linkage (Figure S1).  

To verify that the UBE1-FAT10 conjugate formation was not due to overexpression of the two 

proteins but was formed also under endogenous conditions, HEK293 cells were treated for 24 

hours with the pro-inflammatory cytokines interferon (IFN) γ and tumor necrosis factor (TNF) 

α to induce endogenous FAT10 expression. To visualize the endogenous UBE1-FAT10 

conjugate, endogenous FAT10 was immunoprecipitated with a FAT10-reactive monoclonal 

antibody followed by western blot analysis with an antibody specific for endogenous UBE1. As 

shown in Figure 15A, the UBE1-FAT10 conjugate was formed also under endogenous 

conditions, it appeared as a double band and was absent when the unspecific isotype control 

instead of the FAT10-reactive antibody was used for immunoprecipitation (Figure 15A, lane 4).  

Mass spectrometry analysis of the two bands revealed that the upper band contained the 

UBE1-FAT10 conjugate because both proteins were identified at a molecular mass, 

corresponding to the UBE1-FAT10 conjugate (S1 Table, sample S2, see publication). As a 

control, by analysis of corresponding gel slices deriving from unstimulated cells and therefore 

from cells, not expressing FAT10, no UBE1 or FAT10 was identified (S1 Table, sample C2, 

see publication). UBE1 and FAT10 were both also identified in the lower band deriving from 

cytokine stimulated cells (S1 Table, sample S1, see pulbication), but UBE1 was also identified 

in the respective unstimulated control (S1 Table, sample C1, see publication).  

Therefore we suggest that a portion of UBE1 unspecifically interacted with the protein A 

sepharose used for immunoprecipitation of FAT10. However, since in most cases the amount 

of UBE1 in the lower band increased when FAT10 was expressed and immunoprecipitated 

and since at the same time the amount of UBE1 in the lysate (load) remained stable, it might 

also represent UBE1, non-covalently interacting with FAT10 as already shown in Figure 1B in 
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case of HA-UBE1 and FLAG-FAT10. As shown for the conjugate formed under overexpression 

conditions, the endogenous UBE1-FAT10 conjugate accumulated when cells were treated for 

six hours with  

the proteasome inhibitor MG132 (Figure 15A, lanes 2 and 3). Modification of substrate proteins 

with FAT10 has previously been shown to depend on the activation of FAT10 by the E1 

activating enzyme UBA6, and its transfer by the E2 conjugating enzyme USE1 [127]. To 

investigate whether this is also necessary for the formation of the UBE1-FAT10 conjugate, we 

used siRNAs to down-regulate FAT10, UBA6 or USE1 upon induction of FAT10 expression 

with cytokines. As expected, upon knockdown of endogenous FAT10 no monomeric FAT10 

and no FAT10 conjugates were detectable anymore. In addition, the amount of the UBE1-

FAT10 conjugate was clearly reduced, further supporting the UBE1-FAT10 conjugate 

Figure 15. Endogenous UBE1-FAT10 conjugate formation is dependent on UBA6 and USE1. (A) Total cell extracts from IFNγ and 
TNFα-stimulated HEK293 cells were used to immunoprecipitate endogenous FAT10 and the UBE1-FAT10 conjugate with a mAb against 
FAT10 (4F1) or an unspecific IgG-agarose as control, followed by western blot analysis using polyclonal antibodies against FAT10 and
UBE1. Before harvesting, cells were treated with proteasome inhibitor MG132 for 6 hours, where indicated. Proteins were separated under 
reducing conditions (4% 2-mercaptoethanol) on 4-12% Bis/Tris NuPAGE gels. The upper panel shows the immunoprecipitated UBE1-FAT10 
conjugate, the middle panel the immunoprecipitated FAT10 conjugates, the lower western blot panels show protein expression levels in total 
cell lysates (load). β-actin was used as loading control. An asterisk indicates the heavy chain of the antibody used for immunoprecipitation.
One representative experiment out of three experiments with similar outcomes is shown. (B) HEK293 cells were treated with IFNγ/TNFα to 
stimulate endogenous FAT10 expression as described in (A). Additionally, cells were treated on two days either with control siRNA or FAT10-
specific siRNA to downregulate endogenous FAT10 expression at the same time as it was induced. Cells were harvested on day three, and
cell lysates were subjected to immunoprecipitation of endogenous FAT10 and the UBE1-FAT10 conjugate with a mAb against FAT10 (4F1). 
Proteins were separated on 4-12% NuPAGE gels and western blot analysis was performed under reducing conditions (4% 2-
mercaptoethanol) with polyclonal antibodies against FAT10 and UBE1. β-actin was used as loading control. The upper western blot panel 
shows the disappearance of the UBE1-FAT10 conjugate after siRNA treatment, the middle panel shows immunoprecipitated FAT10
conjugates, and the lower panels show protein expression levels in total protein lysates (load). One representative experiment out of three 
experiments with similar outcomes is shown. (C) Same experimental setup as in (B) only that UBA6 and USE1 were specifically knocked
down by treating HEK293 cells with specific siRNAs against UBA6 and USE1, respectively. Control cells were either untreated or treated 
with unspecific control siRNA. An asterisk indicates the heavy chain of the antibody used for immunoprecipitation. One representative
experiment out of three experiments with similar outcomes is shown.  
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formation under endogenous conditions (Figure 15B, lane 4). A similar result was obtained 

after knockdown of UBA6 and USE1 mRNAs by about 85 % which also strongly abrogated the 

formation of the endogenous UBE1-FAT10 conjugate (Figure 15C, lanes 4 and 5). Taken 

together, the results obtained so far show that UBE1 is a novel substrate of FAT10 and that 

UBE1-FAT10ylation is dependent on a functional FAT10 conjugation pathway.  

2.3.2 UBE1 does not act as a second E1 enzyme for FAT10 

For a long time, UBE1 was thought to solely activate ubiquitin [129, 193] but more recently it 

has emerged that UBE1 additionally activates and transfers NEDD8 under specific stress 

conditions [565, 566]. Therefore we were interested to investigate whether UBE1 would in 

addition serve as a second E1 activating enzyme for FAT10. To address this question the 

active site cysteine of UBE1 was mutated to an alanine (HA-UBE1 C632A) and the mutant 

UBE1 was co-expressed together with FLAG-tagged FAT10 in HEK293 cells followed by co-

immunoprecipitation and western blot analysis under reducing conditions. Independent of a 

functional active site cysteine the UBE1-FAT10 conjugate was still formed (Figure 14A, lane 

8), showing that the formation of the UBE1-FAT10 conjugate was not dependent on the 

preceding transfer of FAT10 onto the active site cysteine of UBE1, as it is e.g. shown in case 

of auto-FAT10ylation of USE1 [127]. To corroborate that UBE1 did not act as a second E1 

activating enzyme of FAT10, UBE1 was recombinantly expressed and purified from E. coli, 

and subjected to in vitro FAT10- or ubiquitin-activation assays.  

Figure 16. UBE1 is not a second E1 activating enzyme for FAT10, but a substrate of FAT10ylation in vitro. Recombinant proteins 
were incubated in reaction buffer at 30°C for 60 min and separated on 3-8% gradient Tris/Acetate NuPAGE SDS gels. Western blot analysis 
was performed under non-reducing (-2-mercaptoethanol (2-ME), left panels) or reducing (+ 2-ME (4%), right panels) conditions by using an 
antibody against FLAG to visualize FLAG-UBA6 or a polyclonal antibody reactive to UBE1. (A) Upper western blot panels show FLAG-UBA6 
thioester-linked ubiquitin and FAT10, respectively (arrow heads in lane 3 and 5). Lower panels show ubiquitin activation by UBE1 (arrow
head in lane 3), but no activation of FAT10 by UBE1. One experiment out of three experiments with similar outcomes is shown. (B) Western 
blot showing the in vitro conjugation of recombinant FAT10 onto UBE1 in presence of UBA6 and/or USE1 under reducing conditions (4% 2-
ME). Arrow heads indicate the UBE1-FAT10 conjugate in lane 3 and 5. One representative experiment out of four experiments with similar 
outcomes is shown. 
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The respective proteins were incubated at 30°C for 60 min and western blot analysis was 

performed under non-reducing and reducing (4% 2-mercaptoethanol, 2-ME) conditions to 

monitor thioester bond formation. Recombinant FLAG-UBA6 was used as positive control for 

FAT10 activation. As shown in Figure 16A, both, ubiquitin and FAT10 were activated by FLAG-

UBA6 and the thioester bonds were almost completely reducible in presence of 4% 2-

mercaptoethanol (+2-ME) (Figure 16A, upper panels, arrow heads in lanes 3 and 5). In 

comparison to this, recombinant UBE1 and ubiquitin formed a thioester bond which was 

completely absent under thioester-reducing conditions (Figure 16A, lower panels, arrow head 

in lane 3). In contrast, no activation of recombinant FAT10 by UBE1 was detectable under non-

reducing conditions (Figure 16A, lower panels, lanes 5) showing that UBE1 does not act as a 

second E1 activating enzyme for FAT10.  

2.3.3 Recombinant FAT10 becomes covalently attached to UBE1 in vitro 

To investigate FAT10ylation of UBE1 also under in vitro conditions, recombinant FLAG-UBA6, 

6His-tagged USE1, UBE1 and FAT10 were incubated for one hour at 30°C in the presence of 

ATP. Samples were subjected to western blot analysis under non-reducing and reducing 

conditions. As shown in Figure 16B (arrow heads in lane 3), UBE1 was FAT10ylated by the 

conjugation machinery consisting of UBA6 and USE1 but without the help of an E3 ligase as 

it is also described for some SUMO substrates where an E3 ligase is not necessarily needed 

to transfer SUMO onto a substrate [568]. Similarly, FAT10ylation of UBE1 was also detected 

in the absence of the E2 conjugating enzyme USE1 (Figure 16B, arrow heads in lane 5), 

indicating that under the in vitro conditions used in this setup the activation by UBA6 was 

sufficient to transfer FAT10 onto its substrate UBE1. The recombinant 6His-USE1 used in this 

assay was functional as it could be charged with recombinant FAT10 or 6His-ubiquitin by 

FLAG-UBA6 under non-reducing conditions (Figure S2) which further confirmed that the 

presence of the E1 activating enzyme UBA6 was sufficient for in vitro FAT10ylation of UBE1. 

2.3.4 FAT10 targets UBE1 for proteasomal degradation 

To obtain information about the influence of FAT10 modification on the activity of UBE1 we 

addressed the question whether FAT10ylation of UBE1 would have an influence on bulk 

ubiquitin conjugate formation in cells. To this aim, HEK293 cells were transiently transfected 

with an expression plasmid for FLAG-FAT10, or endogenous FAT10 expression was induced 

by treating the cells with IFNγ and TNFα for up to 72 hours. FLAG-FAT10 lacking the C-

terminal diglycine motif (FLAG-FAT10GG) served as negative control since it is not covalently 

conjugated to UBE1 and therefore should not have an influence on the activity of UBE1. Cells 

were harvested after 24, 48 and 72 hours and cell lysates were subjected to western blot 

analysis with a ubiquitin-specific antibody. As shown in Figure 17, the presence of either 
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overexpressed or induced FAT10 had no influence on the level of bulk ubiquitin conjugates. 

This result may be attributed to the fact that only a small amount of UBE1 becomes modified 

with FAT10 while the main portion of UBE1 remains unmodified. This might render it difficult 

to detect differences in bulk ubiquitin conjugate formation. In most cases, covalent modification  

of proteins with FAT10 leads to their proteasomal degradation as e.g. shown for the FAT10 

substrates p62/SQSTM1 or USE1 [473, 519]. Therefore it was pertinent to investigate whether 

FAT10ylation of UBE1 would also guide UBE1 to proteasomal degradation. To monitor the 

degradation of FAT10ylated UBE1, cells were treated for 2.5 or 5 hours with cycloheximide 

(CHX) to block de novo protein synthesis. As shown in Figure 18 (upper right panel) and Figure 

S3, the UBE1-FAT10 conjugate was degraded within five hours by about 40% (see 

quantification of ECL signals in S3 Figure) and degradation was rescued when cells were 

treated at the same time with proteasome inhibitors MG132, bortezomib or lactacystin, 

confirming the results shown in Figure 14A where the HA-UBE1-FLAG-FAT10 conjugate also 

accumulated upon MG132 treatment. At the same time, unconjugated UBE1 in the presence 

or absence of FAT10 remained stable and did not accumulate when the proteasome was 

inhibited (Figure 18, load WB: HA and IP: HA, WB: HA). Moreover we have previously shown 

an accumulation of the HA-UBE1-FLAG-FAT10 conjugate upon specific knockdown of the 

FAT10 proteasome receptor Rpn10 [4]. Taken together, our data confirm that UBE1 is a novel 

Figure 17. FAT10 expression does not influence the formation of bulk ubiquitin conjugates. HEK293 cells were transiently transfected 
with expression plasmids for His-3xFLAG-FAT10 (FLAG-FAT10) or a His-3xFLAG-FAT10 mutant which has a GG-to-AV mutation at the C 
terminus (FLAG-FAT10 ΔGG) which renders it unable to be conjugated to substrate proteins. Alternatively, endogenous FAT10 expression
was induced by treatment with proinflammatory cytokines IFNγ and TNFα. To maintain high FAT10 levels over time, cells were re-transfected 
or re-stimulated after 48 h. Cells were harvested after indicated time periods of expression and total lysates were subjected to protein 
separation on 4-12% Bis/Tris NuPAGE gels, followed by western blot analysis with specific antibodies against FLAG, endogenous ubiquitin
or UBE1. The upper panels show bulk ubiquitin conjugates, and the lower panels show the expression levels of endogenous UBE1 and 
overexpressed or endogenous FAT10 in the cell lysates (load). β-actin was used as loading control. One representative experiment out of 
four experiments with similar outcomes is shown. 
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substrate of FAT10 conjugation, and that a consequence of UBE1 FAT10ylation is to target 

UBE1 for proteasomal degradation. 

2.4 Discussion 

A recently performed large scale mass spectrometry analysis has identified the ubiquitin-

activating enzyme E1 (UBE1) as a novel putative FAT10-interacting protein and FAT10ylation 

substrate [519]. In the current study we verify the interaction between UBE1 and FAT10 and 

we confirm that UBE1 becomes FAT10ylated upon overexpression or induction of endogenous 

FAT10 expression (Figure 14 and Figure 15). The UBE1-FAT10 conjugate formation is 

dependent on the presence of the FAT10 E1 activating and E2 conjugating enzyme, UBA6 

and USE1, respectively, as well as on the FAT10 di-glycine motif. Nevertheless, in some of 

the experiments a very faint UBE1-FAT10GG conjugate was sometimes detected upon co-

expression of HA-UBE1 and FLAG-FAT10GG and subsequent immunoprecipitation of HA-

UBE1 (Figure 14A, lane 6). However, when the immunoprecipitation was performed in the 

reverse direction and FLAG-FAT10GG was immunoprecipitated, no such conjugate was 

detectable (Figure 14B, lane 5), pointing to an unspecific conjugate formation due to the high 

protein content under overexpression conditions.  

Interestingly, the induction of FAT10 expression with pro-inflammatory cytokines IFN and 

TNFα led to the formation of a double UBE1-FAT10 conjugate band. Mass spectrometry 

Figure 18. FAT10ylated UBE1 is degraded by the proteasome. HEK293 cells were transiently transfected with expression plasmids for 
HA-UBE1 with or without His-3xFLAG-FAT10 (FLAG-FAT10), as indicated. Cell lysates were used for immunoprecipitation with anti-HA-
agarose followed by western blot analysis with antibodies reactive against HA or FLAG. Cells were additionally treated for the indicated time 
periods with cycloheximide (CHX) and/or the proteasome inhibitor MG132, as indicated. Proteins were separated under reducing conditions 
(4% 2-ME) on 4-12% NuPAGE gels. The upper panels show immunoprecipitated proteins, the lower panels show the protein expression in
total cell lysates (load). β-actin was used as loading control. One representative experiment out of four experiments with similar outcomes is
shown. 
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analysis revealed that the upper band contained UBE1 and FAT10. The lower band consisted 

most probably of non-covalently FAT10-interacting UBE1 because its amount also increased 

when FAT10 accumulated due to proteasome inhibition (Figure 15). This finding was further 

supported by our data showing a non-covalent interaction of HA-UBE1 and FLAG-FAT10 upon 

immunoprecipitation of FLAG-FAT10 (Figure 14B). Also under these conditions, both, UBE1 

as well as the UBE1-FAT10 conjugate were detected upon western blot analysis using a 

UBE1-reactive antibody (Figure 1B). Consistent with other FAT10 substrates, such as p53 or 

USE1 [473, 499], no further conjugates with a higher molecular weight could be detected under 

overexpression conditions, excluding a poly-FAT10ylation or a multi-mono-FAT10ylation of 

UBE1, as it was shown for the FAT10 substrate p62 [519] or LRRFIP2 [523].  

Overexpression of the lysine-less FAT10 mutant confirmed the results of a mono-FAT10ylation 

of UBE1 (Figure 14A). We further investigated the question whether UBE1 could act as second 

E1 activating enzyme for FAT10. So far, UBA6 was known as to be the sole E1 activating 

enzyme for FAT10 [125-127], and UBE1 was shown to activate both, ubiquitin and NEDD8 

under different stress conditions [129, 193, 565, 566]. The overexpression of an active site 

cysteine mutant of UBE1 (HA-UBE1 C632A) revealed a covalent modification of UBE1 with 

FAT10 independent of the active site cysteine and thereby without the need of a preceding 

thioester formation via the active site cysteine (Figure 14A, lane 8) as it was shown in case of 

auto-FAT10ylation of the E2 conjugating enzyme USE1 [127, 473]. In case of USE1, mutation 

of the active site cysteine to an alanine (USE1-C188A) completely abolished USE1 auto-

FAT10ylation showing that first FAT10 is transferred from UBA6 onto the active site cysteine 

of USE1 and then in a second step to an internal lysine residue of USE1 to form the stable 

conjugate.  

In in vitro experiments with recombinant proteins we showed that UBA6 activated both ubiquitin 

and FAT10, which is in agreement with previous findings from different groups [125, 126, 473] 

but that UBE1 was only able to activate ubiquitin but not FAT10 clearly showing that UBE1 

does not act as second E1 activating enzyme for FAT10 (Figure 16A). Additionally, we showed 

that UBE1 becomes FAT10ylated in vitro (Figure 16B). Strikingly, the activation of FAT10 by 

UBA6 was sufficient to transfer FAT10 onto UBE1 in vitro. This finding was quite remarkable 

since the E2 conjugating enzymes usually mediate the close proximity and specificity of 

modifier, E3 ligase and substrate protein [569]. In line with this, the presence of the E2 enzyme 

USE1 – in spite of being active, as shown in loading experiments with FAT10 and ubiquitin - 

did not further increase the amount of the UBE1-FAT10 conjugate, maybe because of the 

already high protein amount in the reaction and thereby close proximity of the proteins. In vitro 

transfer experiments without the need of a specific E3 ligase were also published for the 

ubiquitin-like modifier SUMO, where it was also sufficient just to include the SUMO-specific E1 

and E2 enzymes to obtain SUMOylated substrates [568, 570]. However, we cannot exclude 
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that under in vivo conditions, where the proteins are present in much lower concentrations than 

in our in vitro assays, the activity of a specific E3 ligase is indispensable to perform the FAT10 

conjugation to substrate proteins. 

To investigate the functional consequences of the FAT10ylation of UBE1, we looked deeper 

into the available crystal structures of UBE1 because we were interested to know, if a FAT10 

modification could have an influence on the ubiquitin-activating function of UBE1. The overlay 

of mouse and yeast UBE1/Uba1 crystal structures [128, 200] revealed four lysine residues 

around the active site cysteine of UBE1 (C632) which are conserved between the two species. 

Three of these lysine residues (K635, K801, K805) are localized in a cave directly located 

under the active site cysteine which is exposed in a well. Modification of one of these lysine 

residues could thereby theoretically inhibit the formation of the ubiquitin thioester linkage of 

ubiquitin and the UBE1 active site cysteine by changing the conformation of the area around 

the active site cysteine maybe by sliding into this cave. The fourth lysine residue (K745) is 

located next to the active site cysteine. We speculated that FAT10ylation of K745 could also 

block the binding of ubiquitin to C632 by steric inhibition because FAT10 could theoretically 

cover the cysteine residue due to its size.  

To test these ideas, site-directed mutagenesis of different combinations of these residues were 

performed and lysines were mutated to arginines. To show that mutations of lysines around 

such an important region of the protein do not impair ubiquitin activation by UBE1, the 

formation of the UBE1-ubiquitin thioester was successfully confirmed in HEK293 cells, 

transiently expressing the mutant HA-UBE1 variants together with FLAG-ubiquitin. However, 

all mutants became FAT10ylated in amounts comparable to wildtype UBE1 (data not shown). 

These data suggest that either the mutated lysine residues are not the major FAT10ylation 

sites within UBE1, or that FAT10 modification switches to another lysine upon mutation of the 

main lysine as it was recently shown for the auto-FAT10ylation of USE1 [473] or auto-

SUMOylation of the SUMO E2 conjugating enzyme Ubc9 [571]. To further address this issue, 

the UBE1-FAT10 conjugate will be analyzed by mass spectrometry analysis in future 

experiments.  

As shown for other substrates which become modified with ubiquitin-like modifiers, such as 

p53 by SUMO or USE1 and p62 by FAT10 [473, 499, 519], only a small portion of UBE1 

appears to become modified with FAT10, which makes the search for functional consequences 

even more challenging. Since it was published for several different FAT10 substrates, such as 

p62 and USE1 [473, 519] that FAT10ylation targets substrate proteins for proteasomal 

degradation, we investigated whether UBE1 is also guided to degradation by the proteasome 

upon conjugation with FAT10 and we show that overexpressed UBE1-FAT10 conjugate 

amounts increase upon inhibition of the proteasome by treatment with MG132 (Figure 14). 

Additional cycloheximide chase data showed that the UBE1-FAT10 conjugate is also degraded 
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by about 40% within a time period of five hours (Figure 18 and Figure S3). Blockage of the 

proteasome with MG132, bortezomib or lactacystin rescued the UBE1-FAT10 conjugate from 

degradation (Figure 18 and Figure S3). These data confirmed a previous publication of our 

group where we knocked down Rpn10, the docking site of FAT10 at the proteasome, and 

where we could show an accumulation of the UBE1-FAT10 conjugate upon this knockdown 

[522].  

To investigate whether FAT10ylation of UBE1 might have additional functional consequences 

besides degradation by the proteasome, we performed several additional experiments. The 

up-regulation of FAT10 expression by overexpression or treatment with pro-inflammatory 

cytokines did not influence the bulk UBE1 protein level in cells. We previously obtained the 

same results for the E2 conjugating enzyme USE1 [473]. Up-regulation of FAT10 led also here 

to the modification of only a small amount of USE1 but also did not alter the amount of the 

unconjugated USE1. We suggest that this is true in case of UBE1 as well and that this prevents 

the identification of functional consequences when at the same time most of the protein 

remains unmodified and active. Nevertheless we tested whether FAT10ylation of UBE1 has 

an impact on bulk ubiquitin conjugate formation, maybe due to a functional impairment of 

FAT10ylated UBE1 or because of slightly reduced UBE1 levels due to degradation of the 

UBE1-FAT10 conjugate. However, we detected no decrease of the bulk ubiquitin conjugates 

upon overexpression of FAT10 or upon induction of endogenous FAT10 expression with 

cytokines (Figure 17).  

The expression of both, FAT10 and the E2 conjugating enzyme USE1 seems to be regulated 

during the cell cycle [547, 549]. In addition, UBE1 is mainly found in the nucleus [572] whereas 

FAT10 seems to be more abundant in the cytoplasm [482]. All experiments in the current study 

were performed with unsynchronized cells. We therefore wondered if FAT10ylation of UBE1 

might have a specific function during the cell cycle and investigated if the formation of the 

UBE1-FAT10 conjugate might happen specifically during a certain phase of the cell cycle such 

as e.g. mitosis, where due to the breakdown of the nuclear membrane both proteins would 

come in close proximity. However, our preliminary results provided no evidence for a cell cycle 

regulated formation of the UBE1-FAT10 conjugate (data not shown). Other functional 

consequences of UBE1 FAT10ylation might be that FAT10ylation could change the cellular 

localization of UBE1 by e.g. masking the nuclear localization sequence of UBE1 or that 

FAT10ylation induces conformational changes within UBE1. Changes in the localization or 

conformation of UBE1 could in turn result in a gain of function such as e.g. altering the set of 

UBE1 interacting E2 conjugating enzymes.  

Taken all results together, our data provide evidence, that UBE1 is a novel substrate of the 

FAT10 conjugation machinery and that it does not serve as a second FAT10 E1 activating 

enzyme next to UBA6. We clearly show that the activation by UBA6 is sufficient to activate and 
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transfer FAT10 onto UBE1 in vitro, and that FAT10ylation of UBE1 leads to degradation of the 

UBE1-FAT10 conjugate by the proteasome.  
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2.6 Materials and Methods 

2.6.1 Primers and constructs 

Plasmids used for transient transfection of HEK293 cells with TransIT-LTI Transfection 

Reagent (Mirus Bio LLC, Madison, WI, USA) were pcDNA3.1-His-3xFLAG-FAT10 for 

expression of FLAG-tagged FAT10 [125], pcDNA3.1-His-3xFLAG-FAT10∆GG for expression 

of FLAG-FAT10 lacking the C-terminal diglycine motif [519], pcDNA3.1-His-3xFLAG-FAT10 

K0 for expression of a FLAG-tagged lysine-less mutant of FAT10 (A. Aichem, unpublished) 

and pcDNA3.1-His-3xFLAG-ubiquitin for FLAG-ubiquitin expression (M. Basler, unpublished). 

For the expression of HA-tagged UBE1 pcDNA3.1-HA-UBE1, kindly provided by Dr. M. 

Scheffner (University of Konstanz, Germany), was used. For the generation of the active site 

cysteine to alanine mutant of HA-UBE1 (HA-UBE1-C632A), the QuikChange II Site-directed 

Mutagenesis Kit (Agilent Technologies, Santa Clara, CA, USA) with pcDNA3.1-HA-UBE1 as 

template and the following primer was used: 5’CCTGAGAAGTCCATCC 

CCATCGCTACCCTGAAGAACTTCCCTAATGC-3’. All plasmids were verified by sequencing 

(Microsynth AG, Balgach, Switzerland). 

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

immunoprecipitation 

Induction of endogenous FAT10 expression by the pro-inflammatory cytokines IFNγ (200 

U·mL-1) and TNFα (400 U·mL-1) (both from Peprotech GmbH, Hamburg, Germany) was 

performed as recently described [519, 573]. Before harvesting, 10 μM of the proteasome 

inhibitor MG132 (Enzo Lifesciences, Lausen, Switzerland) was added as indicated, and the 

cells were incubated for additional 6 hours. Where indicated, cells were additionally treated for 

5 hours with 50 μg·mL-1 cycloheximide (CHX) (Sigma-Aldrich, Buchs, Switzerland) for the 

indicated time periods in parallel with 10 μM MG132, 10 μM lactacystin (both from Enzo 

Lifesciences, Lausen, Switzerland) or 1 μM bortezomib (Millenium Pharmaceuticals, Boston, 

USA) treatment for 6 h. Cells were harvested and lysed for 30 min on ice in lysis buffer 

containing 20 mM Tris/HCL (pH 7.6), 50 mM NaCl, 10 mM MgCl2, and 1% Nonidet P-40, 

supplemented with 1x protease inhibitor mix (complete, mini, EDTA-free protease inhibitor 
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cocktail; Roche, Rotkreuz, Switzerland). Cleared lysates were subjected to 

immunoprecipitation using a mouse mAb against FAT10 (clone 4F1) bound to protein A 

sepharose, as recently described [473, 573], or a mouse IgG-agarose as isotype control 

(Sigma-Aldrich, Buchs, Switzerland). Proteins were separated on 4-12% gradient Bis/Tris 

NuPAGE SDS gels (Invitrogen, Lucerne, Switzerland), and subjected to western blot analysis 

with either a rabbit polyclonal antibody against huFAT10, which is crossreactive with moFAT10 

[481], or a rabbit pAb against UBE1 (Enzo Lifesciences, Lausen, Switzerland). An antibody 

against β-actin (Abcam, Cambridge, UK) was used as a loading control. Immunoprecipitation 

of overexpressed HA-tagged proteins was performed with anti-HA-agarose conjugate HA-7 

(Sigma Aldrich, Buchs, Switzerland). Proteins were detected with directly labeled peroxidase-

conjugated mAb against HA-7 (Sigma Aldrich, Buchs, Switzerland).  

2.6.3 siRNA-mediated knockdown  

As previously described [473], HEK293 cells were transfected twice with a pool of four different 

UBA6 specific siRNAs (Hs_UBE1L2_1, Hs_UBE1L2_2, Hs_FLJ10808_2, Hs_FLJ10808_4), a 

pool of four different USE1 specific siRNAs (Hs_UBE2Z_2, Hs_UBE2Z_3, Hs_UBE2Z_5, 

Hs_FLJ13855_4), a pool of four different human FAT10-specific siRNAs (Hs_UBD_1, 

Hs_UBD_2, Hs_UBD3, Hs_UBD_5), or with a control siRNA (AllStars Negative Control siRNA) 

by using X-tremeGENE siRNA Transfection Reagent (Roche) (all siRNAs were purchased 

from QIAGEN, Venlo, Netherlands). On day 1 and 2, cells were transfected with a total amount 

of 240 nM siRNA, respectively. On the third day, endogenous FAT10 expression was induced 

(see above). Cells were collected and lysed on the fourth day and used for an anti-FAT10 

(4F1) immunoprecipitation, as described above. Western blot analysis was performed with a 

rabbit pAb against UBA6, a rabbit pAb against UBE1 (both from Enzo Lifesciences, Lausen, 

Switzerland), a rabbit pAb against USE1 [473], a rabbit pAb against FAT10 [481], or as a 

loading control with a mouse mAb against β-actin (Abcam, Cambridge, UK). In case of the 

specific knockdown of FAT10, cells were treated with siRNA at the same time as endogenous 

FAT10 expression was induced with proinflammatory cytokines as previously described [473].  

2.6.4 In vitro conjugation experiments 

The in vitro reaction buffer contained 20 mM Tris/HCL (pH 7.6), 50 mM NaCl, 10 mM MgCl2, 4 

mM ATP, 0.1 mM dithiothreitol, 5 U·mL-1 inorganic pyrophosphatase, 20 mM creatine 

phosphate, 4 μg·mL-1 creatine phosphokinase (all from Sigma, Buchs, Switzerland), 

supplemented with 1x protease inhibitor mix (Roche, Rotkreuz, Switzerland). Recombinant 

proteins (2.7.2 S1 Methods) were added to a final volume of 40 μl of 1x reaction buffer in the 

following amounts: FLAG-UBA6, 1 μg; 6His-USE1, 6 μg; FAT10, 4 μg; ubiquitin, 25 μg; UBE1, 

10 μg. The reaction mixture was incubated at 30°C for 60 min with shaking and 5x gel sample 
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buffer with or without 4% 2-mercaptoethanol (2-ME) was added, where indicated. The proteins 

were separated on 3-8% gradient Tris/Acetate NuPAGE SDS gels (Invitrogen, Lucerne, 

Switzerland), and subjected to western blot analysis with a rabbit polyclonal antibody against 

huFAT10 [526], a rabbit pAb against UBE1 (Enzo Lifesciences, Lausen, Switzerland), a 

directly peroxidase-conjugated mAb against 6-His, a HRP-conjugated mAb against FLAG M2 

(both from Sigma, Buchs, Switzerland), or a pAb against ubiquitin (DakoCytomation, Hamburg, 

Germany).  

2.6.5 Detection of bulk ubiquitin conjugates 

HEK293 cells were transfected with either pcDNA3.1-His-3xFLAG-FAT10 [125], or with 

pcDNA3.1-His-3xFLAG-FAT10 ∆GG [518], by using TransIT-LTI Transfection Reagent 

(Mirus), or endogenous FAT10 expression was induced as recently described [519, 573]. To 

maintain constantly high levels of FAT10 until harvest after 72 h, cells were transfected a 

second time or retreated with proinflammatory cytokines after 48 h. After 24, 48, or 72 h of 

ectopic expression, cells were harvested, lysed, and cell lysates were subjected to separation 

on 4-12% gradient Bis/Tris NuPAGE SDS gels (Invitrogen). Western blot analysis was 

performed using a directly labeled peroxidase-conjugated mAb against HA-7 or a HRP-

conjugated mAb against FLAG M2 (both Sigma), or a rabbit pAb against ubiquitin 

(DakoCytomation, Glostrup, Denmark). Antibody against β-actin (Abcam) was used as a 

loading control. 
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2.7 Supplemental Material 

2.7.1 Supplemental Figures 

 

 

 

 

 

Figure S1. The UBE1-FAT10 conjugate resists denaturing conditions. HEK293 cells were transiently transfected with expression 
plasmids for HA-UBE1 and His-3xFLAG-FAT10 (FLAG-FAT10) and harvested after 24 hours of ectopic expression. Cell lysis and
immunoprecipitation (IP) with anti-HA-agarose was performed with IP buffer containing 0.5% Nonidet P-40 and 2% SDS. Proteins were 
separated under reducing conditions (4% 2-mercaptoethanol) on 4-12% Bis/Tris NuPAGE gels, and formation of the UBE1-FAT10 conjugate 
was visualized by western blot analysis with peroxidase-labeled antibodies reactive against HA and FLAG. The upper panels show the
immunoprecipitated proteins, and the lower panels show the protein expression levels in the lysate (load). β-actin was used as loading 
control. One representative experiment out of two with similar outcomes is shown.  

Figure S2. In vitro loading of recombinant FAT10 or 6His-ubiquitin onto recombinant 6His-USE1. Recombinant 6His-USE1 (2.5 µg) 
was incubated for 50 minutes at 30°C with recombinant FLAG-tagged UBA6 (0.1 µg, Enzo Lifesciences, Lausen, Switzerland) in the 
presence or absence of recombinant FAT10 (2.5 µg, [473]) or recombinant 6His-ubiquitin (6His-Ub) (1 µg, Enzo Lifesciences, Lausen, 
Switzerland) in reaction buffer containing 20 mM Tris-HCl pH 7.6, 50 mM NaCl, 10 mM MgCl2, 4mM ATP, 0.1 mM DTT, 20 mM creatine 
phosphate, 4 µg/ml creatine kinase, 5u/µl inorganic pyrophosphatase and protease inhibitors (Roche, Rotkreuz, Switzerland). Reactions 
were stopped by addition of 5x SDS loading buffer without 2-mercaptoethanol and boiled. Proteins were separated under non-reducing 
conditions on 4-12% Bis/Tris NuPAGE gels, and loading of FAT10 or 6His-ubiquitin onto 6His-USE1 was  visualized by western blot analysis 
with a directly peroxidase-labeled antibody reactive against 6xHis (SIGMA Aldrich, Buchs, Switzerland). One representative experiment out
of three with similar outcomes is shown. 
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2.7.2 Supplemental Methods 

S1_A: Denaturing immunoprecipitation of FAT10ylated UBE1 

HEK293 cells were transiently transfected with pcDNA3.1-HA-UBE1 (kindly provided by Dr. M. 

Scheffner, University of Konstanz, Germany), and pcDNA3.1-His-3xFLAG-FAT10 [125]. After 

24 hours of ectopic expression, cells were directly lysed in denaturing buffer (2% SDS, 150 

mM NaCl, 10 mM Tris/HCL, 10 mM N-ethylmaleimide (NEM), 0.1 mM phenylmethylsulfonyl 

fluoride (PMSF), pH 7.5) and lysates were diluted by adding Nonidet P-40 buffer (50 mM 

Tris/HCL, 0.5% Nonidet P-40, 150 mM NaCl, pH 7.5). Samples were sonicated and clarified 

by centrifugation. Immunoprecipitation was performed by using anti-HA-agarose conjugate HA 

7 (Sigma), followed by 5 times wash with Nonidet P-40 buffer. Proteins were separated on 4-

12% gradient Bis/Tris NuPAGE SDS gels (Invitrogen), and subjected to western blot analysis, 

using a directly labeled peroxidase-conjugated mAb against HA-7 or a directly HRP-

conjugated mAb against FLAG M2 (both Sigma). β-actin (Abcam) was used as a loading 

control. 

 

S1_B: Recombinant proteins and purification of recombinant UBE1 

Recombinant human FLAG-UBA6 and ubiquitin were purchased from Enzo Lifesciences. 6His-

USE1 was purified as described recently from E. coli B834(DE3)pLysS (Novagen) [473] 

transformed with pDEST17-USE1 [126] by a standard Ni2+-NTA purification protocol. 

Recombinant tagless human FAT10 was purified as described recently from E. coli BL21(DE3) 

Figure S3. Rescue of UBE1-FAT10 conjugate degradation by different proteasome inhibitors. (A) HEK293 cells were transiently 
transfected with expression plasmids for HA-UBE1 and His-3xFLAG-FAT10 (FLAG-FAT10). Cell lysates were used for immunoprecipitation 
with anti-HA-agarose followed by western blot analysis with antibodies reactive against HA or FLAG. Cells were additionally treated for the
indicated time periods with cycloheximide (CHX) and/or the proteasome inhibitors MG132 (10µM), bortezomib (1µM) or lactacystin (10µM) 
for 6 hours, as indicated. Proteins were separated under reducing conditions (4% 2-ME) on 4-12% NuPAGE gels. The two upper panels 
show immunoprecipitated proteins, the lower panels show the protein expression in total cell lysates (load). β-actin was used as loading 
control. One representative experiment out of seven experiments with similar outcomes is shown. Quantification of the residual UBE1-FAT10 
(B) or FAT10 (C) amounts during 5 hours of CHX chase. ECL signals of the UBE1-FAT10 conjugate or of FAT10 were calculated and 
normalized to the respective β-actin loading control. The amount of UBE1-FAT10 or FAT10 of untreated cells (0h CHX) was set to unity. The 
graphs show the mean of seven independent experiments with similar outcomes. 
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transformed with pSUMO-FAT10 [518]. For the expression and purification of recombinant 

human UBE1 the pcDNA3.1-HA-UBE1 plasmid, kindly provided by Dr. Martin Scheffner 

(University of Konstanz, Germany), was used as template for polymerase chain reaction with 

primers 5’-CCAGTGGGTCTCAGGTGGTTCCAGCTCGCCGCTGTCCAAGAAACGTCG C-3’ 

and 5’-CCCAAGCTTTCAGCGGATGGTGTATCGGACATAGGGAACC-3’, generating a UBE1 

amplicon with BsaI and HindIII recognition sites at the 5’ and 3’ end, respectively. The amplicon 

was inserted 3’ of 6xHis-SUMO [4] into the BsaI/HindIII digested pSUMO plasmid, propagated 

in dam-/dcm- E. coli strain GM2163. The plasmid was verified by sequencing (Microsynth AG, 

Balgach, Switzerland). UBE1 expression was performed in E. coli BL21(DE3) for 5 hours at 

room temperature and expression was induced with 0.4 mM Isopropyl-β-D-

thiogalactopyranoside (IPTG). Cell pellets were resuspended in 5 ml/g pellet of binding buffer 

(20 mM Na3HPO4, 150 mM NaCl, 40 mM imidazole, 5 mM 2-mercaptoethanol, pH 7.5) 

supplemented with 1 μM protease inhibitor PMSF (Sigma) and 1x protease inhibitor mix 

(Roche). Cell lysis was performed with three cycles at 2.5 kbar in a cell disrupter (Constant 

Cell Disrupter TS, Constant Systems Ltd.) and two subsequent filtration steps through filters 

with 2 μm and 0.2 μm particle pores, respectively. In a first purification step, the filtered lysate 

was loaded onto a pre-equilibrated 5 ml HisTrap FF column (GE Healthcare) using 

AektaExplorer (GE Healthcare) driven by the UNICORN software (GE Healthcare). 

Unspecifically bound proteins were removed by washing the column with ten column volumes 

of binding buffer and 5 column volumes of binding buffer containing 5% of elution buffer (20 

mM Na3HPO4, 150 mM NaCl, 0.5 M imidazole, 5 mM 2-mercaptoethanol, pH 7.5). Elution was 

performed with five column volumes of elution buffer. To remove imidazole by size exclusion 

chromatography from the eluate containing 6xHis-SUMO-UBE1, the eluate was loaded on a 

HiPrep 26/10 Desalting column (GE Healthcare) equilibrated in binding buffer and eluted with 

binding buffer until baseline. For removal of the 6xHis-SUMO-tag, the total protein 

concentration measured by 280 nm absorbance using Spectrophotometer ND-100 (NanoDrop) 

and 4 μg ULP-1-6xHis/mg protein was added and incubated overnight at 4°C on a roller. 

Samples were filtered through a filter with 0.45 μm pore size to remove precipitated proteins 

before loading onto a 5 ml HisTrap FF column equilibrated in binding buffer for tag removal. 

Elution of untagged recombinant UBE1 was achieved by collecting the flow through while 

loading the sample on the column. The 6xHis-SUMO-tag and the ULP-1-6xHis were eluted 

with 100% elution buffer. To keep the stability of recombinant UBE1, a final buffer exchange 

with a HiPrep 26/10 column was performed and recombinant UBE1 was eluted in 2 column 

volumes of storage buffer (20 mM Na3HPO4, 150 mM NaCl, 5 mM 2-mercaptoethanol, pH 

7.5). For long time storage at -80°C, glycerol was added to a final concentration of 5% and the 

protein was concentrated to 0.9 mg/ml using Amicon Ultra Centrifugal Filters (Millipore) with a 

molecular cut off of 50 kDa. Aliquots were shock frozen in liquid nitrogen and stored at - 80°C. 
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3.1 Abstract 

The ubiquitin proteasome system is one of the best described pathways how cells mediate 

homeostasis between protein synthesis and degradation. To guarantee this balance, ubiquitin 

conjugation and deconjugation also have to be tightly regulated. The deubiquitination of target 

proteins is mediated by DUBs such as OTUB1 which plays important roles in the immune 

response, cell cycle progression and DNA repair. In all these processes OTUB1 reduces the 

ubiquitination of target proteins in two distinct ways, either using its catalytic DUB activity or in 

a non-catalytic manner by inhibiting the E2 conjugating enzyme. Here, we show that the 

ubiquitin-like modifier FAT10 is regulating the OTUB1 stability and functionality in different 

manners. Covalent FAT10ylation of OTUB1 results in its proteasomal degradation whereas a 

non-covalent interaction stabilizes OTUB1. We show that OTUB1 directly interacts with USE1 

and that this interaction is increased in presence of FAT10. The direct interaction between 

USE1, FAT10 and OTUB1 strongly stimulates the OTUB1 DUB activity towards K48 linked 

diubiquitin. Furthermore, the non-covalent interaction between FAT10 and OTUB1 not only 

enhances its isopeptidase activity towards K48 linked ubiquitin moieties but also strengthens 

its non-catalytic activity in reducing K63 polyubiquitination of its target protein TRAF3. 

Additionally, the cellular clearance of overall polyubiquitination by OTUB1 was strongly 

stimulated through the presence of FAT10. This presence also led to an increased interaction 

between OTUB1 and its cognate E2 UbcH5B implying a function of FAT10 in the inhibition of 

polyubiquitination. Overall, these data indicate that FAT10 does not only play a role in covalent 

modification and leading its substrates to proteasomal degradation, but that it also regulates 
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stability and functionality of target proteins by interacting in a non-covalent manner. Thereby 

FAT10 is able to influence the whole ubiquitination machinery.  

3.2 Introduction 

The homeostasis of protein synthesis and degradation under normal and under stress 

conditions is one of the most tightly regulated processes in mammalian cells. Overproduction 

or the absence of certain proteins at certain time points may result in a dysregulation in 

homeostasis and thereby in alterations of cellular processes ending up in development of 

tumorigenic cells. The probably best described and investigated mechanism to maintain the 

balance between protein production and removal is mediated by the ubiquitin proteasome 

system (UPS). Substrate proteins become post-translationally modified by ubiquitin and, 

depending on chain type and length, are targeted for degradation by the 26S proteasome [574]. 

The family of ubiquitin and ubiquitin-like proteins (Ubls) contains several other members such 

as SUMO, Nedd8, ISG15, or Atg8 [118]. Although all members share the ubiquitin fold as a 

structural similarity the functional consequences of modifications by these Ubls are extremely 

diverse [118]. Protein stability or activity, subcellular localization or protein-protein interactions 

are altered as well as regulatory processes like DNA repair, cell cycle progression, or apoptosis 

[118, 134].  

The Human Leukocyte Antigen (HLA)-F adjacent transcript 10 (FAT10) also belongs to the 

family of ubiquitin-like proteins since it possesses the same conserved ubiquitin-like domain, 

a β-grasp fold composed of five β-sheets surrounding a central α-helix [478]. In contrast to 

ubiquitin, FAT10 expression is largely restricted to organs of the immune system as thymus, 

spleen or lymph nodes [484, 486, 487]. Also several cancer types like liver carcinoma, lung 

cancer or multiple myeloma show a high expression of FAT10 [500]. In tissues which do not 

express FAT10 instantly, endogenous expression can be synergistically induced by the 

treatment with the pro-inflammatory cytokines interferon γ (IFNγ) and tumor necrosis factor α 

(TNFα) [452, 455]. The FAT10 gene was originally identified during genomic sequencing of 

the Major Histocompatibility Complex (MHC) [447], and was first named ubiquitin D (UBD) 

since it is composed of two ubiquitin-like domains. The N terminal and C terminal domain of 

FAT10 share sequence homology of 29% and 36% with ubiquitin, respectively, whereas the C 

domain contains the diglycine motif required for conjugation to substrate proteins [448, 478, 

483].  

The conjugation of FAT10 to an internal lysine residue of target proteins is, similar to the 

ubiquitin cascade, mediated by the E1 activating enzyme UBA6 [125-127], the E2 conjugating 

enzyme USE1 [125, 473, 518] and so far unknown E3 ligases. FAT10ylated proteins, such as 

USE1 itself, the tumor suppressor p53, the ubiquitin activating enzyme UBE1 or the autophagy 

marker p62, become degraded by the 26S proteasome whereas FAT10 is degraded along with 
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its substrates [473, 499, 519, 520]. Besides covalent interactions, FAT10 is able to interact 

with proteins in a non-covalent manner. Presence of FAT10 influences the localization and 

functionality of interaction partners like the spindle assembly checkpoint protein MAD2 or the 

stress granule protein HDAC6 [452, 479, 482].  

To learn more about the functional consequences of FAT10 interacting covalently and non-

covalently with target proteins we recently performed a Yeast-Two-Hybrid screening approach 

with USE1 as a bait and a human prey thymus library. While searching for novel substrates 

and interaction partners we identified members of the ubiquitin conjugation family. The most 

interesting candidate was the deubiquitinating enzyme Otubain 1 (OTUB1) belonging to the 

ovarian tumor family (OTU) of cysteine proteases [112]. OTUB1 possesses a specificity to 

remove K48 polyubiquitin chains from substrate proteins such as the tumor suppressor p53 

[112]. Upon polyubiquitination of p53 by UbcH5 and its cognate E3 ligase Mdm2 the tumor 

suppressor becomes degraded by the 26S proteasome. In turn, deconjugation of ubiquitin 

chains from p53 leads to a stabilization [575]. Furthermore, OTUB1 inhibits its interacting E2 

enzymes in a non-catalytic manner. The ubiquitination of p53 by UbcH5/Mdm2 is impaired by 

OTUB1 binding to UbcH5. Subsequently, OTUB1 becomes monoubiquitinated by the E2 

resulting in an even increased inhibitory effect of OTUB1 [576].  

Additionally, OTUB1 plays a role in the DNA damage-induced double strand break (DSB) 

response without requiring its catalytic activity. Upon induction of DSB induced histone 

ubiquitination by E3 ligases such as RNF8 and RNF168, the E2 conjugating enzyme Ubc13 is 

recruited to the sites of polyubiquitinated chromatin and forms K63 ubiquitin chains on 

chromatin bound substrates [169, 577-580]. OTUB1 binds the ubiquitin-charged Ubc13 and 

suppresses its ubiquitin chain forming activity after successful DSB repair [580]. Taken 

together, OTUB1 has been described to be implicated in multiple biological processes such as 

immune response, DNA damage response as well as pathogen biology, whereas the catalytic 

activity of OTUB1 was not required in every regulatory mechanism [312, 580-583].  

Since only few interaction partners of the E2 conjugating enzyme USE1 are known so far and 

no FAT10 deconjugating enzyme is published yet we investigated several different possibilities 

how FAT10 and OTUB1 could influence each other. We examined whether OTUB1 has a 

deFAT10ylating activity or whether it inhibits the FAT10 conjugation by interacting with the E2 

conjugating enzyme USE1.  

However, we further analyzed whether FAT10 has an impact on the functionality of OTUB1 

regarding its functional activity or its non-catalytic inhibitory effect.  

In this study, we elucidate USE1 as a novel interaction partner of OTUB1. We show that the 

direct interaction of USE1 with OTUB1 stimulates the OTUB1 isopeptidase activity towards 

K48 linked diubiquitin. Furthermore we demonstrate that OTUB1 does not function as a 

deconjugating enzyme for FAT10, and that it does not inhibit FAT10 conjugation to substrate 
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proteins via a non-catalytic mechanism. However, we demonstrate a covalent FAT10ylation of 

OTUB1 in cellulo and in vitro targeting the conjugate for proteasomal degradation. Although 

this interaction shows no impact on the interaction of OTUB1 with Ubc13, there is an increased 

interaction between OTUB1 and UbcH5B indicating that FAT10 has an influence onto the 

OTUB1 mediated inhibitory effect on ubiquitin chain formation. Furthermore we prove that the 

non-covalent interaction between both interaction partners stabilizes OTUB1. Thereby FAT10 

positively affects the catalytic activity of OTUB1 in reducing the ubiquitination of its substrate 

protein TRAF3 in cellulo. Presence of FAT10 also stimulates the non-catalytic inhibitory activity 

of OTUB1 towards K63 linked polyubiquitination of TRAF3. Additionally, we demonstrate that 

the OTUB1 mediated deconjugation of K48 linked ubiquitin chains is strongly increased when 

OTUB1 and FAT10 cooperate in vitro and in cellulo.  

Here, we propose a novel bilateral regulatory effect of FAT10 on its substrate proteins, in a 

covalent and non-covalent manner.  

3.3 Results 

3.3.1 OTUB1 is a novel interaction partner of USE1 

Searching for novel interactions partners of the FAT10 E2 conjugating enzyme USE1 we 

performed a Yeast-Two-Hybrid screening approach (Dualsystems), using USE1 as bait and a 

thymus cDNA library as prey (Clontech, Takara; data not shown). Beside candidates for a 

putative FAT10-specific E3 ligase, we started to investigate the deubiquitinating enzyme (DUB) 

Otubain 1 (OTUB1) as a novel interaction partner of USE1. We were asking whether OTUB1 

may function as a deFAT10ylating enzyme or whether FAT10 and USE1 might regulate the 

stability and functionality of OTUB1. 

To prove OTUB1 as new interaction partner of USE1 both proteins were expressed in HEK293 

cells with His-USE1 and the Flag-tagged OTUB1 versions wild type (wt), active site cysteine 

mutant (C91S) and the E2 interaction deletion mutant (T134R). The point mutation T134R in 

the catalytic OUT domain of OTUB1 was shown to disrupt the interaction with the E2 

conjugating enzyme UbcH5B and thereby to reduce the inhibitory effect of OTUB1 on the 

ubiquitin conjugation [584]. A co-immunoprecipitation was performed revealing a USE1 

interaction with OTUB1 wild type as well as with C91S whereas the interaction with T134R 

was reduced (Figure 19A) supporting a structural similarity between USE1 and UbcH5B where 

the T134R mutation was published to disrupt the E2 OTUB1 interaction [584]. Former 

publications discussed an increased interaction of OTUB1 and its cognate E2 conjugating 

enzyme UbcH5B in presence of ubiquitin [584, 585]. To investigate whether ubiquitin and 

FAT10 could increase the interaction intensity of OTUB1 and USE1 both proteins were co-

expressed in HEK293 cells in presence of absence of the two modifiers (Figure 19B, data for 
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ubiquitin not shown). Overexpression of FAT10 did not change the interaction between USE1 

and OTUB1 compared to the interaction in absence of FAT10 (Figure 19B, lanes 5 and 6). 

Likewise, the presence of ubiquitin had also no influence on the interplay between E2 and DUB 

in this experimental setup (data not shown). Since OTUB1 is known to function as 

deconjugating enzyme for ubiquitin [112] we asked whether OTUB1 is able to fulfill this function 

in the case of FAT10 as well. To answer this question a linear fusion construct (HA-FAT10-

USE1) was used to mimic a peptide linked FAT10ylated USE1. In HEK293 cells this fusion 

construct was co-expressed in presence or absence of Flag-tagged OTUB1 and a co-

immunoprecipitation with subsequent Western blot analysis was performed (Figure 19C). 

Although a high amount of linear HA-FAT10-USE1 was observed (Figure 19C, upper panel) 

Figure 19. OTUB1 is a novel interaction partner of USE1. (A) HEK293 cells were transiently transfected with expression plasmids for 
Flag-OTUB1 wild type, active site cysteine mutant (Flag-OTUB1 C91S), OTU domain mutant T134R (Flag-OTUB1 T134R), and His-USE1. 
Cells were lysed in lysis buffer containing 1% NP-40 and cleared lysates were subjected to immunoprecipitation with anti-Flag M2 antibody 
coupled agarose. Proteins were separated on 4-12% NuPAGE Bis-Tris gels and Western blot analysis was performed with antibodies 
reactive against His or Flag. As loading control β-actin was used. Upper panels show the immunoprecipitated proteins and lower panels
show the total protein expression in the cell lysates (Load). Asterisk marks remaining His-USE1 signals after stripping. (B) HEK293 cells 
were transfected with the indicated expression constructs, harvested, lysed and subjected to immunoprecipitation and Western blot analysis 
with antibodies against His, Flag or HA as described in (A). (C) HEK293 cells were transiently transfected with expression plasmids for Flag-
OTUB1 wild type and a linear fusion protein consisting of FAT10 C terminally fused to USE1 (HA-FAT10-USE1). Immunoprecipitation using 
anti-HA agarose with subsequent Western blot analysis against Flag and HA were performed as described in (A). One representative 
experiment out of three experiments with similar outcomes is shown, respectively. 
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no free HA-FAT10 and thereby no removal of FAT10 from USE1 was detectable indicating that 

OTUB1 does not function as a deconjugating enzyme for linear conjugated FAT10. As it is 

published that OTUB1 interacts with certain E2 conjugating enzymes when loaded with 

ubiquitin to regulate ubiquitin conjugation to substrate proteins [584-586], we tested whether 

OTUB1 interacts with the FAT10-USE1 construct. The Western blot against Flag-OTUB1 in 

the same experimental setup did not reveal any interaction between OTUB1 and the linear 

fusion protein (Figure 19C, middle panel). However, it cannot be ruled out that an interaction 

with isopeptide linked USE1-FAT10 would be possible. Next, we examined whether the DUB 

activity of OTUB1 has an impact on the overall FAT10 conjugation to substrate proteins. A 

publication by the group of Cynthia Wolberger showed a strong reduction of longer ubiquitin 

chains in in vitro experiments in the presence of OTUB1 [586].  

To investigate whether OTUB1 could also influence the overall FAT10ylation different Flag-

tagged OTUB1 variants were overexpressed together with HA-tagged FAT10 and a co-

immunoprecipitation with subsequent Western blot analysis was performed. A reduction in the 

FAT10 conjugation pattern in presence of OTUB1 wt was not observable (Figure 20A, middle 

panel, lanes 2 and 3). FAT10ylation of substrate proteins was also not by co-expression of the 

OTUB1 active site cysteine mutant C91S or the T134R E2 interaction mutant (Figure 20A, 

middle panel, lanes 4 and 5). These data indicate that the new USE1 interaction partner 

OTUB1 does not function as a deFAT10ylating enzyme in cellulo and that this interaction has 

no inhibitory effect on the FAT10 conjugation pattern as it was shown for UbcH5B and ubiquitin 

conjugation [584, 585].  

3.3.2 OTUB1 becomes FAT10ylated, in cellulo and in vitro 

Proving that OTUB1 has no impact on the FAT10 conjugation we were wondering whether 

FAT10 has an influence on OTUB1 and its functions or interaction partners. Indeed, in 

overexpression experiments with Flag-OTUB1 and HA-FAT10 with subsequent co-

immunoprecipitation and Western blot analysis OTUB1 became modified by a single FAT10 

moiety (Figure 20A, upper panel). This FAT10ylation still occurred when OTUB1 possessed a 

point mutation in either the active site (C91S) or in the catalytic OTU domain (T134R) indicating 

that these residues do not have a relation to the FAT10 binding to OTUB1 (Figure 20A, upper 

panel). To examine the interaction between FAT10 and OTUB1 under endogenous conditions 

FAT10 expression was induced by treating HEK293 cells with pro-inflammatory cytokines 

interferon γ (IFNγ) and tumor necrosis factor α (TNFα) and an immunoprecipitation of FAT10 

with the specific monoclonal antibody 4F1 and subsequent Western blot analysis using a rabbit 

monoclonal antibody against endogenous OTUB1 were performed.  

Indeed, OTUB1 became FAT10ylated under endogenous conditions but only upon inhibition 

of the 26S proteasome by adding MG132 for 6 hours (Figure 20B) indicating a rapid 
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degradation of the conjugate. Next, we tested whether this covalent interaction relies on the C 

Figure 20. OTUB1 becomes FAT10ylated, in cellulo and in vitro. (A) After 24 hrs of transient transfection of HEK293 cells with indicated 
expression plasmids lysis in 1% NP-40 lysis buffer followed. Cleared lysates were subjected to anti-HA immunoprecipitation and proteins 
were separated on 4-12% NuPAGE Bis-Tris gels with subsequent Western blot analysis using anti-Flag M2 or anti-HA directly labeled 
antibodies. Detection of endogenous β-actin was used as loading control. (B) Endogenous expression of FAT10 was induced by treating 
HEK293 cells with IFNγ and TNFα for 24 hrs. Where indicated, cells were additionally treated with proteasome inhibitor MG132 for 6 hrs. 
After lysis in 1% NP-40 lysis buffer cleared lysates were incubated with protein A Sepharose and FAT10 mAB 4F1 or an unspecific IgG2a
isotype control antibody. Western blot analysis was performed using a rabbit monoclonal antibody against endogenous OTUB1 or a 
polyclonal rabbit antibody against endogenous FAT10. (C), (D) Whole cell extracts from HEK293 cells transiently transfected with indicated
expression plasmids were treated and subsequently used in Western blot analysis as described in (A). (E) Western blot analysis of in vitro
conjugation experiments where recombinant proteins (FLAG-UBA6 1 µg, 6His-USE1 6 µg, 3xFlag-FAT10 4 µg, and His-OTUB1 2.5 µg) 
were incubated at 30°C for 60 min and reaction was stopped by addition of 5x gel sample buffer containing 4% 2-mercaptoethanol. Arrow 
heads indicate the OTUB1-FAT10 conjugate. (F) HEK293 wt, HEK293 UBA6 KO and HEK293 USE1 KO cells were transiently transfected
with expression plasmids for HA-FAT10 and Flag-OTUB1. Subsequent lysis, immunoprecipitation and Western blot analysis was performed
as described in (A). One representative experiment out of three experiments with similar outcomes is shown, respectively. 
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terminal diglycine motif of FAT10 as it was previously shown for other proteins targeted by 

FAT10 [473, 519, 520]. Therefore, two different mutant variants of FAT10 were used: HA-

FAT10 AV which carries AV instead of GG at its C terminus, and HA-FAT10 ∆GG which is 

lacking the diglycine motif completely.  

In HEK293 cells these variants were co-expressed together with Flag-OTUB1 wt and Western 

blot analysis showed that only FAT10 wild type was conjugated to OTUB1 (Figure 20C, lane 

6). In comparison, both FAT10 variants carrying the mutations at the C terminus could not 

become conjugated to OTUB1 anymore (Figure 20C, lanes 7 and 8) proving that FAT10 

conjugation is strictly dependent on the diglycine motif at the very C terminus of FAT10. 

Additionally, former publications described that a lysine-less variant of a target protein such as 

USE1 does not become FAT10ylated in the same amount as the wild type protein anymore 

[473]. To test whether this holds also true for OTUB1 FAT10ylation a Flag-tagged lysine-less 

(K0) mutant was overexpressed and compared to Flag-OTUB1 wt in absence or presence of 

HA-FAT10 (Figure 20D). In line with these former publications, the FAT10ylation of OTUB1 

was almost reduced to background when all lysine residues were mutated to arginines (Figure 

20D, lane 6) confirming that FAT10 mainly needs an internal lysine residue within the substrate 

protein for modification.  

To demonstrate that OTUB1 becomes FAT10ylated not only in cellulo but also in vitro Flag-

UBA6, His-USE1 and His3xFlag-FAT10 were incubated together with 6His-tagged OTUB1 

(Enzo LifeScience) for 60 minutes at 30°C. In subsequent Western blot analysis an OTUB1-

FAT10 conjugate band was detected in presence of UBA6 and USE1 under these in vitro 

conditions (Figure 20E, lane 4, arrow heads). Furthermore, the conjugate was also present in 

absence of the E2 conjugating enzyme USE1 (Figure 20E, lane 5, arrow heads) indicating that 

the FAT10ylation of OTUB1 was mediated solely by UBA6 independently of USE1. To prove 

these findings in cellulo, HEK293 UBA6 and USE1 CRISPR knockout cell lines were 

established and the co-immunoprecipitation experiments with overexpressed FAT10 and 

OTUB1 were repeated. In HEK293 wt cells the FAT10ylated OTUB1 was present as shown 

before (Figure 20F, upper panel, lane 2), whereas it was completely absent in UBA6 KO cells 

(Figure 20F, upper panel, lane 4). In overlap with the in vitro experiments, the conjugate was 

almost not detectable in USE1 KO cells, anymore (Figure 20F, upper panel, lane 6). Taken 

together, our data confirm a mono-FAT10ylation of OTUB1 which is dependent on internal 

lysine residues within the substrate protein and on the C terminal diglycine motif of FAT10. 

Furthermore we show that this modification is mediated by the E1 activating enzyme UBA6 

and the E2 conjugating enzyme USE1.  
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3.3.3 FAT10 targets OTUB1 for proteasomal degradation but free OTUB1 becomes 

stabilized by the presence of FAT10 

Since substrate proteins of FAT10 are mainly described as targets for the degradation by the 

26S proteasome [473, 481, 520, 526] we examined whether the same holds true for the 

OTUB1-FAT10 conjugate. FAT10 and OTUB1 overexpressing HEK293 cells were treated with 

cycloheximide (CHX) for the indicated time periods to inhibit protein de novo synthesis. As 

control MG132 was added to block the catalytic activity of the 26S proteasome.  

FAT10 was almost completely degraded within 5 hours and upon inhibition of the proteasome 

a recovery of FAT10 protein was detected (Figure 21A, middle panel). The OTUB1-FAT10 

conjugate was degraded more slowly but the MG132 mediated rescue was almost as strong 

as shown for monomeric FAT10 (Figure 21A, upper panel). Western blot signals were analyzed 

using densitometric calculations with normalization to protein amounts of β-actin (Figure 21B). 

The calculated half-life of FAT10 was published be approximately 1.5 h [481] which we confirm 

with these data. The OTUB1-FAT10 conjugate was degraded more slowly and the half-life was 

Figure 21. FAT10ylated OTUB1 is degraded by the 26S proteasome. (A) Transiently HA-FAT10 and Flag-OTUB1 expressing HEK293 
cells were treated for indicated time periods with cycloheximide and with proteasome inhibitor MG132 for another 6 hrs, where indicated.
Cell lysates were subjected to immunoprecipitation and Western blot analysis. (B) Western blot signals of OTUB1-FAT10 conjugate, FAT10 
and OTUB1 in absence or presence of FAT10 were quantified by using densitometric calculations of the signal intensity. Values were 
normalized to Western blot signals of β-actin. One representative experiment out of three experiments with similar outcomes is shown,
respectively. 
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about 3.5 hours (Figure 21B). In previous projects the half-life of substrate proteins in presence 

and absence of FAT10 was evaluated and no difference could be detected (JB, unpublished). 

Here, for the first time, we successfully showed that FAT10 presence had an impact on overall 

substrate protein stability. Contrary to expectations, the half-life of OTUB1 was increased in 

the presence of FAT10 and OTUB1 was stabilized in comparison to OTUB1 protein amounts 

in absence of FAT10 (Figure 21B). Taken together our data show that FAT10 influences its 

substrate protein OTUB1 in two different ways. On the one hand it modifies OTUB1 in a 

covalent manner and targets it for proteasomal degradation. On the other hand the presence 

of FAT10 and thereby a putative non-covalent interaction with OTUB1 is sufficient to stabilize 

the substrate protein amount.  

3.3.4 FAT10 interacts with USE1, UbcH5B and OTUB1 in a direct, non-covalent 

manner 

OTUB1 is published to interact with E2 conjugating enzymes such as Ubc13 or UbcH5B [584-

586]. This interaction leads to an inhibition of ubiquitin transfer and additionally, it stimulates 

the OTUB1 mediated deubiquitination of target proteins [584-586]. To investigate whether 

FAT10 has an impact on this regulatory pathway we examined a possible influence onto the 

interaction between OTUB1 and the E2 conjugating enzymes Ubc13 or UbcH5B. In HEK293 

cells Flag-tagged OTUB1 and HA-tagged Ubc13 were overexpressed in presence or absence 

of myc-FAT10 and a co-immunoprecipitation with subsequent Western blot analysis was 

performed. A non-covalent interaction between OTUB1 and Ubc13 was observed, however 

this interaction was not changed in the presence of FAT10 (Figure 22A, upper panel). 

Additionally, in this experimental setup no interaction between FAT10 and Ubc13 could be 

detected (Figure 22A, middle panel).  

We also examined the interaction between Flag-tagged OTUB1 and His-tagged UbcH5B in 

co-immunoprecipitation experiments. Here, an interaction between OTUB1 and UbcH5B could 

be detected although it was not changed with FAT10 co-expression (Figure 22B, upper panel). 

To investigate whether the interaction between FAT10 and OTUB1 is occurring in a direct, 

non-covalent manner an in vitro interaction assay was performed. Recombinant OTUB1 was 

incubated with or without Flag-FAT10 bound to Flag M2 sepharose whereas only in FAT10 

presence OTUB1 could be detected (Figure 22C). Since there was no activating E1 enzyme 

in the reaction mix the interaction of OTUB1 to the modifier must have occurred in a direct and 

non-covalent manner.  

To investigate the influence of E2 conjugating enzymes on the interaction strength of OTUB1 

and FAT10 a second in vitro interaction assay was performed. Flag-FAT10 bound to Flag M2 

sepharose was incubated together with His-OTUB1 and the E2 enzymes His-USE1, tagless 

Ubc13 and UbcH5B-His. Western blot analysis showed a direct interaction between OTUB1 
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and FAT10 (Figure 22D, first panel, lane 3, arrow head) which was slightly increased by the 

presence of USE1 (Figure 22D, first panel, lane 7). No interaction could be observed between 

Ubc13 and FAT10, and the presence of Ubc13 did not change the binding of OTUB1 to FAT10 

(Figure 22D, third panel, lane 6 and first panel, lane 9). In former experiments the binding 

between FAT10 and USE1 was described as a covalent isopeptide linked auto-modification 

Figure 22. FAT10 interacts with USE1, UbcH5B and OTUB1 in a direct, non-covalent manner. (A) HEK293 cells were transiently 
transfected with expression constructs for Flag-OTUB1, HA-Ubc13 and myc-FAT10. 24 hrs later cells were lysed in lysis buffer containing 
1% NP-40. Cleared lysates were subjected to immunoprecipitation using HA-coupled agarose. Western blot analysis was performed by using 
directly labeled antibodies reactive against HA or Flag or the mouse primary antibody against myc (clone 9E10) with a secondary goat anti 
mouse antibody. Detection of endogenous β-actin was used as loading control. (B) Extracts from HEK293 cells transiently transfected with 
indicated expression plasmids were subjected to immunoprecipitation using Flag M2 coupled agarose. Western blot analysis was performed 
as described in (A). (C) Recombinant Flag-FAT10 and His-OTUB1 proteins were incubated in a molar ratio 1:1 (8 μg) together with Flag M2
agarose for 60 min at 8°C. Western blot analysis was performed by using peroxidase conjugated antibodies against anti-Flag M2 6His. (D)
Western blot analysis of in vitro interaction experiments where equal molar ratios (8 μg) of recombinant proteins were mixed with Flag M2
coupled agarose and incubated for 60 min at 8°C. Arrow heads indicate the direct interaction of FAT10 with OTUB1, USE1 or UbcH5B. One 
representative experiment out of three experiments with similar outcomes is shown, respectively. 
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[473] whereas ubiquitin is not bound covalently to USE1 but only loaded onto the active site 

[473]. Here, for the first time, a direct, non-covalent and UBA6-independent interaction of USE1 

and FAT10 could be detected (Figure 22D, first panel, lane 4, arrow head). However, this 

interaction was not increased in the presence of OTUB1 (Figure 22D, first panel, lane 7). 

Furthermore, UbcH5B could be shown to directly interact with FAT10 (Figure 22D, second 

panel, lane 5, arrow head) and this interaction was strongly increased in the presence of 

OTUB1 (Figure 22D, second panel, lane 8). And vice versa, the interaction of OTUB1 and 

FAT10 was strongly increased when UbcH5B was present (Figure 22D, first panel, lane 8). 

Taken together, our data demonstrate that the presence of USE1 or UbcH5B strengthens the 

direct, non-covalent, UBA6-independent interaction between OTUB1 and FAT10 indicating 

that FAT10 and OTUB1 form a native complex which could be a binding platform for an E2 

conjugating enzyme and thereby a first hint how FAT10 influences the OTUB1 functionality.  

3.3.5 FAT10 enhances the OTUB1 mediated deubiquitination of TRAF3 

The E3 ligase TNF receptor associated factor 3 (TRAF3) is described as a substrate of OTUB1 

mediated deubiquitination [587, 588]. Polyubiquitination of TRAF3 occurs in two distinct 

manners. Degradative K48 polyubiquitination of TRAF3 during different Toll-like receptor (TLR) 

signaling pathways is described to be essential for the induction of pro-inflammatory cytokine 

production [589]. In contrast, K63 auto-ubiquitination of TRAF3 stimulated by other TLRs leads 

triggers the non-canonical NF-κB pathway and thereby the expression of anti-inflammatory 

type I interferons [589]. In addition, FAT10 is published to play a role in the anti-viral immune 

response mediated by TLR signaling via the retinoic acid inducible gene I (RIG-I) occurring 

upstream of TRAF3 [490, 534].  

With this knowledge, we investigated whether FAT10 might affect the OTUB1 mediated 

deubiquitination of TRAF3. In HEK293 cells Flag-TRAF3, HA-tagged ubiquitin, myc-tagged 

FAT10 and Y2-OTUB1 were overexpressed and an immunoprecipitation of HA tagged proteins 

was performed (Figure 23A). Y2-OTUB1 contains the C terminal part of YFP at its N terminus. 

Upon co-expression with HA-ubiquitin Flag-TRAF3 became polyubiquitinated and this 

ubiquitination pattern was reduced in the presence of OTUB1 (Figure 23A, upper panel, lanes 

3 and 4). This reduction was even more pronounced when FAT10 was co-expressed (Figure 

23A, upper panel, lane 5) indicating that FAT10 supports the deubiquitinating function of 

OTUB1 on TRAF3. Next, we analyzed whether endogenous expression of FAT10 also 

supports the influence of OTUB1 on TRAF3 (data not shown). Without treatment with pro-

inflammatory cytokines IFNγ and TNFα for 24 h polyubiquitination of TRAF3 was strongly 

reduced in the presence of overexpressed OTUB1. Upon addition of IFNγ/TNFα FAT10 

expression was induced but no further decrease in TRAF3 ubiquitination was detectable (data 

not shown).  
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To investigate whether the addition of this proinflammatory cytokine cocktail had overwritten 

Figure 23. FAT10 stimulates both the inhibitory and deubiquitinating activity of OTUB1 towards TRAF3. (A) Lysates of HEK293 cells 
transiently expressing Flag-TRAF3, HA-Ubiquitin, Y2-OTUB1 and myc-FAT10 were subjected to immunoprecipitation using anti-HA agarose 
and Western blot analysis using directly labeled anti Flag or anti HA antibodies or primary antibodies against myc or the C terminal part of 
GFP. β-actin was used as loading control. (B) HEK293 cells were transiently transfected with indicated expression plasmids and lysates 
were subjected to anti HA immunoprecipitation and Western blot analysis as described in (A). (C) After transient transfection with indicated 
expression plasmids HEK293 cells were subjected to procedures and treatments as described in (A). One representative experiment out of 
three experiments with similar outcomes is shown, respectively. 



 3.3 Results 

75 

the FAT10 effect on OTUB1 HEK293 FAT10 CRISPR knockout cells were treated with solely 

TNFα for 24 hours. In these cells TRAF3 ubiquitination was reduced in the presence of OTUB1. 

Additional TNFα treatment did not induce FAT10 expression and also TRAF3 ubiquitination 

was not further reduced (data not shown), indicating that FAT10 does play a role in OTUB1 

mediated reduction of TRAF3 polyubiquitination. These data also support a regulatory role of 

FAT10 in the TNFα induced signaling pathway and vice versa [492, 514].  

To further investigate our hypothesis that OTUB1 and FAT10 have an impact on the different 

modes of ubiquitination of TRAF3 the different ubiquitin moieties K48 only and K63 only were 

overexpressed in presence of TRAF3, OTUB1 and FAT10 in HEK293 wt cells (Figure 23B). In 

both mutants all lysine residues are mutated to arginines except from the respective one [590]. 

Here, we saw that TRAF3 mainly became ubiquitinated by wild type or K63 ubiquitin, and 

independent of which ubiquitin variant TRAF3 ubiquitination was reduced when OTUB1 was 

present (Figure 23B, upper panel). Furthermore, the addition of FAT10 enhanced this effect 

on K48 only which was even further increased on wt and K63 only ubiquitin (Figure 23B, upper 

panel, lanes 8/9 versus 4/5 and 12/13).  

Since OTUB1 mediates K48 linked polyubiquitin removal [112] but inhibits K63 linked 

polyubiquitination [586] our data imply a more relevant role for OTUB1 and FAT10 in the latter 

regulatory process. To demonstrate this the catalytically inactive mutant C91S and wild type 

OTUB1 were expressed with TRAF3 and K63 only ubiquitin (Figure 23C). Although wild type 

OTUB1 had no impact on the ubiquitination of TRAF3 in this experiment, OTUB1 C91S 

diminished the ubiquitination of TRAF3 (Figure 23C, upper panel, lanes 4 and 7) indicating that 

the non-catalytic activity of OTUB1 towards TRAF3 was pivotal in clearing TRAF3 

ubiquitination. The additional expression of FAT10 increased the OTUB1 mediated effect in 

presence of wt or C91S OTUB1 (Figure 23C, upper panel, lanes 5 and 8). Taken together our 

data indicate that OTUB1 does not only partially deubiquitinate TRAF3 but also inhibits the 

ubiquitination of TRAF3 in a non-catalytic manner. Moreover, the presence of FAT10 

stimulates both activities of OTUB1 towards TRAF3.  

3.3.6 Presence of FAT10 stimulates OTUB1-mediated cleavage of K48-linked Di-

ubiquitin 

OTUB1 is described to remove K48 linked polyubiquitin chains from target proteins [112]. To 

prove this, recombinant K48 linked diubiquitin was incubated with recombinant OTUB1 for 

indicated time periods and SDS PAGE with subsequent Colloidal Coomassie staining was 

performed. K63 linked diubiquitin was applied as control. K48 diubiquitin amount was rapidly 

reduced, in parallel monoubiquitin increased indicating a cleavage by OTUB1 over time (Figure 

24A, left panel). In contrast, K63 linked diubiquitin served not as a substrate for OTUB1 (Figure 

24A, right panel). These data were confirmed by densitometric quantification of the diubiquitin 
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protein amount over time (Figure 24B). Furthermore USE1, UbcH5B or FAT10 were added to 

the setup to investigate whether one of these interaction partners could stimulate an OTUB1 

mediated cleavage of K63 diubiquitin (Figure S4A and B). But neither gel based analyses nor 

densitometric analyses did reveal a stimulatory effect on the cleavage of K63 diubiquitin by  

OTUB1 (Figure S4A and B). Also the analysis of the FRET emission of K63 linked diubiquitin 

internally quenched substrate #5 (LifeSensors) did not show any activity of OTUB1 towards 

K63 linked diubiquitin (data not shown). These data confirm that OTUB1 has no isopeptidase 

activity towards K63 ubiquitin chains but to K48 linked diubiquitin.  

Figure 24. Presence of FAT10 stimulates OTUB1-mediated cleavage of K48-linked DiUb. (A) Recombinant K48 or K63 DiUb (5 μM) 
was incubated with tagless OTUB1 (5 μM) for indicated time periods at 37°C and reactions were stopped by addition of gel sample buffer 
supplemented with 4% 2-mercaptoethanol. Proteins were separated on 4-12% NuPAGE Bis-Tris gels with subsequent Colloidal Coomassie 
staining. (B) Densitometric analysis of cleaved K48 or K63 linked DiUb by OTUB1. DiUb protein amount at time point 0 was set to 100
percent. (C) Quantitative analysis of AMC fluorescence (ex. 360 nm, em. 465 nm) of Ubiquitin-AMC (5 μM) incubated with OTUB1 wild type
or C91S (all 10 μM) for indicated time periods at 30°C. (D), (E) Recombinant UBE1 (5 μg) and Ubiquitin (10 μg) were incubated with or 
without His-OTUB1 (2.5 μg) and tagless FAT10 (4 μg) for 60 min at 30°C and reaction was stopped by adding gel sample buffer containing
4% 2-mercaptoethanol. Western blot analysis was performed by using a rabbit polyclonal antibody to Ubiquitin. One representative 
experiment out of three experiments with similar outcomes is shown, respectively. 
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Furthermore OTUB1 wild type (tagless and 6His-tagged) was compared to its active site 

cysteine mutant C91S (tagless and 6His-tagged) in their activity to cleave ubiquitin-AMC. The 

removal of AMC from ubiquitin by isopeptidases leads to an alteration of the charged electron 

cloud around free AMC which is measurable in an increased fluorescence. No fluorescence of 

ubiquitin-AMC was detectable neither in the absence of OTUB1 nor in presence of the OTUB1 

C91S variants indicating that these mutants were catalytically inactive towards ubiquitin-AMC 

(Figure 24C). In contrast, both wild type OTUB1 variants (6His-tagged and tagless) cleaved 

AMC off from ubiquitin (Figure 24C). With these active OTUB1 versions in hand we started to 

investigate in vitro whether FAT10 had an impact on the isopeptidase activity of OTUB1 

towards polyubiquitin chains. Recombinant UBE1 and ubiquitin were incubated in absence or 

presence of OTUB1 and Western blot analysis showed that OTUB1 was able to clear free 

polyubiquitin chains formed by UBE1, as published by the Wolberger group (Figure 24D; 

[586]). Additionally added FAT10 stimulated this OTUB1 mediated reduction of polyubiquitin 

chains further whereas FAT10 alone had no influence on the conjugation pattern (Figure 24E).  

These data imply that FAT10 is not only able to stimulate OTUB1 mediated reduction of target 

protein ubiquitination in cellulo but also stimulates this effect under in vitro conditions.  

3.3.7 FAT10 and USE1 enhance the DUB activity of OTUB1 in vitro 

Since we could show a stimulatory effect of FAT10 on the OTUB1 mediated cleavage of 

polyubiquitin chains in vitro we investigated whether FAT10 could also specifically stimulate 

the isopeptidase activity of OTUB1 towards K48 linked diubiquitin. Recombinant OTUB1 and 

its interaction partners UbcH5B, USE1 and FAT10 were added for the indicated time periods 

to recombinant K48 linked diubiquitin und SDS-PAGE with subsequent Silver staining was 

performed (Figure 25A). OTUB1 cleavage of diubiquitin could be detected and was strongly 

stimulated by the presence of UbcH5B as published by the Wolberger group (Figure 25A, first 

and third panel; [585]). FAT10 or USE1 stimulated the isopeptidase activity of OTUB1 but not 

as strong as UbcH5B (Figure 25A, second and fourth panel). Moreover, combined addition of 

FAT10 and USE1 strongly enhanced the stimulatory effect on OTUB1 mediated cleavage 

(Figure 25A, right panel). The densitometric analysis confirmed the gel-based results (Figure 

25B) and the enlarged focus into the first ten minutes supported the detected effects even 

stronger (Figure 25C). These data already mirrored the in cellulo data and confirmed that 

FAT10 stimulates the OTUB1 isopeptidase activity. Additionally, free USE1 was almost as 

effective as free UbcH5B in stimulating the DUB activity of OTUB1.  

To further confirm that USE1 and FAT10 stimulate the DUB activity of OTUB1 FRET K48 linked 

diubiquitin internally quenched substrate #5 (LifeSensors) was used where only upon cleavage 

one ubiquitin moiety becomes fluorescent (Figure 25D). Without OTUB1 wt or with C91S 

OTUB1 mutant diubiquitin was not cleaved and did not show any signal. Fluorescence intensity 
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was increased in presence of OTUB1 and was strongly stimulated further when UbcH5B was 

added (Figure 25D). The addition of FAT10 or USE1 to OTUB1 enhanced the fluorescence 

intensity, and the addition of both USE1 and FAT10 increased the fluorescence signal even 

further (Figure 25D). Taken together, our data show that the presence of FAT10 and USE1 

stimulates the isopeptidase activity of OTUB1 towards K48 linked diubiquitin indicating that not 

only free UbcH5B or free ubiquitin influence OTUB1 but also members of the FAT10 

conjugation machinery.  

Figure 25. FAT10 and USE1 enhance the DUB activity of OTUB1 in vitro. (A) Silver stained gel of recombinant K48 linked DiUb (5 μM) 
incubated for indicated time periods with tagless OTUB1 (5 μM), tagless FAT10, UbcH5B-His, and His-USE1 (all 10 μM) at 37°C. Reaction 
was stopped by addition of gel sample buffer supplemented with 4% 2-mercaptoethanol. (B) Densitometric analysis of cleaved K48 linked
DiUb by OTUB1 in presence of FAT10, USE1 and UbcH5B. DiUb protein amount at time point 0 was set to 100 percent. (C) Enlarged focus 
on the first 10 minutes of the densitometric analysis in (B). (D) FRET-based analysis for the cleavage of internally quenched K48 DiUb (400 
nM) by OTUB1 wt or C91S (both 30 nM) in the absence or presence of FAT10, USE1 and UbcH5B (all 5 μM). One representative experiment 
out of three experiments with similar outcomes is shown, respectively. 
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3.3.8 FAT10 stimulates OTUB1 mediated reduction of overall ubiquitination 

Since we could show an impact of FAT10 on OTUB1 mediated removal of polyubiquitin from 

substrates and on cleavage of diubiquitin we investigated its role in the deconjugation of total 

ubiquitin chains in cells. As it was published by Wiener and colleagues [585, 586] OTUB1 

shows a high potential to remove ubiquitin chains without necessarily having a specific 

substrate protein. Therefore, we overexpressed HA-ubiquitin and examined the impact of 

OTUB1 in presence or absence of FAT10 on the overall ubiquitin conjugates. The presence of 

OTUB1 clearly reduced the overall ubiquitination and this effect was even more pronounced 

upon addition of FAT10 (Figure 26A). Likewise, FAT10 AV increased the OTUB1 mediated 

deconjugation of ubiquitin (Figure 26B) again supporting the hypothesis that the non-covalent 

interaction of OTUB1 and FAT10 is necessary and sufficient to enhance the functionality of 

OTUB1. Next, the influence of FAT10 on the activity of OTUB1 towards different polyubiquitin 

chains was investigated. In line with our previous results, OTUB1 reduced the polyubiquitin 

chains of ubiquitin wild type as well as of ubiquitin K48 only and K63 only ubiquitin chains 

(Figure 26C). This OTUB1 activity towards all three chain types was again stronger in the 

presence of FAT10 (Figure 26C).  

Finally, the impact of FAT10 on OTUB1-mediated cleavage of ubiquitin-AMC was investigated 

in presence or absence of FAT10, USE1 or UbcH5B (Figure 26D). Ubiquitin-AMC is a 

substrate which binds to the distal ubiquitin-binding site of OTUB1 but is lacking a proximal 

ubiquitin [585]. Wolberger and colleagues proposed that UbcH5B might increase OTUB1 

cleavage activity towards K48 diubiquitin via the proximal ubiquitin binding site in OTUB1 [585] 

leading to the assumption that UbcH5B would not stimulate OTUB1 affinity to ubiquitin-AMC. 

Without OTUB1 wild type or with C91S OTUB1 mutant no AMC fluorescence was measured. 

Whereas upon addition of OTUB1 AMC was cleaved off from ubiquitin and the fluorescence 

intensity increased (Figure 26D). This isopeptidase activity of OTUB1 was not enhanced by 

the presence of UbcH5B (as shown by [585]) but was stimulated when FAT10 or USE1 were 

added. The AMC fluorescence was even more elevated when USE1 plus FAT10 were present 

(Figure 26D) indicating that free FAT10 and free USE1 are able to stimulate the isopeptidase 

activity of OTUB1 by increasing its affinity for K48 diubiquitin via the proximal and distal 

ubiquitin binding site in OTUB1.  

Taken together, we show that OTUB1 is regulated by FAT10 via two different mechanisms. 

On the one hand, OTUB1 becomes covalently FAT10ylated and degraded by the 26S 

proteasome. This modification is dependent on an internal lysine residue of OTUB1 and the C 

terminal diglycine motif of FAT10. On the other hand, free OTUB1 becomes stabilized by the 

presence of non-covalently interacting FAT10. This interaction induces an enhanced 

deconjugation of ubiquitin from either specific substrates like TRAF3 or from overall ubiquitin 
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conjugates. The presence of FAT10 or its conjugating enzyme USE1 stimulates the DUB 

activity of OTUB1 towards K48 linked diubiquitin or polyubiquitin chains. Moreover, by 

Figure 26. The non-covalent interaction of FAT10 with OTUB1 stimulates its DUB activity, in cellulo and in vitro. (A), (B) HEK293 
cells were transiently transfected with HA-Ubiquitin, Flag-OTUB1 and Flag-FAT10 wild type or Flag-FAT10 AV. Cell lysates were subjected 
to anti-HA immunoprecipitation and Western blot analysis using anti-HA and anti-Flag directly peroxidase conjugated antibodies. (C) Lysates 
of HEK293 cells transiently expressing HA-Ubiquitin wild type, HA-Ubiquitin K48 only, HA-Ubiquitin K63 only (remaining Lys residues were
mutated to Arg), Flag-OTUB1 and Flag-FAT10 were subjected to immunoprecipitation using anti-HA coupled agarose and Western blot 
analysis. β-actin was used as loading control in (A), (B), and (C). (D) Quantitative analysis of AMC fluorescence (ex. 360 nm, em. 465 nm) 
of Ubiquitin-AMC (5 μM) incubated with OTUB1 (10 μM) in the absence or presence of FAT10, UbcH5B and USE1 (5 μM) for indicated time
periods at 30°C. One representative experiment out of three experiments with similar outcomes is shown, respectively. 
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interacting in a non-covalent manner with OTUB1 FAT10 is able to influence not only the DUB 

activity of OTUB1 but also the non-catalytic inhibitory function of OTUB1. With this we present 

a new mechanism how FAT10 regulates the stability and functionality of its target protein 

OTUB1.  

3.4 Discussion 

We recently performed a Yeast-Two-Hybrid approach with the E2 conjugating enzyme USE1 

[519], and we identified OTUB1 as new interaction partner of USE1 (Figure 19). Since USE1 

is described to not only transfer ubiquitin but also FAT10 [125, 473, 518] we focused on the 

interplay between OTUB1, USE1 and FAT10. In this study, we investigated different scenarios 

how OTUB1 and FAT10 might influence each other. Either OTUB1 could have an impact on 

FAT10 and its conjugation, or FAT10 could change the stability and functionality of OTUB1. 

We examined whether OTUB1 might function as a FAT10 deconjugating enzyme or whether 

it could bind the FAT10 loaded USE1 thereby inhibiting further conjugation of FAT10. On the 

other hand, FAT10 could covalently modify OTUB1 or interact with it in a non-covalent manner 

to influence the DUB activity or the non-catalytic inhibitory activity of OTUB1.  

In the present study, we show that OTUB1 was not able to cleave off FAT10 from USE1 and 

it did not display an impact on the overall FAT10ylation pattern (Figure 19). Although the 

applied fusion construct HA-FAT10-USE1 was peptide but not isopeptide linked and FAT10 

was not directly bound to an internal lysine residue of USE1 (Figure 19) we suggest that 

OTUB1 does not serve as the first deconjugating enzyme for FAT10. Additionally, overall 

FAT10 conjugates were not reduced in the presence of OTUB1 (Figure 20) indicating that 

OTUB1 did not remove FAT10 from substrate proteins. These findings are in line with previous 

publications showing that FAT10 is degraded by the 26S proteasome along with its target 

proteins [526] implying in a first instance that a deconjugation of FAT10 from target proteins is 

not necessarily required. Furthermore, we have no evidence that OTUB1 shows a prevalence 

to inhibit FAT10 conjugation by interacting with FAT10-USE1. Neither binding to the linear 

fusion construct (Figure 19), nor an inhibition of conjugation in the presence of OTUB1 were 

observable (Figure 20). These findings argue for the hypothesis that FAT10 influences OTUB1 

rather than for OTUB1 influencing FAT10.  

To further investigate this hypothesis we determined the type of interaction between OTUB1 

and FAT10. We could show that OTUB1 becomes covalently modified by one FAT10 moiety 

and that this modification was dependent on the C terminal diglycine motif of FAT10, an internal 

lysine residue of OTUB1, and the FAT10 conjugation machinery consisting of UBA6 and USE1 

(Figure 20). Moreover, the OTUB1-FAT10 conjugate became degraded by the 26S 

proteasome (Figure 21). These data can be included in a row of published FAT10 target 

proteins becoming degraded by the proteasome upon FAT10ylation [473, 519, 520]. Since 
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only roughly five percent of the substrate protein become FAT10ylated (as estimated) we 

speculated whether the non-covalent interaction between FAT10 and OTUB1 could be the 

interaction with a more pivotal role. Indeed, we could show that the presence of FAT10 but not 

its conjugation led to a stabilization of total cellular OTUB1 (Figure 21) indicating that FAT10 

influences OTUB1 in two different manners. The covalent modification with FAT10 leads 

OTUB1 to proteasomal degradation, the non-covalent interaction stabilizes OTUB1 and could 

thereby influence the functionality of OTUB1.  

After confirming the direct interaction between OTUB1 and FAT10 in vitro and in cellulo (Figure 

22), we investigated whether the presence of E2 conjugating enzymes could strengthen the 

interaction between OTUB1 and FAT10 or vice versa, whether FAT10 is able to improve the 

binding of OTUB1 to the E2 enzymes as published for OTUB1, UbcH5B and ubiquitin [584, 

585]. Although the interaction between OTUB1 and USE1, UbcH5B or Ubc13 was not changed 

in cells (Figure 19 and Figure 22), in vitro data indicated a stronger binding of OTUB1 to FAT10 

in presence of USE1 or UbcH5B (Figure 22). Additionally, the binding of those E2 enzymes to 

FAT10 was strengthened when OTUB1 was added (Figure 22). From these data we suggest 

that OTUB1, FAT10 and the E2 conjugating enzyme formed a trimeric complex.  

Since USE1 and UbcH5B are structurally very similar [517] we may can explain why the 

interaction of USE1 with OTUB1 T134R OTU domain mutant was decreased as it was already 

published for UbcH5B (Figure 19) [584, 585]. In contrast to UbcH5B the interaction was not 

completely abolished implying that there must be more residues or surface patches on OTUB1 

involved in the USE1 binding. Nevertheless, the questions arose whether USE1 and UbcH5B 

compete for the same binding site of OTUB1. This would mean that USE1 would have the 

same stimulatory effect on the K48 DUB activity of OTUB1 as shown for UbcH5B [585].  

Indeed, the OTUB1 isopeptidase activity towards K48 linked DiUb was improved when USE1 

was present (Figure 25 and Figure 26). Not only the speed was increased but also the amount 

of cleaved FRET based K48 linked internally quenched DiUb was enhanced (Figure 25 and 

Figure 26) supporting our hypothesis that free uncharged USE1 stimulates the DUB activity of 

OTUB1.  

On the other hand, USE1 competition with UbcH5B for the same binding site in OTUB1 could 

diminish the transfer of ubiquitin via UbcH5B ending up in less K48 polyubiquitin chains. In a 

possible contrast, USE1 is also proposed to support the K48 linked polyubiquitination of target 

proteins implying a competition of E2 enzymes for ubiquitinating target proteins in a substrate 

specific manner. Since both FAT10 and ubiquitin become activated by UBA6 whereas under 

inflammatory conditions FAT10 is preferred over ubiquitin [516], the competition between 

USE1 and UcbH5B could also be a regulatory mechanism to control ubiquitination of target 

proteins which could be specifically important under these stress conditions.  
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A possible regulatory impact could further be an explanation why the interaction between 

FAT10 and OTUB1 is improved when UbcH5B is present (Figure 22). In case of FAT10 and 

OTUB1 binding to UbcH5B, the E2 might be kept in a more inactive state and ubiquitin cannot 

be transferred onto target proteins. A stabilization of this trimeric complex could be a basic 

requirement for FAT10 to support the non-catalytic function of OTUB1 in inhibiting the 

ubiquitination of target proteins. A still open question is whether OTUB1 suppresses the USE1 

mediated transfer of ubiquitin onto E3 ligases or substrate proteins as it does in case of 

UbcH5B or Ubc13 [584-586].  

Another undecided issue is how the presence of FAT10 changes the USE1-OTUB1 interaction 

and its functional consequences. Since the interaction between FAT10 and OTUB1 was 

increased in the presence of USE1 in vitro (Figure 22) there might be a stabilization of a 

putative trimeric complex and thereby a control of either deubiquitination of target proteins or 

the inhibition of target ubiquitination. Furthermore free FAT10 and free USE1 stimulate the 

DUB activity of OTUB1 towards K48 linked DiUb and ubiquitin-AMC (Figure 25 and Figure 26) 

as it was published for free UbcH5B and free ubiquitin [585]. This leaves the point open 

whether FAT10 loaded USE1 would bind to OTUB1 at the same site as loaded UbcH5B does 

and which functional consequences would arise from this binding. To shed light on the possible 

formation of a trimeric complex by OTUB1, FAT10 and an E2 enzyme structural analyses or 

co-immunoprecipitation experiments will be necessary. Since the FAT10 structure is only 

partially known yet [479] one could identify the binding sites of the interaction partners by 

peptide mapping using a crosslinker which stabilizes the formed complex. Another solution 

would be the analysis of the native complex by size exclusion chromatography. Both methods 

would give a hint how and where FAT10 binds OTUB1 and the E2 enzymes, and what 

functional consequences would arise from this complex formation. 

After examining the direct interaction between OTUB1, FAT10, and the two E2 enzymes we 

investigated the influence of FAT10 on the OTUB1 activity towards a polyubiquitinated 

substrate of OTUB1. The TNF receptor associated factor 3 (TRAF3) becomes 

polyubiquitinated in two distinct manners related to certain cellular stress conditions. 

Dependent on the type of TLR, TRAF3 becomes K48 polyubiquitinated and degraded by the 

proteasome, a mechanism that is described to be essential for the expression of pro-

inflammatory cytokines [589]. Or TRAF3 autoubiquitinates itself via K63 ubiquitin chains 

inducing the non-canonical NF-κB pathway and thereby leading to the production of anti-

inflammatory type I interferons [589]. Since FAT10 expression is upregulated by pro-

inflammatory conditions [487], and is published to play a role in the anti-viral immune response 

mediated by TLR signaling via the retinoic acid inducible gene I (RIG-I) upstream of TRAF3 

[490, 534] we were wondering which impact FAT10 could have on the OTUB1 mediated 

change of TRAF3 ubiquitination.  



 3.5 Acknowledgements 

84 

Our data point to a dual role of FAT10 during deubiquitination of TRAF3. On the one hand, 

OTUB1 removes K48 polyubiquitin chains from TRAF3 which is further improved by the 

presence of FAT10 (Figure 23). On the other hand, K63 polyubiquitination of TRAF3 is reduced 

in presence of OTUB1 wt or C91S which is again stimulated in the presence of FAT10 (Figure 

23). This dual effect might be a hint to a regulatory mechanism how FAT10 could influence the 

ubiquitin pathway under inflammatory conditions. Thereby, FAT10 could shape or even 

terminate the anti-viral immune response by stimulating the OTUB1 mediated non-catalytic 

deubiquitination of TRAF3. Since even the presence of OTUB1 reduces the production of type 

I interferon IFNβ upon viral infection to prevent a prolonged harmful anti-viral immune response 

[587, 588], FAT10 overexpression might lead to a complete termination of type I interferon 

production. More upstream in this cascade, FAT10 could shape the anti-viral response by 

inhibiting RIG-I as describe before [534]. Another possibility is that FAT10 stimulates the 

isopeptidase activity of OTUB1 towards TRAF3 and might therefore influence the immune 

response regarding the expression of pro-inflammatory cytokines.  

In line with our hypotheses, regarding the effect of FAT10 and USE1 on the overall 

ubiquitination under inflammatory conditions, FAT10 and OTUB1 would shape the cellular 

immune response during certain stress conditions. Further investigations into the canonical 

and non-canonical NF-κB pathway or into the TLR mediated signaling via RIG-I are planned 

to investigate the role of FAT10 and OTUB1 in these signaling pathways. To analyze the 

impact of FAT10 on cellular processes such as ubiquitin conjugation and deconjugation of 

specific target proteins, anti-viral immune response or TLR mediated signaling one would have 

to gain further insights into the structures of FAT10 and OTUB1. The identification of interaction 

sites could give a clearer picture how these two proteins bind to each other and which influence 

this binding has on other interaction partners or regulatory processes within the cell under 

steady state or stress conditions.  

Concluding, FAT10 seems to affect its target proteins in a more differentiated manner than 

only via covalent modification. Although the FAT10ylation and subsequent degradation of 

substrate proteins may play a role during certain processes our data imply that the non-

covalent interaction with target proteins influences their stability and functionality. Thereby 

FAT10 might be able to shape much more regulatory processes within the cell than it was 

expected so far.  
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3.6 Materials and Methods 

3.6.1 Primers and constructs 

HEK293 cells were transiently transfected with TransIT-LTI Transfection Reagent (Mirus Bio 

LLC Madison, WI, USA) and expression plasmids pcDNA3.1-HA-FAT10-USE1 (Dr. Annette 

Aichem, unpublished), pcDNA3.1-HA-FAT10 wild type [481], pCMV-myc-FAT10 wild type (N. 

Catone, M. Groettrup, University of Konstanz), pcDNA3.1-His3xFlag-FAT10 wt [125], 

pcDNA3.1-His3xFlag-FAT10 AV (AV instead of C terminal GG; [519]), pcDNA3.1-His-UbcH5B 

(Dr. C. Pelzer, M. Groettrup, University of Konstanz), pcDNA3.1-His-USE1 [473]. For the 

expression of Flag tagged OTUB1 wild type, the active site cysteine mutant C91S and the OTU 

domain mutant T134R expression plasmids pCMV6-Flag-OTUB1 wt, C91S and T134R were 

kindly provided by Cynthia Wolberger (Johns Hopkins University, Baltimore, MD, USA). For 

expression of Flag-tagged OTUB1 lysine less mutant pcDNA3-2Flag-OTUB1 K0 was prepared 

by Daniel Li and kindly provided by Mu-Shui Dai (Oregon Health & Science University, 

Portland, OR, USA). For expression of HA tagged Ubc13 the expression plasmid pcDNA3.0-

HA-Ubc13 was a kind gift from Dong Er-Zhang (Addgene plasmid # 12461) [591]. The plasmid 

pRK-Flag-TRAF3 for expression of Flag-tagged TRAF3 was a kind gift from Xiaofeng Zheng 

[588]. For the expression of HA tagged ubiquitin wild type, the Lys48 only mutant and the Lys63 

only mutant the expression plasmids pRK5-HA-ubiquitin wt, pRK5-HA-Ub K48 only and pRK5-

HA-Ub K63 only were a kind gift from Ted Dawson (Addgene plasmids # 17608, # 17605, # 

17606) [590].  

3.6.2 Generation of CRISPR knockout cell lines 

CRISPR Cas9 knockout 293 cells lines of FAT10, USE1 and UBA6 were generated by A. 

Aichem and will be published in near future elsewhere. 

3.6.3 Cloning and mutagenesis 

For the generation of Flag-FAT10 without the C terminal diglycine motif (Flag-FAT10 ∆GG) a 

site-directed mutagenesis with pcDNA3.0-Y1-FAT10 (JB, unpublished) as template and the 

following primers was performed: fwd (forward) 5’-GCA TCT TAT TGT ATT TGA TCT AGA 

GGG CCC TAT TC-3’ and rev (reverse) 5’-GAA TAG GGC CCT CTA GAT CAA ATA CAA TAA 

GAT GC-3’. The generated FAT10 ∆GG was amplified by Polymerase Chain Reaction (PCR) 

using the following primers: fwd 5’-CGG GGT ACC TAT GGC TCC CAA TGC TTC C-3’ and 

rev 5’-CTA TAG ACT CAA ATA CAA TAA CAT GCC AGG AGG AG-3’. Via restriction digest 

with KpnI (5’) and XbaI (3’) FAT10 ∆GG was inserted into pcDNA3.1-His3xFlag expression 
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vector [125]. OTUB1 N terminally fused to the C terminal part of YFP (Y2-OTUB1) was 

generated by introducing the PCR product of OTUB1 into pcDNA3.0-Y2 expression vector 

[592] by restriction digest using following primers and restriction enzymes, respectively: fwd 

5’- ATA AGA ATG CGG CCG CGA TGG CGG CGG AGG AAC-3’ (NotI) and rev 5’- TTG GGC 

CCC TAT TTG TAG AGG ATA TCG TAG TG-3’ (ApaI). For the generation of active site 

Cysteine mutated Y2-OTUB1 and recombinantly expressed His tagged and tagless OTUB1 a 

site-directed mutagenesis with pcDNA3.0-Y2-OTUB1 and pPRO-Ex-His-TEV-OTUB1 (a kind 

gift from Cynthia Wolberger, Addgene # 26959) [403], respectively, was performed. Following 

primers were used: fwd (forward) 5’-AGC CCG ATA GAA ACT GTT GCC GTC AGG CC-3' 

and rev (reverse) 5'-GGC CTG ACG GCA ACA GTT TCT ATC GGG CT-3'. All plasmids were 

verified by sequencing (Microsynth AG, Balgach, Switzerland).  

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

immunoprecipitation 

Endogenous FAT10 expression was induced by treating cells with pro-inflammatory cytokines 

Interferon γ (IFNγ, 200 U/mL) and tumor necrosis factor α (TNFα, 400 U/mL) (both from 

Peprotech GmbH, Hamburg, Germany) as recently described [573]. Before harvesting, 50 

µg/mL cycloheximide (CHX) (Sigma) were added for dedicated time periods, as indicated. In 

parallel, 10 µM of the proteasome inhibitor MG132 (Enzo) were added as indicated, and the 

cells were incubated for maximal 6 hours. Cells were harvested and lysed for 30 min on ice in 

lysis buffer containing 20 mM Tris/HCl (pH7.6), 50 mM NaCl, 10 mM MgCl2, and 1 % Nonidet 

P-40, supplemented with 1x protease inhibitor mix (complete mini EDTA-free protease inhibitor 

cocktail; Roche, Rotkreuz, Switzerland). Cleared lysates were subjected to pulldown using 

His60 Ni Superflow Resin (Takara, Saint-Germain-en-Leye, France), or to immunoprecipitation 

using the anti-HA-agarose conjugate HA-7 (Sigma-Aldrich), the Red Anti Flag Affinity Gel clone 

M2 (Sigma-Aldrich) or Protein A Sepharose (Sigma-Aldrich) in combination with monoclonal 

mouse FAT10 antibody 4F1 [526]. Proteins, in 5x gel sample buffer containing 4% β-

mercaptoethanol (2-ME), were separated on 4-12 % NuPAGE Bis-Tris SDS gradient gels 

(Invitrogen, Lucerne, Switzerland), and subjected to Western blot analysis with directly labeled 

peroxidase-conjugated antibodies mAB against HA-7, mAB against Flag M2, mAB against 

polyhistidine HIS-1 (all mouse; all Sigma-Aldrich). Unlabeled antibodies as mouse monoclonal 

antibody against c-myc clone 9E10 (Sigma-Aldrich), rabbit monoclonal antibody against 

OTUB1 (RabMAb EPR13028 (B), Abcam, Cambridge, UK), FAT10 rabbit polyclonal antibody 

(M. Groettrup, University of Konstanz, Germany) or anti-GFP mouse monoclonal (clones 7.1 

and 13.1, Roche) were used when indicated. An antibody against β-actin (AC-15; Abcam) was 

used for loading control detection. For determination of protein half-life Western blot signals 

were analyzed using densitometric calculations (ImageLab Software, BioRad, Basel, 
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Switzerland) and values were normalized to β-actin signals. Statistical analysis was performed 

by using GraphPad Prism Software (GraphPad Software Inc., San Diego, California, US).  

3.6.5 Protein expression and purification 

All proteins were expressed in the bacterial expression strain E.coli BL21 (DE3) grown in 

modified LB medium (13.5 g/l peptone, 7 g/l yeast extract, 14.9 g/l glycerol, 2.5 g/l NaCl, 2.3 

g/l K2HPO4, 1.5 g/l KH2PO4, 0.14 g/l MgSO4 x 7H2O, pH7.0). Cultures were inoculated to an 

OD600 of 0.2 using saturated cultures and were grown at 37°C to an OD600 of 0.7. Protein 

expression was induced at 16°C overnight by addition of 0.4 mM isopropyl-β-D-thio-

galactoside (IPTG). Cells were harvested by centrifugation (5000 x g, 30 min, 8°C) and lysed 

immediately. FAT10 variants were purified as previously described [518]. OTUB1 enzymes 

were basically purified as published by Wang et al. [403]. His60 Ni Superflow Resin (Takara) 

was used to isolate His-TEV tagged OTUB1 from bacterial lysates. The His tag was either 

cleaved off by incubation with His tagged TEV protease over night at 8°C with parallel dialysis 

followed by a second run at the His60 Ni Superflow Resin (Takara), or His-OTUB1 and tagless 

OTUB1 were directly subjected to a Hiload 26/60 Superdex 75 gel filtration column (GE 

Healthcare) and eluted with 50 mM Tris-HCl pH 7.5, 0.2 M NaCl, 1 mM TCEP, and 1 mM 

EDTA. Peak fractions were combined, and stored at -80°C. Tagless Ubc13 was purified 

basically following the protocol published by Wiener et al., except from using His60 Ni 

Superflow Resin (Takara) in the initial purification step [586]. Recombinant UbcH5B-His 

expression plasmid was a kind gift from Martin Scheffner (University of Konstanz, Germany) 

and was purified by using His60 Ni Superflow Resin (Takara). The purified proteins were stored 

in 20 mM Tris pH 7.5, 100 mM NaCl, 10% glycerol at -80°C.  

3.6.6 In vitro conjugation experiments 

The buffer for in vitro reactions contained 20 mM Tris (pH7.6), 50 mM NaCl, 10 mM MgCl2, 4 

mM ATP, 0.1 mM dithiothreitol (DTT), (all from Sigma-Aldrich), supplemented with 1x protease 

inhibitor mix (complete mini EDTA-free protease inhibitor cocktail; Roche). In a final volume of 

40 µl 1x reaction buffer recombinant proteins were added in the following amounts: FLAG-

UBA6, 1 µg (BML-UW0350; Enzo LifeSciences), 6His-USE1, 6 µg [473], 3xFlag-FAT10, 4 µg 

[520], tagless FAT10, 4 µg [518], tagless UBE1, 5 µg [520], tagless ubiquitin, 10 ug (BML-

UW8795, Enzo), His-OTUB1 (Figure 24D and E), 2.5 µg (ab157086; Abcam). The reaction 

mixture was incubated at 30°C for 60 minutes with shaking and reaction was stopped by the 

addition of 5x gel sample buffer containing 4 % 2-ME. Proteins were separated on 4-12 % 

NuPAGE Bis-Tris SDS gradient gels (Invitrogen), with subsequent Western blot analysis with 

directly labeled peroxidase-conjugated antibodies mAB against Flag M2, or mAB against 
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polyhistidine HIS-1 (Sigma-Aldrich). For analysis of ubiquitin conjugates a polyclonal rabbit 

antibody against ubiquitin was used (Z0458, DakoCytomation, Hamburg, Germany).  

3.6.7 In vitro interaction experiments 

In vitro interaction assays were performed in buffer containing 20 mM Tris (pH7.6), 50 mM 

NaCl, 10 mM MgCl2, 4 mM ATP, 0.1 mM dithiothreitol (DTT), (all from Sigma-Aldrich), 

supplemented with 1x protease inhibitor mix (Roche). Equal amounts (8 µg) of His-OTUB1 

(JB, after [403]), Flag-tagged FAT10 [520], UbcH5B-His (JB), tagless Ubc13 (JB, after [586]) 

and His-USE1 [473] with additional Red Anti Flag Affinity Gel clone M2 (Sigma-Aldrich) were 

incubated for 60 minutes at 8°C. After addition of 5 x gel sample buffer containing 4 % 2-ME 

proteins were separated on 4-12 % NuPAGE Bis-Tris gradient gels (Invitrogen). Subsequent 

Western blot analysis was performed using the following antibodies: directly labeled 

peroxidase-conjugated antibodies mAB against Flag M2 and mAB against polyhistidine HIS-1 

(both mouse; both Sigma-Aldrich), and RabMAb against Ubc13 (Abcam).  

3.6.8 Assays of OTUB1 cleavage activity  

Assays of OTUB1 cleavage of ubiquitin variants were performed as previously described [585].  

Briefly, ubiquitin-AMC (5 μM, Boston Biochem, Cambridge, MA, USA) was cleaved by OTUB1 

(10 μM) at 30°C in buffer containing 20 mM HEPES pH 7.5, 100 mM NaCl, 5 mM DTT, 0.01% 

BSA. After starting the reactions by addition of OTUB1, experiments were carried out in the 

presence or absence of 5 μM FAT10, UbcH5B and USE1. AMC fluorescence (ex. 360 nm, em. 

465 nm) was monitored using a Tecan SPARK 10M plate reader (Tecan Group Ltd., 

Maennedorf, Switzerland).  

Briefly, FRET-based assays monitoring OTUB1 (30 nM) cleavage of Lys48 or Lys63 diubiquitin 

(400 nM, internally quenched fluorescent (IQF) substrate #5, LifeSensors, Malvern, MA, USA) 

were performed at 30°C in buffer containing 20 mM HEPES pH 7.5, 100 mM NaCl, 5 mM DTT, 

0.01% BSA in the absence or presence of 5 μM FAT10, UbcH5B and USE1. Reaction was 

initiated by addition of OTUB1. Fluorescence (ex. 535 nm, em. 595 nm) was monitored using 

a Tecan SPARK 10M plate reader (Tecan Group Ltd.). The rate of Lys48 diubiquitin cleavage 

was calculated using the slope of a standard curve prepared with indicated percentages of 

diubiquitin.  

Gel-based assays for FAT10 stimulating OTUB1 isopeptidase activity were performed at 37°C 

in reaction buffer containing 20 mM HEPES pH 7.5, 100 mM NaCl, 5 mM DTT, 0.01% BSA. 5 

μM OTUB1 was mixed with 5 μM unlabeled Lys48 or Lys63 diubiquitin (AQUApure, Boston 

Biochem) in the presence and absence of 10 μM FAT10, USE1 and UbcH5B. Reactions were 

initiated by the addition of OTUB1. Samples were removed at the specific time points and the 

reactions were stopped by the addition of 5x gel sample buffer containing 4% 2-ME. Samples 
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were analyzed by gel electrophoresis on 4-12 % NuPAGE Bis-Tris gradient gels (Invitrogen). 

Gels were stained with Colloidal Coomassie (Instant Blue, Gentaur, Aachen, Germany) or 

Silver Stain (Thermo Scientific).  

3.7 Supplemental Figures 

 

 

 

Figure S4. K63-linked DiUb is not cleaved by OTUB1. (A) Silver stained gel of recombinant K63 linked DiUb (5 μM) incubated for indicated
time periods with tagless OTUB1 (5 μM), tagless FAT10, UbcH5B-His, and His-USE1 (all 10 μM) at 37°C. Reaction was stopped by addition 
of gel sample buffer supplemented with 4% 2-mercaptoethanol. (B) Densitometric analysis of cleaved K63 linked DiUb by OTUB1 in presence 
of FAT10, USE1 and UbcH5B. DiUb protein amount at time point 0 was set to 100 percent. 
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4.1 Abstract 

The human HLA-F adjacent transcript 10 (FAT10) is known to be upregulated in certain types 

of cancer and is published to play a role in the immune response to viral infections. Additionally, 

FAT10 is highly expressed in tissues of the immune system and endogenous expression in 

other tissues can be induced by treatment with pro-inflammatory cytokines interferon γ (IFNγ) 

and tumor necrosis factor α (TNFα). By this FAT10 seems to be important in immune defense 

processes. Therefore, the knowledge about FAT10 conjugation and deconjugation and its 

functional consequences is of profound interest in the field. FAT10 is conjugated to its target 

proteins via an enzymatic cascade consisting of the E1 activating enzyme UBA6 and the 

UBA6-specific E2 conjugating enzyme USE1. E3 ligases mediating substrate specificity are 

not known yet. To identify the first FAT10-specific E3 ligase different approaches were 

established and applied starting from different angles illuminating the problem. USE1 was used 

as bait in a Yeast-Two-Hybrid screening approach by utilizing a human thymus library as prey. 

USE1 was also conjugated to the constitutively active biotin ligase BirA* to identify interacting 

proteins by close proximity biotinylation. Another screen made use of the active site cysteine 

mutated USE1 (C188K) to trap FAT10 at the active center and to mimic a charged USE1. 

Furthermore, FAT10 and USE1 were fused to complementing YFP halves and interacting 

proteins were tethered by using a GFP trap. To start from another side, a cascading activity 

based FAT10 dehydroalanine probe was prepared and HEK293 cell lysates were screened for 

members of the FAT10 conjugation machinery. Finally, the Bimolecular Fluorescence 

Complementation (BiFC) of Y1-FAT10 and two Y2 tagged substrates, UBE1 and OTUB1, was 

combined with a lentivirally transduced human genome-wide CRISPR knockout library. 

However, the possibility whether E3 ligases for FAT10 exist was also addressed with different 

approaches such as in vitro discharge assays or USE1 point mutations.  
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4.2 Introduction 

Posttranslational modification with ubiquitin controls various processes within the cellular 

system. Covalent ubiquitination with a single ubiquitin moiety or polyubiquitin chains has 

different functional consequences for target proteins [105]. Whereas monoubiquitination 

primarily drives protein localization, protein-protein interactions and activity a decoration with 

polyubiquitin chains mainly results in proteasomal degradation of a substrate protein [105]. 

Mediators of covalent ubiquitination are the members of the ubiquitin conjugation machinery 

consisting of E1 activating enzymes, E2 conjugating enzymes and E3 ligases. Especially E3 

ligases have to be tightly regulated since a wrongly acting E3 and thereby a deregulation of 

ubiquitination can cause severe errors in cellular processes such as DNA repair, cell cycle 

control or NF-κB signaling leading to cancer formation [593]. Knowing and understanding the 

members of the conjugation machinery of ubiquitin and ubiquitin-like proteins thereby can help 

to explain disease development and tumor formation. For ubiquitin over 600 E3 ligases are 

known [105], for SUMOylation only few E3 ligases are published [594], ISG15 conjugation is, 

so far, mediated by mainly one E3 ligase [595], and for the ubiquitin-like protein FAT10 no E3 

ligases are identified yet.  

The ubiquitin-like modifier HLA-F adjacent transcript 10 (FAT10) was initially identified by 

sequencing of the human Major Histocompatibility Complex (MHCI) locus and was first named 

as Ubiquitin D or diubiquitin possessing two ubiquitin-like domains [478]. Each the N terminal 

and C terminal domain share around 30 % sequence identity with the typical ubiquitin fold 

consisting of two alpha helices surrounded by 5 beta sheets [118]. FAT10 is highly upregulated 

in various cancer types such as glioma, liver, colorectal or gastric cancer [500]. It is 

endogenously expressed in tissues of the immune system including lymph node, thymus, 

spleen and liver [487]. In almost all other tissues FAT10 expression can be induced by 

treatment with pro-inflammatory cytokines interferon γ (IFNγ) and tumor necrosis factor α 

(TNFα) [452, 455, 487]. Similar to ubiquitination, modification of target proteins with FAT10 

leads them to degradation by the 26S proteasome [473, 481, 520, 526]. In contrast to ubiquitin, 

it seems that FAT10 does not form chains and is not recycled but is degraded along with its 

substrate proteins [481, 521, 526]. In line with ubiquitin, FAT10 is conjugated to an internal 

lysine residue of target proteins via its C terminal diglycine motif. Conjugation of FAT10 is 

mediated by the ATP-dependent activation by UBA6 which is bispecific for ubiquitin and FAT10 

[125-127]. Also the UBA6-specific E2 conjugating enzyme USE1 (Ube2Z) is bispecific in 

transferring ubiquitin and FAT10 [125, 473]. It is assumed that the last step in FAT10 

conjugation is mediated by yet unknown E3 ligases.  

Ubiquitin E3 ligases are divided into different families. RING (Really Interesting New Gene) 

E3s do not possess an active site cysteine but mediate the transfer of ubiquitin from the E2 

onto target proteins by bringing them in close proximity to each other [133]. The ubiquitin-
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charged E2 is recruited via interacting with the Zink binding domain of the E3 [122, 133]. RING 

E3s can be classified into different subclasses dependent on their oligomerization status or 

subunit composure such as Mdm2-MdmX as heterodimer or the anaphase promoting complex 

(APC) as multisubunit complex [122, 133]. HECT (Homologous to E6-AP Carboxyl Terminus) 

E3 ligases possess a catalytic cysteine which is located in their C lobe [133, 320]. The N lobe 

of HECT E3s is necessary for the recruitment of ubiquitin-charged E2 enzymes, both domains 

are connected via a flexible linker allowing changes in their relative orientation to each other 

[133, 320]. The third class of ubiquitin E3 ligases are the RBR (RING-Between-RING) ligases 

containing a domain consisting of RING1, IBR (InBetweenRING), and RING2 [133]. RING1 

mediates the recruitment of ubiquitin-charged E2 enzymes, and RING2 contains a catalytic 

cysteine residue accepting the ubiquitin from the E2 [133]. Well described members of this 

family are Parkin playing a role in ubiquitin phosphorylation at mitochondria [133, 361] or HOIP 

as part of the LUBAC complex important for the formation of linear ubiquitin chains [133, 361]. 

Although ubiquitin E3 ligases are intensively investigated, less is known about E3s of other 

ubiquitin-like proteins. In this study, we established various screening methods to search for 

FAT10-specific E3 ligases. We tested several different approaches including affinity isolation 

with a covalently charged USE1-FAT10 complex (USE1 C188K), proximity biotinylation 

(BioID), and a dehydroalanine activity based FAT10 probe. The latest established approach is 

based on the bimolecular fluorescence complementation of YFP (BiFC) using a lentiviral 

genome wide CRISPR knockout library. Here, we present and discuss results, advantages and 

pitfalls of these strategies to identify the first FAT10-specific E3 ligase.  

4.3 Results 

To identify an E3 ligase specifically transferring FAT10 from the E2 conjugating enzyme USE1 

onto target proteins we established different approaches examining the problem from different 

points of view. We performed assays with USE1 searching for novel interaction partners by 

applying a Yeast-Two-Hybrid approach and BioID. Since some E3s are more likely to interact 

with charged E2 enzymes we mutated the active site cysteine of USE1 to a lysine residue 

(C188K) to covalently link FAT10 to the active center of USE1. Additionally, USE1 and FAT10 

were coupled in cells by Bimolecular Fluorescence Complementation (BiFC) and interaction 

partners were identified by using a GFP trap. To start the search for E3 ligases from the 

FAT10’s point of view we created a cascading activity based FAT10 dehydroalanine probe 

(FAT10 Dha). Moreover, we established a lentiviral CRISPR knockout screening approach 

based on the specific FAT10ylation of two specific substrates. With these approaches in hand 

we searched for FAT10-specific E3 ligases starting from the E2 USE1, from FAT10 and from 

specific substrates of FAT10. Finally, we also applied one approach to investigate whether 

FAT10-specific E3 ligases are necessary to build up FAT10 conjugates in cells.  
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All mass spectrometry data from performed screenings can be inquired from Dr. Annette 

Aichem, Biotechnology Institute Thurgau, Kreuzlingen Switzerland.  

4.3.1 Yeast-Two-Hybrid (Y2H) screening with USE1 

To identify novel interaction partners and thereby a FAT10-specific E3 ligase we established 

a Yeast-Two-Hybrid screening approach by using USE1 as a bait and a human thymus library 

Figure 27. Overexpressed Y2H hits show a diverse impact on overall FAT10ylation. (A) HEK293 were transiently transfected with 
expression plasmids for Flag-FAT10 together with HA-HdmX, Flag-Mdm2, Flag-FbxO11, Flag-UBR2 and Flag-tagged OTUB1 variants. Cells 
were lysed in lysis buffer containing 1% NP-40 and cleared lysates were subjected to immunoprecipitation (IP) with anti-Flag M2 antibody 
coupled agarose. Proteins were separated on 4-12% NuPAGE Bis-Tris gradient gels and Western blot analysis was performed with a directly 
peroxidase labeled Flag antibody. As loading control β-actin was used. Upper panel shows immunoprecipitated proteins, lower panels show
the total protein expression within cell lysates (load). (B) HEK293 cells were transfected with the indicated expression constructs, and where
indicated, treated with proteasome inhibitor MG132 for 6 hours before harvest. Cells were harvested, lysed and subjected to
immunoprecipitation and Western blot analysis as described in (A). Asterisks mark remaining OTUB1 signals after stripping. (C) Western 
blot signals of Flag-FAT10 conjugates in the IP and monomeric FAT10 in the load were quantified by using densitometric calculations of the
signal intensity. IP values were normalized to monomeric FAT10 signals. One representative experiment out of three experiments with similar 
outcomes is shown, respectively. 
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as prey. After ending up with a list of around 50 putative interaction partners including few 

proteins described to be involved in the ubiquitin pathway these hits were co-expressed 

together with Flag tagged FAT10 in HEK293 cells. Subsequently an immunoprecipitation of 

Flag FAT10 conjugates was performed to investigate the influence of the putative interaction 

partners on the overall FAT10ylation pattern (Figure 27A). In comparison to FAT10 conjugates 

in absence of these interactors the FAT10ylation pattern was not changed in presence of the 

interacting proteins (Figure 27A, upper panel). Neither the presence of E3 ligases such as 

Mdm2, FbxO11 and UBR2 nor the presence of the deconjugating enzyme OTUB1 nor its 

variants had an influence on FAT10 conjugates. Next, the proteasome inhibitor MG132 was 

applied to block degradation of FAT10 conjugates. Even under these conditions no 

accumulation of FAT10 conjugates was detectable (Figure 27B, right panel) although the 

densitometric analysis of the Flag Western blot signals showed a slightly reduced amount of 

FAT10 conjugates in presence of the isopeptidase OTUB1 (Figure 27C).  

To investigate these hits further siRNA based knockdown experiments were performed by 

overexpressing Flag-FAT10 and knocking down the putative interactors with subsequent 

immunoprecipitation and Western blot analysis (Figure 28A). Again, although changes in 

FAT10 conjugate amounts were detectable no significant differences could be identified after 

normalization of conjugate signals to monomeric FAT10 (Figure 28B) indicating that these 

interactors may not be not parts of the FAT10 conjugation or deconjugation machinery.  

Figure 28. Overall FAT10ylation is nonspecifically changed by knockdown of Y2H hits. (A) HEK293 cells transiently expressing Flag-
FAT10 were treated with small interfering RNA (siRNA) specifically targeting the Y2H hits 24 h before transfection with Flag-FAT10. One 
day later, cells were harvested and lysed in lysis buffer containing 1% NP-40 and were subjected to immunoprecipitation using a Flag M2 
antibody coupled to agarose. After separation on 4-12% NuPAGE Bis-Tris gradient gels, Western blot analysis was performed using a 
primary rabbit monoclonal antibody detecting FAT10 in combination with a secondary antibody goat-anti-rabbit coupled to peroxidase. 
Detection of β-actin was used as loading control. (B) Western blot signals of Flag-FAT10 conjugates in the IP and monomeric FAT10 in the 
load were quantified by using densitometric calculations of the signal intensity. IP values were normalized to monomeric FAT10 signals. One
representative experiment out of three experiments with similar outcomes is shown. 
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To ensure an efficient knockdown of each interactor RT-PCR was performed and mRNA levels 

were analyzed. Treatment with a specific siRNA for each interactor reduced the mRNA levels 

to very low remaining percentages (Figure 29A). As a control melting curves of each RT-PCR 

primer was measured (Figure 29B).  

Since Rachel Klevit and colleagues published recently that the presence of free amino acids 

such as lysines (mimicking RING E3 ligases) or cysteines (mimicking RBR and HECT E3s) 

Figure 29. Specific siRNAs downregulate mRNA levels of Y2H hits. (A) RT-PCR analysis of mRNA levels of Y2H hits 24 h after siRNA 
treatment. HEK293 cells transiently expressing Flag-FAT10 were treated with siRNAs specifically knocking down Y2H hits. First mRNA was
isolated then it was reversely transcribed into cDNA. RT-PCR was performed and ΔCT levels were calculated. (B) RT-PCR meting curves 
of primers. For every RT-PCR analysis of knockdown efficiencies of Y2H hits a melting curve was recorded.  
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leads to a discharge of ubiquitin from the E2 conjugating enzyme UbcH5B [347] we 

investigated whether recombinant ubiquitin or FAT10 could be discharged from USE1 by the 

presence of the putative interaction partners (Figure 30A and B). As controls free serines (no 

removal) and cysteines were added. In presence of recombinant UBA6, USE1 was charged 

with ubiquitin and was discharged in presence of free cysteines (Figure 30A, lanes 2 and 4). 

In contrast, presence of free serines or interaction partners overexpressed in and 

immunoprecipitated from HEK293 cells did not accept ubiquitin from USE1 (Figure 30A, lanes 

3, 5-9). Recombinant FAT10 was loaded onto USE1 in presence of UBA6 and was removed 

from USE1 in presence of free cysteines mimicking a HECT or RBR E3 ligase (Figure 30B, 

lane 4). Again, the presence of free serines or cellular interaction partners did not change the 

status of FAT10 charged USE1 (Figure 30B, lanes 3, 5-9) indicating that these proteins did not 

function as acceptors for FAT10 from USE1. However, it cannot be ruled out whether FAT10 

was first loaded onto UBA6 and subsequently discharged, or whether free amino acids already 

blocked loading of FAT10 onto UBA6.  

Although no FAT10-specific E3 ligase could be identified by this Y2H screen using USE1 as 

bait and a human thymus library as prey we were able to show a non-covalent interaction 

between the heterodimeric RING E3 ligase Mdm2/HdmX and FAT10 (data not shown) as well 

as a covalent FAT10ylation of the deconjugating enzyme OTUB1 (this work) which could be 

very interesting interaction partners of USE1 and FAT10 in future investigations.  

4.3.2 BioID with USE1 

Roux et al published a new method to screen for interaction partners based on their close 

proximity to each other [596, 597]. In contrast to other biotin ligases the BirA carries a point 

Figure 30. Discharge assays with USE1 and ubiquitin or FAT10 reveal free Cysteines as acceptors. (A) Discharge assay in vitro with 
USE1 and ubiquitin. Y2H hits were transiently overexpressed in HEK293 cells and proteins were immunoprecipitated by using the relevant 
antibodies coupled to agarose. Y2H hits bound to agarose were incubated together with recombinant UBA6, USE1 and ubiquitin for 60 min
at 30°C. Free amino acids Serine or Cysteine were used as controls. Reaction was stopped by addition of 5 x gel sample buffer supplemented
with 10% 2-mercaptoethanol. After separation of proteins on 4-12% NuPAGE Bis-Tris gradient gels Western blot analysis was performed by 
using a peroxidase labeled polyhistidine antibody. (B) Discharge assay in vitro with USE1 and FAT10. Y2H hits were purified and assay was 
performed as described above. Recombinant ubiquitin was exchanged to recombinant FAT10. One representative experiment out of three 
experiments with similar outcomes is shown. 
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mutation (R118G) rendering BirA* constitutively active and leading to biotinylation of 

interacting proteins not based on biotin consensus sequences but on proximity. USE1 was 

fused N terminally to BirA*-HA and the fusion protein USE1-BirA*-HA was overexpressed in 

HEK293 cells together with Flag tagged FAT10 (Figure 31A). Immunoprecipitation with 

Figure 31. The USE1-BirA* fusion protein becomes FAT10ylated. (A) USE1-BirA*-HA and Flag-FAT10 were transiently overexpressed 
in HEK293 cells and 24 h after transfection cells were lysed in lysis buffer containing 1% NP-40. Subsequent immunoprecipitation was 
performed by using an agarose coupled anti HA antibody (clone 7) followed by Western blot analysis detecting USE1-BirA* with a directly 
peroxidase labeled anti HA antibody (clone 7) or detecting FAT10 with a directly peroxidase labeled anti Flag antibody (M2). Detection of β-
actin was used as loading control. (B) HEK293 cells were transiently transfected with expression plasmids described above. 24 h after
transfection cells were treated with biotin for another 24 hrs. After lysis biotinylated proteins were affinity purified by using streptavidin coupled 
to agarose. Western blot analysis was performed by using anti HA or anti-Flag antibodies directly labeled with peroxidase. As loading control 
detection of β-actin was used. (C) HEK293 cells were treated as described in (B). Additionally to Western blot analysis SDS gels were stained 
with Silver staining solution. (D) HA tagged UBA6 was co-expressed together with USE1-BirA*-HA fusion protein and cells were treated with 
biotin 24 h after transfection. Biotinylated UBA6 was isolated by using streptavidin coupled to agarose and UBA6 was detected in Western 
blot analysis by using an UBA6 specific rabbit polyclonal antibody. Ha tagged fusion proteins was detected by using an HA antibody directly 
conjugated to peroxidase. Detection of β-actin was used as loading control. One representative experiment out of three experiments with
similar outcomes is shown.  



 4.3 Results 

98 

subsequent Western blot analysis showed a covalent FAT10ylation of USE1-BirA*-HA which 

was increased in presence of the proteasome inhibitor MG132 (Figure 31A, lanes 3 and 4) 

indicating that the distance between USE1 and BirA* was long enough to allow a modification 

of USE1 by FAT10. To test if the fusion protein was able to biotinylate FAT10 coming in close 

proximity to USE1 the modifier was co-expressed and 24 h later 1 μg/ml biotin was added to 

the cells for another 24 h (Figure 31B). After pulldown by using streptavidin coupled agarose 

biotinylated USE1 could be detected (Figure 31B, lane 3). Unfortunately, the Western blot 

analysis by using a directly peroxidase labeled biotin antibody did not show further biotinylated 

proteins already indicating that the BioID system did not work properly (data not shown).  

However, the FAT10ylated USE1 fusion protein was modified by biotin and could be identified 

during Western blot analysis by using a directly labeled Flag antibody (Figure 31B, lane 5). To 

gain further knowledge of the BioID system the fusion protein was again overexpressed in 

presence and absence of FAT10 and biotin was added for 24 h to investigate whether the 

presence of FAT10 would change the interaction pattern of interacting proteins (Figure 31C). 

After streptavidin pulldown biotinylated proteins were detectable in the anti-Flag Western blot 

and in the anti-biotin Western blot analysis (Figure 31C, lane 5) and this pattern was not 

changed in the presence of FAT10 (Figure 31C, lane 6). Even the gel based analysis by 

staining the SDS PAGE with Colloidal Coomassie did not show any differences due to the 

additional overexpression of FAT10 (Figure 31C, right panel). However, USE1-BirA* was able 

to biotinylate interacting proteins (Figure 31C, lanes 5 and 6) indicating that BirA* was 

functionally active.  

USE1 is the so far only known E2 conjugating enzyme which is specifically charged by the E1 

activating enzyme UBA6 [473] but a direct interaction between those mediators could not be 

shown yet. Since BioID was established to investigate very transient protein-protein 

interactions with low interaction affinity we overexpressed USE1-BirA*-HA together with UBA6 

in HEK293 cells and added biotin to the system to pull down biotinylated UBA6 (Figure 31D). 

Although USE1 became biotinylated by BirA* (Figure 31D, lanes 3 and 5) Western blot analysis 

detecting overexpressed and endogenous UBA6 with a specific UBA6 antibody showed no 

modification with biotin (Figure 31D, lane 5).  

To increase the flexibility and range of BirA* and USE1 different linker types with altering 

lengths were inserted. The longest variants with 2GS2G and 4GS4G were overexpressed in 

HEK293 cells and biotin was added for 24 h (Figure 32A). USE1-BirA* without linker showed 

the same biotinylation pattern as the two linker mutants: the fusion protein was modified by 

biotin but almost no further proteins were biotinylated (Figure 32A, lanes 3, 5, and 7). 

Furthermore, the additional overexpression of Flag tagged FAT10 did not increase the amount 

of biotinylated interacting proteins although, at least, the fusion protein was FAT10ylated 

(Figure 32B). Taken together, although the HA tagged BirA* seemed to be active and USE1 
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could still become FAT10ylated, USE1 interacting proteins could not be identified by using this 

method. 

To improve the BioID system with USE1 the order of proteins and tags within the fusion protein 

was changed and more biotin was added to the cells. The novel fusion protein myc-BirA*-

USE1 was first overexpressed in HEK293 cells and 0.1 mM biotin was added for another 24 

h. Streptavidin based pulldown showed a slight background activity of BirA* without any fusion 

protein upon addition of biotin (Figure 33A, lane 4). However, the presence of USE1 within the 

fusion protein resulted in a strong biotinylation of interacting proteins (Figure 33A, lane 5). 

Proteins were again separated on SDS PAGE and the gel was stained with Colloidal 

Figure 32. Insertion of different linker types does not change the biotinylation status of USE1-BirA*. (A) USE1-BirA* fusion protein 
and its variants with different linker type insertions were transiently overexpressed in HEK293 cells and 24 h after transfection biotin was 
added to the cells. After lysis biotinylated proteins were affinity purified by using streptavidin coupled to agarose. An anti-HA antibody coupled 
to peroxidase was used in Western blot analysis and an antibody detecting β-actin was used for loading control detection. (B) Western blot 
analysis of HEK293 cells transiently expressing HA tagged USE1 BirA* fusion protein variants in presence or absence of Flag tagged FAT10. 
FAT10ylated fusion protein was affinity purified from cells by immunoprecipitation using an anti-HA antibody (clone 7) coupled to agarose. 
Western blot analysis was performed by using directly peroxidase labeled antibodies against HA or Flag. As loading control β-actin was 
used. One representative experiment out of three experiments with similar outcomes is shown.  
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Coomassie and was analyzed by mass spectrometry to identify the interacting proteins (data 

not shown). Even the reduction of biotin from 0.1 mM to 0.05 mM did not change the 

biotinylation pattern in a similar experimental set-up (Figure 33B, lane 5). By washing with lysis 

buffer the background biotinylation in absence of USE1 could even be decreased (Figure 33B, 

lane 3). A second, completely identical experiment was performed and both were analyzed by 

mass spectrometry (MS) to identify biotinylated interaction partners of USE1 (data not shown). 

Unfortunately, the overlay of all three MS analyses did not reveal any interaction partner which 

was already described as E3 ligase.  

Summarizing these data, we concluded that the BioID system including USE1 as bait protein 

was principally functional and interacting proteins could be biotinylated and identified. 

However, the sensitivity of this system was not strong enough to trap and identify USE1 

interacting E3 ligases.  

4.3.3 Trapping interaction partners with USE1 C188K 

E2 conjugating enzymes accept their modifier from the E1 activating enzyme and load it onto 

their active site cysteine. A mutation of this active center to lysine does not impair the charging 

Figure 33. Interaction partners of USE1 become biotinylated by the fusion protein myc-BirA*-USE1. (A) HEK293 cells were transiently 
transfected with expression constructs for myc tagged BirA*-USE1 and empty control vector with only myc tagged BirA*. 24 h after biotin
application cells were lysed and subjected to affinity purification using streptavidin coupled agarose. Western blot analysis was performed
by using a directly peroxidase linked antibody detecting biotin. A primary monoclonal mouse antibody detecting c-myc (clone 9E10) was 
combined with a secondary antibody goat-anti-mouse coupled to peroxidase was applied to detect the fusion protein. For loading control
detection β-actin was used. Asterisks mark Remaining HA signals after stripping (B) and (C) Two independent SDS PAGE gels with affinity 
purified biotinylated proteins from overexpressing HEK293 cells were stained with Silver stain solution. Samples were analyzed by Mass
spectrometry analysis. One representative experiment out of three experiments with similar outcomes is shown. 
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of the E2 but traps the modifier at the active site residue [135]. By this, interaction and stability 

studies could be performed with UbcH5B covalently charged by ubiquitin [135]. Here, the active 

site cysteine of USE1 was mutated (C188K) to trap FAT10 at the active center and to increase 

the probability of an E3 ligase binding to and interacting with USE1. Since E3 ligases are 

published to interact rather with charged than uncharged E2 conjugating enzymes this method 

increased the likelihood of such an interaction. Furthermore, mimicking a covalently loaded 

USE1 with FAT10 and ubiquitin could allow structural analyses and could finally reveal what 

the differences in loading and specificity of USE1 with these two modifiers are.  

First, recombinant 6His tagged USE1 C188K was expressed in bacterial cells and was purified 

by Nickel affinity purification (Figure 34A). Although a lot of 6His tagged USE1 C188K was still 

bound to the column material after elution with 200 mM imidazole (Figure 34A, lanes 4 and 9) 

5 ml with a concentration of 0.8 mg/ml could be prepared and were stored at -80°C. Gel based 

analyses by staining with Colloidal Coomassie (Figure 34A, left panel) and by Western blot 

using a directly labeled polyhistidine antibody (Figure 34A, right panel) confirmed a reasonable 

purity and concentration of recombinant USE1 C188K. To prove the functionality of 

recombinant USE1 wt and C188K both proteins were loaded in vitro with recombinant FAT10 

or ubiquitin upon activation by UBA6 and Western blot analysis was performed detecting His 

tagged USE1 either under non-reducing or reducing conditions (10% 2-mercaptoethanol; 2-

ME).  

Figure 34. Recombinant USE1 C188K can be charged with FAT10, but not with ubiquitin. (A) Recombinant 6His-USE1 C188K was 
purified from E.coli expression strain BL21 (DE3) by affinity purification using His60 Ni Superflow resin binding polyhistidine containing 
proteins. SDS gels were either stained with Colloidal Coomassie or Western blot analysis was performed by using a directly peroxidase 
labeled polyhistidine antibody. (B) Recombinant 6His-USE1 wt or C188K was incubated together with recombinant UBA6 in presence or 
absence of ubiquitin or FAT10 for 60 min at 30°C. Reaction was stopped by addition of 5x gel sample buffer supplemented or not with 10% 
2-ME. Proteins were separated according to their size by loading onto 4-12% NuPAGE Bis-Tris gradient gels and subsequently Western blot 
analysis was performed by using a directly peroxidase labeled polyhistidine antibody. Arrow heads mark USE1 charged with ubiquitin or 
FAT10. One representative experiment out of three experiments with similar outcomes is shown.  
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UBA6 dependent charging of USE1 wt with ubiquitin was detectable in absence of 2-ME and 

was partially reduced upon addition of 2-ME (Figure 34B, lane 7). Addition of FAT10 induced 

the same pattern. USE1 wt was loaded with FAT10 by UBA6 in absence of 2-ME whereas 

FAT10ylation was not reduced upon addition of 2-ME (Figure 34B, lane 8) indicating that USE1 

wt became not only charged by FAT10 but also covalently modified by FAT10. In contrast, 

Figure 35. USE1 C188K strongly traps FAT10 at its active center. (A) HEK293 cells were transiently transfected with expression 
constructs for 6His tagged USE1 wt or USE1 C188K in presence or absence of Flag tagged FAT10. After lysis cells were subjected to 
immunoprecipitation using an agarose coupled Flag antibody (M2) and Western blot analysis was performed by using directly peroxidase 
labeled antibodies detecting either HA (clone 7) or Flag (M2). A second SDS gel was loaded with immunoprecipitated proteins and was 
stained with Colloidal Coomassie. (B) HEK293 cells transiently expressing HA-USE1 C188K were treated with pro-inflammatory cytokines 
IFNγ/TNFα for 24 h. After lysis and immunoprecipitation of HA tagged proteins by using an HA antibody (clone 7) coupled to agarose Western 
blot analysis was performed by using a primary polyclonal rabbit FAT10 antibody or by using a directly peroxidase labeled anti-HA antibody. 
A second SDS gel with immunoprecipitated proteins was stained with Silver stain solution. Asterisk marks heavy chain of HA antibody. (C)
Lysates of HEK293 cells expressing HA-USE1 wt or C188K in presence or absence of Flag-FAT10 were subjected to immunoprecipitation 
using an anti-HA antibody (clone 7) coupled to agarose and Western blot analysis as described in (A) and (B). Proteins were additionally
stained with Silver stain solution. In every experiment β-actin was used as loading control. One representative experiment out of three
experiments with similar outcomes is shown. 
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USE1 C188K could not be charged with ubiquitin by UBA6 (Figure 34B, lane 2) whereas 

loading with FAT10 was still possible and not reducible in presence of 2-ME (Figure 34B, lane 

3). Unfortunately, these data indicated that structural analyses with USE1-ubiquitin versus 

USE1-FAT10 were not possible since USE1 C188K was not chargeable with ubiquitin. 

However, trapping FAT10 at the active center of USE1 to identify novel interaction partners 

and E3 ligases was proven to be possible.  

Therefore, HA tagged USE1 wt was point mutated to HA-USE1 C188K and HEK293 cells were 

transiently transfected with this expression construct in presence and absence of Flag tagged 

FAT10. Immunoprecipitation of HA tagged USE1 and Western blot analysis detecting Flag-

FAT10 showed a FAT10ylation of USE1 wt (Figure 35A, lane 5), whereas the modification was 

strongly increased in case of USE1 C188K (Figure 35A, lane 6). These data already indicated 

that FAT10 could not only be loaded onto the active site lysine residue but also that FAT10 

was trapped at the active center. However, although the amount of C188K-FAT10 was strongly 

increased the conjugate could not be detected in Coomassie stained gels (Figure 35A, lowest 

panel, lane 6). Next, we investigated whether a putative interacting E3 ligase for FAT10 might 

be upregulated upon treatment of cells with pro-inflammatory cytokines IFNγ and TNFα since 

also endogenous FAT10 expression is induced by this treatment [452, 455, 573]. Upon 

induction of FAT10 expression a covalent FAT10ylation of USE1 C188K was detectable 

(Figure 35B, lane 3) which was not changed by inhibition of the proteasome with MG132 

(Figure 35B, lane 4). A slight reduction of USE1-FAT10ylation in this particular experiment was 

due to less expression of USE1 shown in the loading as well as a lack of accumulation of 

FAT10 upon proteasomal inhibition (Figure 35B, lane 4). However, silver staining did not show 

any difference in the FAT10ylation pattern or pulldown of interacting proteins compared to non-

induced or untreated samples (Figure 35B, lowest panel).  

Finally, to identify putative interaction partners of USE1 C188K-FAT10 HEK293 cells were 

transiently transfected with HA tagged USE1 wt, C188K and Flag tagged FAT10 and 

subsequently immunoprecipitated proteins were separated on SDS PAGE and were stained 

with Silver solution (Figure 35C). Although high amounts of FAT10ylated USE1 C188K were 

detected mass spectrometry analyses did not reveal reasonable candidates for further 

investigations. Taken together, trapping FAT10 at the active center of USE1 could be a future 

approach to investigate the structural events of FAT10ylation and FAT10 transfer but for the 

identification of E3 ligases the approach did not bring the results we were hoping for.  

4.3.4 Trapping interaction partners with the GFP trap 

The Bimolecular Fluorescence Complementation (BiFC) was established to investigate and 

stabilize transient and weak protein-protein interactions [534, 598]. In line with this invention, 

the GFP trap was developed to pull down the two interaction partners in a complex which are  
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stabilized by the two halves of complementing YFP. Along with the approach to mutate the 

Figure 36. FAT10 interaction with USE1 leads to YFP complementation. (A) HEK293 cells transiently expressing Y1-FAT10 and Y2-
USE1 in combination with CCR7-Y2 or CCR7-Y1 were fixed 24 h after transfection with 4% PFA and were subjected to antibody staining for 
Y1 (with rabbit Alexa Fluor 568) and Y2 (with mouse Alexa Fluor 647). Cells were imaged by using confocal microscopy. (B) Living HEK293 
cells transiently expressing Y1-FAT10 and Y2-USE1 were treated for 6 h before harvest with proteasome inhibitor MG132, where indicated. 
Cells were washed once with PBS and subjected to flow cytometry analysis by measuring YFP fluorescence. (C) Flow cytometry analysis of 
YFP complementation from HEK293 cells transiently expressing Y1-FAT10 and Y2-USE1 together with Vav1-Y1 and Vav1-Y2. (D) Western 
blot analysis of HEK293 cells transiently expressing Y1-FAT10 and Y2 tagged variants USE1 wt, USE1 C188K and USE1 C188A. After lysis 
in buffer containing 1% NP-40 cells were subjected to Western blot analysis by using primary antibodies detecting Y1 (rabbit monoclonal 
anti-GFP) and Y2 (mouse monoclonal anti GFP) and secondary antibodies goat-anti-rabbit or goat-anti-mouse directly coupled to peroxidase. 
Loading control was assessed by detecting β-actin. (E) Flow cytometry analysis of cells from (D). One representative experiment out of three 
experiments with similar outcomes is shown. 
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active site cysteine of USE1 to C188K the GFP trap with Y1-FAT10 and Y2-USE1 could 

capture either FAT10 charged USE1 or FAT10ylated USE1 which both could be a prerequisite 

for an interaction with an E3 ligase.  

To first clarify whether Y1-FAT10 and Y2-USE1 interact with each other and to prove the 

principle of BiFC both interaction partners were overexpressed in HEK293 cells in presence or 

absence of the negative controls CCR7-Y2 or CCR7-Y1 and cells were fixed and prepared for 

confocal microscopy (Figure 36A). The YFP complementation was specific and only detectable 

when USE1 and FAT10 were present (Figure 36A, first row, lowest panel) whereas the 

presence of CCR7 did not induce an YFP complementation neither with FAT10 nor with USE1 

(Figure 36A). Flow cytometry analyses of these samples confirmed YFP complementation of 

Y1-FAT10 and Y2-USE1 in presence or absence of the proteasome inhibitor MG132 (Figure 

36B) indicating that in this experimental setup FAT10 and USE1 did interact and that the 

relatively large tags of YFP halves did not disturb the interaction.  

Furthermore, co-transfection with the negative control protein Y1/Y2 Vav1 showed a 

tremendously lower YFP fluorescence than the interaction of FAT10 with USE1 (Figure 36C). 

However, since an interaction between Vav1 and USE1 or FAT10 was detectable, we may 

have identified a novel interesting interaction partner for future investigations into this signaling 

pathway. To investigate an interaction of FAT10 with USE1 without the GFP trap, HEK293 

cells stably expressing Y1-FAT10 were transfected with Y2-USE1 wt, C188K, and C188A and 

samples were subjected to Western blot analysis (Figure 36D). Y2-USE1 wt as well as USE1 

C188K seemed to interact with Y1-FAT10 (Figure 36D, lanes 4 and 6) whereas USE1 C188A 

Figure 37. GFP trap purifies USE1 and FAT10 as complex from HEK293 cells. (A) HEK293 cells transiently transfected with expression 
plasmids for Y1-FAT10 and Y2-USE1 were subjected to affinity purification of USE1-FAT10 by using GFP trap followed by Western blot 
analysis using primary antibodies detecting Y1 (rabbit monoclonal anti-GFP) and Y2 (mouse monoclonal anti GFP) and secondary antibodies 
goat-anti-rabbit or goat-anti-mouse directly coupled to peroxidase. As loading control β-actin was detected. (B) With GFP trap purified 
proteins were additionally separated on Coomassie stained SDS gels. One representative experiment out of three experiments with similar
outcomes is shown.  
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did not show any interaction (Figure 36D, lane 8) indicating that the GFP trap was necessary 

to stabilize and pull down the complex of USE1 and FAT10 in cellulo. However, the same 

samples were analyzed in flow cytometry experiments (Figure 36E), and here, all USE1 

variants showed a complementation and thereby an interaction with FAT10 (Figure 36E). 

Pulldown of FAT10 and USE1 in a complex with interacting proteins was performed by 

overexpressing Y1-FAT10 and Y2-USE1 in HEK293 cells and subsequent addition of GFP 

trap coupled to agarose. Western blot analysis showed a strong interaction of FAT10 with 

USE1 (Figure 37A) but silver stain based analysis did not show any differences in protein 

pattern in presence or absence of USE1 or FAT10 (Figure 37B). A subsequent analysis by 

mass spectrometry did not reveal any reasonable interaction partners (data not shown).  

Taken together, pulldown experiments with the GFP trap were successfully performed and an 

interaction between USE1 and FAT10 could be proven by this different experimental approach. 

Unfortunately, this approach did not seem to be appropriate and sufficient for the identification 

of E3 ligases.  

4.3.5 A cascading activity based FAT10 probe 

In contrast to former ubiquitin probes which reacted more or less specifically with active site 

cysteine containing proteins, the cascading activity based probe is able to travel and trap the 

complete conjugation pathway in living cells [599]. The very last glycine residue at the C 

terminus of the modifier is exchanged to dehydroalanine allowing the modifier to become 

activated by the E1 enzyme in an ATP-dependent manner. This results either in a cleavable 

thioester linkage or a stable, non-cleavable thioether bond between the active site cysteine of 

the E1 and the dehydroalanine residue of the modifier (Figure 38A). Thereby, the E1 is 

covalently bound and can be identified by using immunoprecipitation combined with 

subsequent mass spectrometry analysis. After becoming linked to the E1 active center the 

probe travels along the conjugation pathway and can form either thioester or thioether linkages 

with the catalytic cysteine of E2 conjugating enzymes and cysteine containing E3 ligases such 

as RBR or HECT E3s (Figure 38A). Even RING E3s can be identified since they are often 

bound in complexes with E2 enzymes [599].  

To achieve a FAT10 cascading activity based probe and to identify a FAT10-specific E3 ligase 

the very last glycine residue of FAT10 was exchanged to a cysteine residue. In addition, all 

other four cysteine residues within FAT10 were mutated to serine or leucine residues (C0, 

C134L). Upon addition of 2,4,5-dibromohexanediamide (DBHDA) FAT10 GC reacts to FAT10 

Dha (dehydroalanine). Before performing this chemical reaction we first tested whether FAT10 

with a cysteine (GC) or an alanine (GA) at its very C terminus was still conjugated to substrate 

proteins in mammalian cells. Ubiquitin GC mutation was published to completely abolish 
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conjugation to target proteins [599] whereas ubiquitin GA still showed partial ubiquitination 

[599].  

HEK293 cells were transiently transfected with the expression constructs for Flag or HA tagged 

FAT10 wt, GC and GA and immunoprecipitation and Western blot analysis were performed to 

examine FAT10 conjugation (Figure 38B). In contrast to FAT10 wt which showed a strong 

conjugation pattern FAT10 GC was completely inactive in its conjugation (Figure 38B, lanes 3 

and 7). For FAT10 GA a strongly reduced but still detectable conjugation to target proteins 

Figure 38. FAT10 with GA instead of GG at its C terminus is partially conjugated to substrates in cellulo. (A) Recombinant cysteine-
free HA-FAT10 G165 dehydroalanine (FAT10 Dha) is ATP-dependently activated by the E1 activating enzyme forming either a non-reducible 
thioether bond (1) or a reducible thioester bond (2) with the catalytic Cys of the E1. Thioester bound FAT10 Dha is loaded onto the active 
site of the E2 conjugating enzyme. Conjugations to E2 and E3 follow the same mechanism as with the E1. (B) HEK293 cells transiently 
transfected with expression constructs for Flag or HA tagged FAT10 wt, GC or GA were lysed in lysis buffer containing 1% NP-40 and were 
subjected to immunoprecipitation using agarose coupled antibodies either detecting HA (clone 7) or Flag (M2). Subsequent Western blot 
analysis was performed by using directly peroxidase labeled antibodies detecting Flag (M2) or HA (clone 7). To confirm equal loading β-actin 
was detected. (C) HA-UBE1 was transiently overexpressed in HEK293 cells together with Flag-FAT10 wt or GA and cell lysates were 
subjected to immunoprecipitation with Flag (M2) antibody coupled agarose and Western blot analysis with peroxidase labeled antibodies as 
described in (B). Detection of β-actin was used as loading control. One representative experiment out of three experiments with similar
outcomes is shown.  
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could be observed (Figure 38B, lanes 4 and 8). In contrast, we tested a specific FAT10 

substrate namely UBE1 and a conjugation was only detectable with FAT10 wt but not with 

Figure 39. Expression and Purification of recombinant HA-FAT10 G165A and G165C. (A) and (B) Recombinant HA-FAT10 cysteine-
free C134L GA or GC were expressed in E.coli expression strain BL21(DE3) and after mechanical lysis proteins were purified by affinity
purification by using His60 Ni Superflow resin. Elution with 200 mM imidazole was followed by incubation with Ulp1 protease to remove the
6His-SUMO tag. After a second affinity purification HA-FAT10 C0 GA or GC were stored at -80°C. Purification success and protein purity 
were confirmed by Colloidal Coomassie staining and Western blot analysis using a directly peroxidase coupled antibody reactive against HA 
(clone 7). (C) Recombinant HA-FAT10 C0 C134L GC was expressed in BL21 (DE3) bacteria and after mechanical lysis, affinity purification 
using His60 Ni Superflow resin and Ulp1 digest, a cation exchange chromatography and size exclusion chromatography were performed. 
Purified protein was stored overnight at 8°C and was subjected to reaction with 100 x excess of 2,4,5,-dibromohexanediamide. Protein purity 
was examined by Colloidal Coomassie staining and Western blot analysis as described above.  
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FAT10 GA (Figure 38C). Next, FAT10 variants for in vitro experiments were purified and 

Coomassie staining and Western blot analysis was performed (Figure 39). HA tagged FAT10 

GC and GA were purified by using Nickel resin and by performing an Ulp1 mediated removal 

of the 6His-SUMO tag from the N terminus of FAT10. Although the cleavage did not completely 

remove the tag (Figure 39A and B, lanes 4 and 11) a reasonable amount (1.3 mg/ml; 5 ml) of 

HA-FAT10C0 C134L GA and GC with a very high purity could be achieved and was stored at 

-80°C for long-term storage (Figure 39A and B, lanes 7 and 14). HA tagged FAT10 C0 C134L 

GC for chemical reaction with DBHDA was purified by making use of a Nickel column, Ulp1-

mediated cleavage of the 6His-SUMO tag, cation exchange chromatography, and size 

exclusion chromatography (gel filtration) (Figure 39C). The protein (1.5 mg/ml; 6 ml) was not 

frozen but stored at 8°C overnight until a 100x excess of DBHDA was added and was either 

incubated for 4 h at room temperature, overnight at room temperature or overnight at 30°C.  

An in vitro activation assay was performed with recombinant UBA6 in presence or absence of 

ATP with Western blot analysis against Flag and HA to investigate which incubation conditions 

were best suited (Figure 40A). As positive controls FAT10 wt and GA were added, FAT10 GC 

served as negative control.  

Incubation of FAT10 wt in presence of ATP showed a strong activation by UBA6 (Figure 40A, 

lanes 3 and 4) and also the second positive control FAT10 GA was activated by UBA6 although 

the binding seemed to be independent of ATP (Figure 40A, lanes 5 and 6). In contrast, FAT10 

GC was not activated by UBA6 at all neither in absence nor in presence of ATP (Figure 40A, 

lanes 7 and 8). Incubation of FAT10 with DBHDA for 4 h at room temperature led to a FAT10 

Dha which was slightly activatable by UBA6 in a strictly ATP dependent manner (Figure 40A, 

lanes 9 and 10) whereas FAT10 Dha incubated at 30°C overnight did not show any activity 

towards UBA6 (Figure 40A, lanes 13 and 14). The best activation was achieved by using 

FAT10 Dha incubated over night at room temperature which was strictly dependent on the 

presence of ATP (Figure 40A, lanes 11 and 12). These results did not only imply that incubation 

over night at room temperature provided the best conditions for a successful reaction but also 

that FAT10 GC had not to be removed from the final FAT10 Dha product since FAT10 GC did 

not show any reactivity towards UBA6.  

To ensure a successful and correct reaction of FAT10 GC with DBHDA, reactant and product 

were analyzed by mass spectrometry analysis (MS) before and after reaction (Figure 40B and 

C). The calculated size of HA-FAT10 C0 C134L GC accounted for 19684 Da which was exactly 

confirmed by MS (Figure 40B). After reaction with DBHDA a size reduction to 19650 Da was 

measurable although this was not the highest signal in mass calculations (Figure 40C). The 

overview table confirmed a reasonable score for FAT10 Dha (Figure 40D). Since FAT10 GC 

(19688.8 Da) and FAT10 Dha (19650.9 Da) were detectable in the same sample the reaction 

efficiency could be calculated. 100% minus the intensity of FAT10 Dha divided by the sum of 
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FAT10 GC intensity and FAT10 Dha intensity accounted a reaction efficiency of 43% 

confirming a very high reaction efficiency based on the fact that a maximum of 50% was 

achievable in this equilibrium reaction.  

The reactivity of FAT10 Dha was then tested in an UBA6 based in vitro activation assay where 

the reaction was stopped by addition of gel sample buffer supplemented with or without 10% 

2-ME. By this the reactivity of FAT10 Dha towards forming a thioester or a thioether linkage 

Figure 40. FAT10 Dha is activated by UBA6 in an ATP-dependent manner, in vitro. (A) Recombinant HA-FAT10 C0 C134L Dha was 
incubated with 100 x excess of 2,4,5-dibromohexanediamide (DBHDA) for different time periods at different temperatures and was subjected
to an in vitro activation assay with recombinant UBA6 in presence or absence of ATP. Proteins were incubated for 30 min at 30°C and 
reaction was stopped by addition of 5 x gel sample buffer containing 4 % 2-ME. Proteins were separated on 4-12-% NuPAGE Bis-Tris 
gradient gels and Western blot analysis was performed by using directly peroxidase coupled antibodies reactive against HA (clone 7) or Flag 
(M2). One representative experiment out of three experiments with similar outcomes is shown. (B) and (C) Reaction of FAT10 GC with 
DBHDA was confirmed by Mass spectrometry before (B) and after the reaction (C). (D) Overview table of Mass spectrometry results shows 
a size for FAT10 GC of 19689 Da and for FAT10 Dha of 19651 Da. Reaction efficiency was calculated from this table and accounted for 
43 % efficiency.  
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with the active site cysteine of UBA6 was investigated (Figure 41A). FAT10 wt was activated 

by UBA6 whereas FAT10ylation of UBA6 seemed to be stable under reducing conditions 

indicating that UBA6 not only activated FAT10 but also autoFAT10ylated itself in vitro (Figure 

Figure 41. FAT10 Dha is specifically activated and transferred by its cognate enzymes UBA6 and USE1. (A) HA-FAT10 C0 C134L 
Dha (Dha; overnight reaction with DBHDA at room temperature) was incubated with recombinant UBA6 in presence or absence of ATP for
30 min at 30°C. HA-FAT10 GC (GC) was used as negative control, HA-FAT10 GA (GA) and Flag-FAT10 wt (wt) served as positive controls. 
Reactions were stopped by addition of 5 x gel sample buffer supplemented or not with 4 % 2-ME and proteins were separated on 4-12% 
Bis/Tris gradient gels. Subsequent Western blot analysis was performed by using a directly peroxidase labeled anti Flag (M2) antibody. (B)
In vitro activation and transfer assay of HA-FAT10 C134L Dha with recombinant UBA6 and USE1. Proteins were incubated for 30 min at
30°C, Flag-FAT10 wt and His-ubiquitin (Ub) served as positive controls. Reactions were stopped by addition of 5 x gel sample buffer 
containing or not 4 % 2-ME and after SDS PAGE Western blot analysis was performed by using described antibodies detecting Flag (M2)
or polyHis. (C) In vitro activation and transfer assay of FAT10 Dha with recombinant HA-UBE1 and UbcH5B-His. Assay was performed as 
described in (B) except from the usage of UBE1 and UbcH5B instead of UBA6 and USE1. Different Western blot antibodies, HA and polyHis, 
were used. One representative experiment out of three experiments with similar outcomes is shown.  
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41A, lanes 3 and 4). Negative control FAT10 GC was again not activated by UBA6 and did not 

form a covalent linkage with UBA6 (Figure 41A, lanes 5 and 6). In contrast, FAT10 GA as 

second positive control became activated by UBA6 and formed a stable non-reducible bond 

(Figure 41A, lanes 7 and 8). In line with previously achieved results FAT10 Dha was activated 

by UBA6 whereas the activation was increased when ATP was added (Figure 41A, upper 

panel, lanes 9 and 10). Furthermore, comparing the amount of unconjugated UBA6 with wt 

FAT10ylated UBA6 and Dha FAT10ylated UBA6 it became clear that FAT10 Dha was clearly 

more efficient in binding to UBA6 than FAT10 wt (Figure 41A, lanes 4 and 10).  

Since FAT10 Dha also bound to UAB6 in absence of ATP we investigated how specific FAT10 

Dha reacted with its cognate E1 UBA6 and its cognate E2 USE1 in comparison to UBE1 and 

UbcH5B (Figure 41B and C, respectively). FAT10 wt and FAT10 GA were activated by UBA6 

and transferred onto USE1 as expected (Figure 41B, lanes 3 and 7) whereas FAT10 GC did 

show again no activity towards UBA6 or USE1 (Figure 41B, lane 5). As additional control, 

UBA6 also activated recombinant ubiquitin and loaded it onto USE1 (Figure 41B, lane 11). 

Furthermore, FAT10 Dha showed a clear activation by UBA6 and was subsequently 

transferred onto USE1 (Figure 41B, lane 9) implying that FAT10 Dha was traveling through the 

first steps of the conjugation pathway. In contrast, although we could not clearly show an 

activation of ubiquitin by UBE1 the ubiquitination of UbcH5B was detectable (Figure 41C, lane 

11), indicating that both enzymes were functionally active. However, neither FAT10 wt, GC, 

nor GA nor the FAT10 Dha probe were activated by UBE1 or transferred onto UbcH5B (Figure 

41C, lanes 3, 5, 7 and 9) indicating that the FAT10 Dha probe was highly specific for its cognate 

canonical conjugation pathway and was not transferable by members of other conjugation 

machineries.  

With this tool in hand, the FAT10 Dha probe was applied to to HEK293 cell lysates in increasing 

amounts and an immunoprecipitation was performed by affinity binding the HA tagged probe 

to HA antibody coupled agarose. Subsequent Western blot analysis detecting HA tagged 

covalently or non-covalently probe bound proteins did not show any differences when 

increasing amounts of probe were added (Figure 42A, upper panel, lanes 4-8). However, when 

applying an antibody reactive against endogenous UBA6 a double band consisting of 

covalently and non-covalently interacting UBA6 with the FAT10 Dha probe was detectable 

(Figure 42A, middle panel, lanes 4 and 5). Endogenous USE1 was detected in one single band 

correlating with the size of unconjugated USE1 interacting in a non-covalent manner with the 

FAT10 Dha probe (Figure 42A, lower panel, lanes 4-8). Analyzing probe bound proteins on 

silver stained SDS PAGE showed clear bands occurring only in presence of FAT10 Dha but 

not with HA agarose or probe only (Figure 42B, lanes 4-8 versus 2 and 3). Although the 

experiment was repeated several times and gel slices were analyzed by MS facilities in 
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Konstanz and at ETH Zurich, Switzerland identified putative candidates could not be confirmed 

by co-immunoprecipitation and Western blot experiments (data not shown).  

In parallel, HA-FAT10 C0 C134L with a wild type C terminus (GG) was purified (Figure 43A).  

Although digest with Ulp1 to remove the 6His-SUMO tag was not completely successful a 

reasonable amount of HA-FAT10 C0 C134L GG (1.3 mg/ml, 5 ml) with high purity was 

achieved, stored and confirmed by Western blot analysis and Coomassie staining (Figure 

43A). An in vitro activation and transfer assay was performed by incubating FAT10 GG, GC 

and GA together with recombinant UBA6 and USE1 (Figure 43B). These experiments 

confirmed previously achieved results that FAT10 GG was activated by UBA6 and transferred 

onto USE1 (Figure 43B, upper panels, lanes 2 and 3) whereas the FAT10ylation of both 

enzymes was also detectable under reducing conditions (Figure 43B, lower panels, lanes 2 

and 3). In contrast, FAT10 GC was not activated and transferred (Figure 43B, lanes 4 and 5).  

However, FAT10 GA was activated by UBA6 and USE1 was charged with FAT10 GA (Figure 

43B, lanes 6 and 7).  

Finally, the FAT10 variants were used in discharge assays where we investigated whether the 

presence of free amino acids such as lysines and cysteines representing active centers of E3 

ligases could discharge FAT10 from USE1. Arginines were used as negative control (Figure 

44A and B). Recombinant UBA6 and USE1 were incubated with ubiquitin or FAT10 wt in 

presence of the different free amino acids. Where indicated NEM and EDTA were added to 

the reaction 5 min before free amino acids addition to inhibit enzymatic activity and to block 

Figure 42. FAT10 Dha covalently and no-covalently traps UBA6 and USE1 in HEK293 cell lysates. (A) Increasing amounts of HA-
FAT10 C0 C134L Dha and HA antibody (clone 7) coupled agarose were added to HEK293 cell lysates and subsequent Western blot analysis 
was performed by using indicated directly labeled antibodies, and primary antibodies detecting endogenous UBA6 and USE1. (B) 
Immunoprecipitated proteins from (A) were loaded onto a second 4-12 % Bis/Tris gradient gel and SDS PAGE was stained with Silver stain 
solution. Samples were additionally analyzed by Mass spectrometry. Asterisks mark heavy and light chain of the HA antibody. One 
representative experiment out of three experiments with similar outcomes is shown.  
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new transfer of FAT10 or ubiquitin from UBA6 onto USE1 (Figure 44A). UBA6 activated 

ubiquitin and was slightly discharged by free cysteine residues, and USE1 was charged with 

ubiquitin by UBA6 and was slightly discharged in presence of free cysteines but not with free 

lysine or arginine residues (Figure 44A, lanes 2-5). Inhibition of the catalytic activity of UBA6 

and USE1 by NEM did not change the results (Figure 44A, second panel). Furthermore, UBA6 

activated FAT10 GG and was slightly discharged by free cysteines but FAT10 GG loaded 

USE1 was not discharged neither by lysines nor by cysteines or arginines (Figure 44A, lanes 

7-10). Again, addition of NEM did not alter the charged status of USE1 (Figure 44A, second 

panel). However, when FAT10 GA was present instead of FAT10 wt UBA6 was again 

Figure 43. Recombinant FAT10 GA and GG are activated by UBA6 and transferred onto USE1. (A) Recombinant HA-FAT10 cysteine-
free C134L GG was expressed in E.coli expression strain BL21 (DE3) and after mechanical lysis protein was purified by using His60 Ni
Superflow resin. Elution with 200 mM imidazole was followed by incubation with Ulp1 protease to clear the 6His-SUMO tag. After a second 
affinity purification HA-FAT10 C0 GG was stored at -80°C. Purification success and protein purity were confirmed by Colloidal Coomassie
staining and Western blot analysis using a directly peroxidase coupled antibody reactive against HA (clone 7). (B) Western blot analysis of 
in vitro activation and transfer assay. Recombinant UBA6 and USE1 were incubated for 30 min at 30°C together with HA tagged variants of 
FAT10 (GG, GC, GA). Reactions were stopped by addition of 5 x gel sample buffer supplemented or not with 4 % 2-ME. Western blot 
analysis was performed by using the indicated directly peroxidase labeled antibodies. One representative experiment out of three 
experiments with similar outcomes is shown.  
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discharged by free cysteine residues (Figure 44B, lower panel, lanes 7-10) and furthermore, 

FAT10 was discharged from USE1 in presence of free cysteine residues (Figure 44B, upper 

panel, lanes 7-10). These data indicated that the FAT10-specific E3 ligase must most probably 

possess an active site cysteine and should thereby be identifiable by the cascading activity 

based FAT10 Dha probe.  

Taken together, we could provide the first cascading activity based FAT10 probe, with which 

we could confirm UBA6 and USE1 as members of the FAT10 conjugation machinery. 

Nevertheless, although we identified several putative FAT10-specific E3 ligases we could not 

confirm these candidates in further experiments.  

However, we can provide the first hint that the FAT10-specific E3 ligase should possess an 

active site cysteine such as RBR or HECT E3 ligases.  

Figure 44. FAT10 GA is discharged from USE1 by free Cysteines, FAT10 GG is not. (A) and (B) Western blot analysis of in vitro
discharge assays with either HA-FAT10 GG (A) or HA-FAT10 GA (B). Recombinant USE1 was charged with ubiquitin or FAT10 by UBA6
by incubation for 30 min at 30°C. Where indicated, NEM was added 5 min before addition of free amino acids. Lysines represent RING E3
ligases, cysteines mimic HECT/ RBR E3 ligases, arginines served as negative control. After further incubation for 30 min at 30°C reactions 
were stopped by addition of 5 x gel sample buffer containing or not 4 °% 2-ME. Proteins were separated according to their size on 4-12 % 
NuPAGE Bis-Tris gradient gels and Western blot analysis was performed by using the indicated peroxidase labeled antibodies. One
representative experiment out of three experiments with similar outcomes is shown.  
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4.3.6 Genome-wide CRISPR knockout screening with Bimolecular Fluorescence 

Complementation 

After searching for a FAT10-specific E3 ligase with approaches starting with USE1 or FAT10 

we established a screening method where we started from a specific FAT10 substrate. Since 

Figure 45. A novel screening approach combines BiFC with a lentiviral genome-wide CRISPR knockout library. (A) FAT10 and 
OTUB1, one of two FAT10 interaction partners, are N terminally fused to the two non-fluorescent halves of YFP (Y1 and Y2). Upon 
FAT10ylation of the target protein both YFP halves are brought into close proximity leading to a complementation of YFP. Appearance of 
fluorescence can be measured in flow cytometry. (B) Upon infection of cells expressing Y1-FAT10 and an Y2 tagged substrate protein with 
lentiviruses carrying a human genome-wide CRISPR knockout library some cells lack fluorescence due to inhibition of FAT10ylation of the
substrate protein, e.g. due to a knockout of the mediating E3 ligase. The loss of fluorescence can be assessed in flow cytometry and the 
indicated cells are sorted, cultured and will be analyzed by Next Generation Sequencing to identify the relevant gRNA and its target gene. 
(C) Schematic overview over the lentiviral CRIPSR construct carrying the gRNA library. Cas9 and targeting gRNA are cloned into a one-
vector-system to ensure specific guiding of Cas9 to the respective target gene. (D) Table comparing human and mouse Genome CRISPR 
Knockout (GeCKO) version2 (v2) libraries.  



 4.3 Results 

117 

it is not known yet whether there is one FAT10 E3 ligase mediating FAT10ylation of all 

substrate proteins or whether there are substrate-specific E3 ligases this approach enabled us 

to search for a substrate-specific E3 ligase. The CRISPR based BiFC screen allowed a high 

throughput screening with a genome-wide knockout library in the beginning and flow cytometry 

as fast and easy readout. UBE1 and OTUB1 were chosen as FAT10 substrates since both are 

well characterized targets of FAT10ylation ([520], JB, unpublished). For this purpose, FAT10 

and the substrate are fused in a linear manner to the two non-fluorescent halves of YFP and 

upon FAT10ylation YFP is complemented and becomes fluorescent again (Figure 45A). Upon 

lentivirally induced genome-wide knockout of the specific E3 ligase FAT10ylation of the 

substrate cannot be achieved anymore and a loss of fluorescence can be measured in flow 

cytometry (Figure 45B). Furthermore, Y1-FAT10 expression in HEKT-REX cells was under 

control of a tetracycline (Tet) dependent promoter to achieve expression of Y1-FAT10 in every 

cell upon Tet treatment (JB, unpublished). Y2 tagged substrate proteins were stably 

expressed. The human genome-wide CRISPR knockout library [600] was established as one-

vector-system Figure 45C) with the advantage that Cas9 and the gRNA were expressed 

equally and Cas9 was reliably transferred to the target gene. The library contained 122.411 

gRNAs targeting 19.050 human genes (Figure 45D). Even 1000 control non-targeting gRNAs 

were included (Figure 45D). As first control experiment Y2 substrates including USE1, UBE1 

Figure 46. Upon induction of FAT10 expression by tetracycline YFP fluorescence is strongly increased. (A) Flow cytometry analysis 
of HEK293 cells stably expressing Y1-FAT10 under a Tetracycline (Tet) - dependent promotor and transiently transfected with Y2-USE1, 
Y2-UBE1 or Y2-OTUB1. (B) HEK293 cells stably expressing Y2 tagged substrates and Y1-FAT10 under Tet control were treated with UBA6 
specific siRNA 24 h before Tet treatment. 24 h later cells were subjected to flow cytometry analysis. (C) HEK293 cells were treated with 
different siRNAs specific for hits achieved in the Y2H screen, as described in (B) and were subjected to flow cytometry analysis. A mean out 
of three experiments is shown for each experimental setup.  



 4.3 Results 

118 

and OTUB1 were transiently overexpressed in HEK293 cells stably expressing Y1-FAT10 

under a Tet promotor and upon addition of Tet fluorescence was measured by flow cytometry 

(Figure 46A). Clearly, only upon induction of Y1-FAT10 expression YFP fluorescence and 

thereby a complementation of YFP with USE1, UBE1 or OTUB1 was detectable (Figure 46A). 

In HEK293 cells stably expressing one Y2 tagged substrate and Y1-FAT10 under Tet control 

non-targeting siRNA or UBA6 specific siRNA was added and changes in fluorescence were 

measured by flow cytometry (Figure 460B). Although the effectiveness of the UBA6 specific 

siRNA was shown on Western blot where no UBA6 protein was left (data not shown) a 

reduction of YFP complementation of Y1-FAT10 with Y2 tagged USE1, UBE1 or OTUB1 was 

not detectable upon Tet addition (Figure 46B). However, siRNA mediated knockdown of USE1 

strongly reduced Tet dependent YFP complementation in Y2 OTUB1 stable cells (Figure 46C). 

The treatment with specific siRNAs targeting E3s wich were tested additionally did not reduce 

YFP signals (Figure 46C) indicating that the USE1 siRNA effect was specifically targeting the 

FAT10 conjugation.  

After production of lentiviruses carrying the human genome-wide CRISPR knockout library 

cells were infected two times with supernatant containing virus particles and were subjected 

to cell sorting one week after infection (Figure 47 and Figure 48). Tet treatment of cells stably 

expressing Y2-OTUB1 did not change the amount of living cells (Figure 47A and B) whereas 

infection with lentiviruses, and where indicated additional INFγ/TNFα treatment reduced the 

amount of living cells to 50% (Figure 47C and D). Upon addition of Tet to the medium a shift 

of YFP expressing cells from 102 to 103 was observable indicating an induction of Y1-FAT10 

expression and complementation with Y2-OTUB1 (Figure 47E). Infection of these Tet induced 

cells with lentiviruses led to a change in YFP fluorescence: the YFP intensity shifted to the 

right whereas a subpopulation of cells expressed less YFP leading to a double peak of YFP 

fluorescence (Figure 47F). The cells which shifted to the left and did not express YFP anymore 

were positively sorted (Figure 47F) implying that these cells lost their fluorescence due to a 

lack of FAT10ylation of OTUB1. Additional treatment with INFγ/TNFα changed the YFP 

expression even stronger (Figure 47G). Double peak intensity shifted even stronger to the right 

indicating increasing cell stress whereas the amount of cells shifting to the left loosing YFP 

fluorescence was increased (Figure 47G). These cells were positively sorted and cultured as 

well in IMDM medium supplemented with 10% serum, 1% antibiotics and 1% ultra-glutamine. 

To compare the effects an overlay of all histograms depicts these effects as overview (Figure 

47H).  

Similar effects were detectable for HEK-T-REX cells stably expressing Y2-UBE1 (Figure 48). 

Infection with lentiviruses reduced the viable cells again drastically (Figure 48A, B and C, D). 

However, an induction of Y1-FAT10 expression was detectable upon Tet treatment (Figure 

48E) and, again, lentiviral infection led to a bidirectional splitting of YFP fluorescence. One the 
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one hand, one peak shifted to the right indicating increasing cell stress and one the other hand, 

one peak shifted to the left, indicating a loss of YFP complementation and thereby a reduction 

of UBE1 FAT10ylation (Figure 48F). Further treatment with INFγ/TNFα enhanced this 

described effect and led to an even stronger loss of YFP fluorescence (Figure 48G). Both 

lentivirally infected cell lines were positively sorted and cultured in IMDM medium containing 

Figure 47. HEK293 cells stably expressing Y1-FAT10 and Y2-OTUB1 show reduced YFP fluorescence upon lentiviral infection. (A)-
(D) Flow cytometry analysis and gating of living HEK293 cells expressing Y1-FAT10 under Tet control and stably expressing Y2-OTUB1. 
When indicated, cells were treated with Tet ((B)-(D)), infected with lentiviruses carrying the human genome-wide CRISPR knockout library 
((C)-(D)), and were treated with pro-inflammatory cytokines IFNγ/TNFα (D) at the same time as Tet treatment was applied. (E)- (G) Flow 
cytometry histograms of YFP positive cells from (A) - (D). (H) Overlay of all histograms of YFP positive cells from (E) – (G). Sorting of YFP 
positive cells was performed once. For statistical analyses further repetitions will be performed.  
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10% serum, 1% antibiotics and 1% ultra-glutamine. The overview of all histograms is shown 

to depict the described effects in more detail (Figure 48H).  

Taken together, the Bimolecular Fluorescence Complementation could be a useful tool to be 

combined with high throughput screening approaches such as genome-wide libraries. Here, 

Figure 48. HEK293 cells stably expressing Y1-FAT10 and Y2-UBE1 show changes in YFP fluorescence upon genome-wide CRISPR 
knockout. (A)- (D) Flow cytometry analysis and gating of living HEK293 cells expressing Y1-FAT10 under Tet control and stably expressing 
Y2-UBE1. Where indicated, cells were treated with Tet ((B)-(D)), infected with lentiviruses carrying the human genome-wide CRISPR 
knockout library ((C)-(D)), and were treated with pro-inflammatory cytokines IFNγ/TNFα (D) at the same time as Tet treatment was applied.
(E)- (G) Flow cytometry histograms of YFP positive cells from (A)- (D). (H) Overlay of all histograms of YFP positive cells from (E) – (G). 
Sorting of YFP positive cells was performed once. For statistical analyses further repetitions will be performed. 
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we demonstrate that infection of stably FAT10 and substrate expressing cells with lentiviruses 

did show the expected effect of a reduced YFP fluorescence indicating that the genome-wide 

CRISPR knockout library contained gRNAs targeting the E3 ligase specifically mediating the 

FAT10ylation of UBE1 or OTUB1. Eventually by Next Generation Sequencing identified 

candidates will be validated by overexpression and knockdown experiments in cellulo and by 

FAT10 transfer experiments with recombinant proteins in vitro.  

4.3.7 USE1 point mutations within conserved RING or HECT interaction patches 

To investigate whether FAT10 conjugation needs an E3 ligase we mutated several residues 

within the USE1 interaction patches responsible for the interaction with either RING or HECT 

E3 ligases. The USE1 mutants were transiently overexpressed in either HEK293 wt cells or 

USE1 CRISPR KO cells and FAT10 conjugates were analyzed by immunoprecipitation and 

Western blot analysis. FAT10 overexpression in HEK293 wt cells showed a strong 

FAT10ylation pattern (Figure 49, lane 2) whereas knockout of USE1 most probably removed  

Figure 49. Mutations in USE1 E3 interaction patches do not change the overall FAT10ylation pattern. (A) Western blot analysis of 
HEK293 wt cells or HEK293 USE1 CRISPR knockout cells transiently transfected with Flag-FAT10 wt and HA-USE1 variants; USE1 wt, 
lysine-less USE1 (K0), 2 mutations (N180S, A203D), 3 mutations (I160A, N180S, A203D), 4 mutations (I160A, N180S, A203D, and I211E), 
active site mutant versions C188K and C188A. Cell lysates were subjected to immunoprecipitation by using a Flag antibody (M2) coupled to 
agarose and Western blot analysis was performed by using a directly peroxidase labeled Flag (M2) antibody or a rabbit polyclonal antibody 
reactive against endogenous USE1. For loading control detection β-actin was used. Asterisk marks endogenous USE1. Arrow head marks 
overexpressed USE1 without HA tag due to a second starting Met after the HA tag. One representative experiment out of 5 experiments with 
similar outcomes is shown. 
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the covalent FAT10 conjugates leaving non-covalent interacting proteins present (Figure 49, 

lane 4). Additional overexpression of USE1 wt reconstituted FAT10 conjugation to wt level 

(Figure 49, lane 5) where, in contrast, reconstitution with USE1 C188K trapped FAT10 at the 

active center of USE1 and only a reduced FAT10 conjugation was observable (Figure 49, lane 

10). In presence of USE1 C188A almost no FAT10ylation of either USE1 or target proteins 

was detectable (Figure 49, lane 11). Although loading of FAT10 was not equal in every 

reconstituted cell line, overexpression of USE1 patch mutants with either two (N180S, A203D) 

or three mutations (I160A, N180S, A203D) did not change FAT10 conjugation dramatically 

(Figure 49, lanes 7 and 8). In contrast, USE1 with four mutations (I160A, N180S, A203D, 

I211E) reduced FAT10ylation of USE1 drastically but overall FAT10 conjugation was not 

impaired that strongly (Figure 49, lane 9). These data imply that either these patches are 

necessary for ubiquitin conjugation but not for FAT10 and that no E3 ligase exists for FAT10 

or that the wrong residues were mutated. Both possibilities would raise the question how 

FAT10 conjugation with or without an E3 ligase would function since it would be mediated in a 

different manner than ubiquitin conjugation.  

Taken together, we established various approaches to identify the first FAT10-specific E3 

ligase starting from different points of search. An Y2H screen with USE1 as bait, BioID with 

USE1 fused to a constitutively active biotin ligase, active site mutated USE1 C188K was 

constantly charged with FAT10 or interacting proteins were affinity purified with GFP trap. 

Beside these USE1 based assays we established a cascading activity based FAT10 

dehydroalanine probe (FAT10 Dha) to identify members of the FAT10 conjugation machinery. 

At last, Bimolecular Fluorescence Complementation (BiFC) was combined with a lentivirally 

transduced human genome-wide CRISPR knockout inhibiting FAT10ylation of specific 

substrate proteins. To identify the character of the FAT10 E3 discharge assays with free lysine 

or cysteine residues were performed mimicking RING or HECT/RBR E3 ligases.  

Even the hypothesis that FAT10 conjugation does not need an E3 ligase was investigated by 

inserting point mutations in the USE1 RING or HECT/RBR interaction patches. Nevertheless, 

putative FAT10 E3 ligase candidates could not be confirmed neither in overexpression or 

knockdown studies nor in auto-FAT10ylation assays. Whether an E3 ligase exists specifically 

mediating FAT10ylation of target proteins future experimental approaches will have to clarify.  

4.4 Discussion 

More than 600 E3 ligases are described to mediate the transfer of ubiquitin onto target proteins 

[105] whereas for ubiquitin-like proteins such as SUMO, Nedd8 or ISG15 only few E3 ligases 

are known [117]. The ubiquitin-like modifier FAT10 is transferred onto its substrate proteins via 

an enzymatic cascade very similar to ubiquitin. Upon activation by the E1 enzyme UBA6 [125-

127], FAT10 undergoes a transthioester reaction and is transferred from the active site 



 4.4 Discussion 

123 

cysteine of UBA6 onto the catalytic center of the E2 conjugating enzyme USE1 [125, 473]. So 

far, no FAT10-specific E3 ligases are known which is leading to the question whether there is 

one E3 ligase FAT10ylating all substrates or whether several E3s are FAT10ylating specific 

target proteins. Identification of a FAT10-specific E3 ligase would increase the understanding 

of functions and consequences of FAT10ylation under normal and under stress conditions 

such as inflammation or viral infection. An E3 ligase could also be an additional layer of 

regulation which could be especially important to fully understand how FAT10 is regulated and 

controlled and why FAT10 is that strongly upregulated in certain types of cancer.  

To identify an E3 ligase specifically mediating FAT10 conjugation we started the search from 

different points of view. The E2 conjugating enzyme USE1 was used as bait in a Yeast-Two-

Hybrid approach screening a human thymus library for interaction partners (4.3.1). USE1 was 

also point mutated at its catalytically active site (C188K) to link FAT10 covalently to the active 

center and to mimic a FAT10 charged USE1 (4.3.3). Since several E3 ligases are published 

to interact rather with charged than uncharged E2 enzymes [135] this mimicking mutant was 

one way of trapping E3 ligases. Another approach used the interaction between USE1 and 

FAT10 which was stabilized by Bimolecular Fluorescence Complementation (BiFC) to pull 

down interacting proteins with help of a GFP trap (4.3.4). Furthermore, interacting proteins 

coming into close proximity to USE1 became biotinylated by the constitutively active biotin 

ligase BirA* fused to USE1 in a BioID approach (4.3.2).  

Starting the search not with USE1 but with FAT10 a cascading activity based dehydroalanine 

probe (FAT10 Dha) was established and members of the canonical FAT10ylation machinery 

possessing an active site cysteine were tethered by FAT10 Dha (4.3.5). At last, two FAT10 

substrates were used as starting points for the identification of substrate specific FAT10 E3 

ligases. Upon FAT10ylation of these substrates the coupled YFP halves complemented and 

became fluorescent again. When applying a human genome-wide CRISPR knockout library 

by lentiviral infection the YFP fluorescence decreased indicating a loss of substrate specific 

FAT10ylation (4.3.6). Next Generation Sequencing will be used to identify gRNA target genes 

revealing the E3 ligase specifically mediating the FAT10ylation of these two substrate proteins. 

After identification of E3 ligases by using USE1 as bait was not successful, the FAT10 directed 

or substrate directed approaches promised more success and specificity since USE1 could 

also interact with ubiquitin specific E3 ligases since USE1 as well as UBA6 are bispecific 

enzymes mediating the activation and transfer of both ubiquitin and FAT10 [125, 127, 473, 

518]. While searching for a FAT10-specific E3 ligase the question also arose whether FAT10 

needs an E3 ligase or whether there are no E3 ligases existing for the transfer of FAT10 onto 

target proteins. Contradictory data (4.3.7; 4.3.5) were achieved in this work and need to be 

validated and discussed carefully.  
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Besides the question whether E3 ligases for FAT10 existed at all, the applied methods and 

approaches were critically scrutinized and discussed since at the end of every approach a long 

list with several putative E3 ligase candidates was presented but in every case the specific 

validating readout was missing or the specificity of the approach was not strong enough. 

Especially the Yeast-Two-Hybrid screening using USE1 as bait and a human thymus library 

as prey (4.3.1) should have been performed several times to achieve a better overview and 

knowledge how to handle the technical issues. Although the identification and confirmation of 

OTUB1 as novel interaction partner for USE1 and FAT10 proves that the system itself was 

running well the technical control of the screen should have been more stringent.  

Additionally, as indicated before the readout confirming the putative newly identified E3 ligase 

has to be critically questioned. The applied readout was to investigate the overall FAT10ylation 

pattern upon overexpression or knockdown of the putative E3 ligase. However, since we do 

not know how many E3 ligases mediate FAT10ylation and whether their influence is detectable 

on the overall FAT10 conjugates on Western blot, another readout should be applied 

additionally. Several ubiquitin E3 ligases are published to modify themselves upon accepting 

ubiquitin from the E2 enzyme [122]. The auto-ubiquitination is a well described mechanism 

how E3 ligases regulate themselves and are regulated by other members of the ubiquitin 

conjugation machinery [122]. Also FAT10-specific enzymes are known to autoFAT10ylate 

themselves. While it is still unclear how and why UBA6 is autoFAT10ylated USE1 is described 

to auto-modify itself in cis meaning a transfer of FAT10 from the active site cysteine to an 

internal lysine residue without the help of another USE1 molecule [473, 518]. Since the 

autoFAT10ylated USE1 can still accept ubiquitin at its active site the functional consequences 

of this modification still need to be investigated [518]. However, the autoFAT10ylation of the 

specific E1 and E2 enzymes made the readout of the autoFAT10ylation of the putative E3 

ligase a reasonable approach to at least achieve hints whether this candidate could be the 

FAT10-specific E3 ligase. Nevertheless, although E3 ligases such as E6AP, Trim21 or 

RanBP2 became FAT10ylated (JB, unpublished) and Mdm2 could be shown to interact with 

FAT10 in a non-covalent manner, none of these candidates could be fully confirmed as a 

FAT10-specific E3 ligase.  

To increase specificity and to stabilize the most probably very weak and transient interaction 

between USE1 and an E3 ligase the BioID system was established (4.3.2). Fusing USE1 to a 

constitutively active biotin ligase which does not biotinylate target proteins based on a 

consensus but based on close proximity of 10-20 nm [596, 597] could label these interaction 

partners with biotin which interact with USE1 in a very temporary manner. HA tagged fusion of 

USE1 to BirA* did not bring the expected results since biotinylated proteins could not be 

detected. Even the introduction of different and partially very long linkers did not increase the 

amount of biotinylated targets. Different structural problems could be the reason. Most 
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probably the distance between USE1 and BirA* was still not long enough and the biotin ligase 

could not reach USE1 interacting proteins. On the other hand, it might be possible that the 

orientation of either USE1 or BirA* was not correct since even FAT10 which could modify the 

fusion protein with our without inserted linkers was not biotinylated. The activity of BirA* at 

least was not a problem since it was able to biotinylate the fusion protein. This makes it very 

likely that a sterical hindrance was the reason why the construct with N terminal USE1 and C 

terminal BirA* was not successful.  

However, a switched order within the fusion protein and a changed tag (myc-BirA*-USE1) 

solved the sterical problems and biotinylated proteins could be purified from cells and analyzed 

by MS. In addition to the validation problems after achieving a list of putative E3 ligase hits 

positive controls were missing showing whether the system worked at all. Biotinylation of UBA6 

was not detectable which again could be discussed regarding orientation of USE1 and sterical 

hindrance. But since a positive control was lacking in almost all of these approaches a 

successful establishing was never guaranteed. However, concerning BioID one could have 

applied overexpressed ubiquitin together with the fusion protein to identify E3 ligases which if 

not known for their interaction with USE1 at least would have been described as ubiquitin E3 

ligases before.  

To may achieve an overlap of putative positive hits with other screening results another 

approach was established. One single point mutation in the active center of UbcH5B trapped 

ubiquitin at the active site and the complex mimicked a charged E2 conjugating enzyme [135]. 

Since E3 ligases are published to rather interact with charged E2s FAT10 was trapped at the 

active center of USE1 with the same point mutation (C188K) (4.3.3). Although a covalent 

FAT10ylation of USE1 could be detected no interaction partners were identified by MS. 

Furthermore, so far, no differences of USE1 charging with either ubiquitin or FAT10 could be 

described except from the fact that only FAT10 auto-modifies USE1 but not ubiquitin [473, 

518]. However, our in vitro assays show that ubiquitin cannot be loaded onto USE1 C188K 

whereas FAT10 loading was not impaired. So, one explanation could be structural differences 

in the C termini of ubiquitin and FAT10 such as length or bulkiness. Additionally, the surface 

charge of both modifiers in their C terminal region could be a reason why ubiquitin cannot bind 

to USE1 C188K. On the other hand, exchange of the polar uncharged amino acid cysteine to 

a positively charged lysine could alter the organization of the binding pocket of USE1 in a way 

that a selectivity for FAT10 over ubiquitin might be achieved.  

Crystallography based or NMR based analyses of USE1 wt and USE1 C188K in presence of 

ubiquitin or FAT10 could allow new insights into the specificity how USE1 distinguishes 

ubiquitin from FAT10. Nevertheless, this approach did not reveal the FAT10-specific E3 ligase 

although very interesting questions arose from it.  



 4.4 Discussion 

126 

Our next approach was based on the same publication by Plechanovova and colleagues [135]. 

Knowing that E3 ligases are prone to interact with charged E2s we fused USE1 and FAT10 to 

the non-fluorescent halves of YFP and upon interaction YFP was complemented and 

fluorescent again. Furthermore, the complex of USE1 and FAT10 was stabilized by the 

irreversible complementation of YFP (4.3.4). Thereby a charged or auto-modified USE1 was 

mimicked and interacting E3 ligases could be identified by binding to this complex and by being 

purified from cells. For purification the GFP trap was used which only binds complemented 

YFP or GFP. Although Western blot analysis confirmed a complementation gel based analysis 

with Silver stain solution did no confirm bound interaction partners.  

A disadvantage of this approach was undoubtedly that a discrimination between charged and 

covalently modified USE1 was not possible. It is known that E3 ligases interact with charged 

E2s but it is still unclear how E3s behave when the cognate E2 is covalently modified and not 

charged anymore. It might be that the interaction between E3 and FAT10ylated USE1 is 

disrupted as part of a negative feedback loop. Thereby a covalent modification of the 

conjugation machinery would function like a shutdown and blockage of further FAT10 transfer 

onto target proteins. On the other hand, the interaction between E2 and E3 is described as 

very weak and transient even when the E2 is charged [135]. And although the washing 

conditions were very mild, it might be that the interaction was too instable and interaction 

partners were washed off and removed from the complex. However, the approach using a GFP 

trap to prove weak and transient interactions was successful and may be applied in further 

investigations.  

Additionally, while testing the specificity of Y1 or Y2 tagged USE1 and FAT10 we used Y1 and 

Y2 tagged Vav1 (kindly provided by Prof. Dr. Legler, BITG, Kreuzlingen, Switzerland), and we 

identified this small Rho GTPase Vav1 as novel interaction partner for FAT10 and USE1 

indicating that FAT10 may play a further role in interacting and regulating the phosphorylation 

of target proteins beside leading them to proteasomal degradation. Since ubiquitin and 

phosphorylation are already brought into connection via mitochondria depolarization under 

certain stress conditions [601, 602] why should FAT10 not play an additional role in intracellular 

signaling via regulating phosphorylation of target proteins? This would add another layer of 

regulatory impact to the functional consequences of FAT10 and its conjugation.  

The described and discussed approaches used USE1 as starting point for the identification of 

FAT10-specific E3 ligases. Since USE1 is published to be bispecific for ubiquitin and FAT10 

[125, 473] all approaches included a certain risk for being not completely specific for FAT10. 

Therefore, we established the cascading activity based probe where the glycine residue at the 

very end of the C terminus of FAT10 was mutated to cysteine and was then exchanged to 

dehydroalanine by incubating FAT10 GC with the chemical compound 2,4,5-

dibromohexanediamide (DBHDA) (4.3.5). The probe based on a publication by Mulder and 
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colleagues where they presented the dehydroalanine probe for ubiquitin [599]. There they 

performed a first control experiment where the C terminus of ubiquitin was mutated to GA and 

upon overexpression in cells ubiquitin GA was still conjugated to substrate proteins although 

to a less extend than ubiquitin wt [599]. The same was true for FAT10. FAT10 wt formed overall 

modified conjugates whereas FAT10 GC as negative control was not conjugated anymore.  

Additionally, FAT10 GA showed conjugation in a reduced extend. In contrast, conjugation of 

FAT10 GA to the well characterized target protein UBE1 [520, 522] was not observed anymore 

which arose the question which substrate proteins were still FAT10ylated upon GA mutation 

and which were not. An immunoprecipitation of FAT10 GA modified proteins under reducing 

conditions including SDS in the lysis buffer should bring a clear result whether the visible 

FAT10ylation pattern was due to non-covalent interaction partners or due to stable 

conjugations with FAT10 GA. On the other hand, when reducing conditions reveal that the 

remaining FAT10 conjugates are due to non-covalent interactions this would mean that 

mutation to FAT10 GC would abolish not only covalent but also non-covalent interactions. But 

it was already shown for the FAT10 substrates OTUB1 and UBE1 that non-covalent 

interactions were not influenced when the very last residues at the C terminus of FAT10 was 

missing (JB, unpublished).  

The exchange of GC to Dha allowed the FAT10 Dha probe to travel along the conjugation 

pathway. Upon ATP dependent activation FAT10 Dha bound to UBA6 in a covalent (thioether) 

and a non-covalent (thioester) manner and was further transferred onto USE1 whereas 

activation by UBE1 and transfer onto UbcH5B was not possible. With this high specificity for 

its own cognate conjugation machinery FAT10 Dha was added to HEK293 cell lysates. With 

low amounts of FAT10 Dha UBA6 was confirmed as interaction partner since it occurred in 

Western blot analysis in a double band representing both binding states of FAT10 Dha.  

However, with increasing amounts of FAT10 Dha added to the cells the purified UBA6 

decreased indicating that a certain amount of probe was necessary and sufficient to bind the 

E1 enzyme. Higher amounts seemed to disturb the interaction. However, this was partially the 

case for USE1. Whereas FAT10ylation of USE1 is a very stable and robust modification and 

can easily be shown by Western blot analysis upon immunoprecipitation the FAT10 Dha probe 

only bound USE1 via a thioester which was reducible by addition of 2-ME in the gel sample 

buffer. Whether this was due to a fast transfer onto the E3 ligase or whether the stable 

conjugate was degraded by the proteasome was not investigated and could thereby not be 

clarified. But somehow, the FAT10 Dha probe behaved slightly different in cells than in in vitro 

experiments. However, the E3 ligases which were identified by MS analyses could not be 

confirmed in further evaluating experiments leading again to the question whether the readout 

of validation should be changed or improved.  
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Besides using USE1 and FAT10 as starting points for the identification of a FAT10-specific E3 

ligase we established one last screening approach by combining the BiFC based analysis of 

interactions with a genome-wide lentivirally induced CRISPR knockout (4.3.6). Y1 tagged 

FAT10 was expressed under the control of a Tetracycline (Tet)-dependent promotor and Y2 

tagged substrates UBE1 or OTUB1 were stably and constantly expressed. By using flow 

cytometry the complementation of YFP upon FAT10ylation of the target proteins could be 

validated. Lentivirally induced CRISPR knockout of interaction mediating factors would result 

in decrease or complete inhibition of YFP fluorescence. Although both UBE1 and OTUB1 

interact with FAT10 in a covalent and non-covalent manner the covalent interaction was 

evaluated to have a higher impact on YFP complementation than the non-covalent interaction 

(data not shown) leading to the conclusion that both target proteins were feasible for this 

screen.  

And indeed, induction of Y1-FAT10 expression upon addition of Tet to the cells led to a 

complementation of YFP by FAT10 interacting with USE1, UBE1 or OTUB1. Surprisingly, the 

application of UBA6-specific siRNA mediating the knockdown of UBA6 did not bring the 

expected reduction of YFP fluorescence. It might be that siRNA transfection was too stressful 

for the cells and auto-fluorescence was increased overruling the UBA6-mediated effect. 

Former experiments also showed that siRNA treatment reduced FAT10 expression and 

already treatment with negative control siRNA already diminished FAT10 amounts. So, the 

change to a CRISPR knockout system was a possible solution to circumvent the siRNA 

mediated side effects. In contrast, USE1-specific siRNA reduced YFP complementation as 

expected indicating that the system was functional in its principle. Upon infection with 

lentiviruses carrying the CRISPR knockout library a shift in YFP fluorescence was observable. 

A subpopulation of cells did not show YFP fluorescence anymore whereas half of the 

population possessed normal YFP fluorescence indicating that indeed, in some cells a FAT10 

conjugation mediating factor was knocked out. The additional treatment of infected cells with 

IFNγ/TNFα enlarged the non-fluorescent subpopulation even more. If FAT10 deconjugating 

enzymes were induced or whether cells died due to this double treatment was not possible to 

be clarified.  

The BiFC was chosen, since transient and weak interactions are stabilized by the 

complementation of YFP. On the other hand, BIFC does not enable verification of dynamic 

interactions. This makes the system vulnerable for false positive results. Additionally, a close 

interaction between two proteins is sufficient to target YFP for complementation. In principle, 

a non-covalent interaction but not covalent FAT10ylation could be enough to induce YFP 

complementation. To increase specificity of the system one could use a transient 

complementation such as a split luciferase system or applications such as Bioluminescence 

Resonance Energy Transfer (BRET) monitoring protein-protein interactions with very small 
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distances. Unfortunately, BRET assays are not yet applicable for high throughput screenings. 

However, confocal screening microscopy can be performed as high throughput assay imaging 

fluorescence complementation in 96 well plates at facilities such as the screening facility at the 

University of Konstanz. However, so far it is unclear, whether with BiFC or BRET such clear 

screening results can be achieved which can then be monitored by high throughput microscopy 

screening. Furthermore, microarray assays with spotted proteins on array plates could be 

applied to identify novel interaction partners of FAT10 and its conjugating proteins. 

Unfortunately, first trials in cooperation with Cambridge Protein Arrays providing HuProt human 

proteome microarrays revealed a high prevalence of FAT10 binding to glass slides, plastic 

plates or any other array material. Point mutations in FAT10 or changes in incubation or 

washing conditions could maybe reduce the background binding of FAT10 to the array material 

so that clear data could be achieved.  

After all approaches we established and applied to identify a FAT10-specific E3 ligase, 

evaluating experiments were performed to confirm the putative novel interaction partner and 

E3 ligase. Besides overexpression and knockdown of these interaction partners the auto-

modification of the E3 by FAT10 was investigated. Although some E3s were shown to interact 

in a covalent or non-covalent manner with FAT10 further experiments could not clarify whether 

the candidate was the E3 ligase for FAT10 or not.  

Another method to confirm putative FAT10-specific E3 ligases was the discharge of FAT10 

from USE1 by free amino acids compared to E3 ligases overexpressed and purified from 

HEK293 cells. Rachel Klevit and colleagues published that the presence of free lysine residues 

mimicking RING E3 ligases or the presence of free cysteine residues mimicking RBR or HECT 

E3 ligases could clear ubiquitin from E2 conjugating enzymes such as UbcH5B [347] indicating 

the preference of E2s interacting with their cognate E3s mimicked by free amino acids. 

Ubiquitin was shown to be discharged from USE1 by the presence of free cysteines but not by 

free lysines (Aichem, unpublished) whereas for FAT10 it was not clear at this time which type 

of E3 would discharge FAT10 from USE1.  

Although we could show a removal of FAT10 from USE1 by free cysteine residues (4.3.1) this 

approach was not free from doubts since we could not prove whether FAT10 was removed 

from USE1 by free amino acids or whether FAT10 was removed from UBA6 by free cysteines 

and never reached USE1 to be discharged from the E2. Additionally, all tested E3 ligases 

purified from HEK293 cells were RING E3 ligases and as it was shown before that free lysine 

residues did not change the charging status of USE1~FAT10 it was very unlikely that one of 

these candidates could function as the first FAT10-specific E3 ligase.  

To control this discharge assay in a better way UBA6, USE1 and FAT10 should have been 

incubated first to achieve a loading of USE1 by FAT10 and then in a second step free amino 

acids should have been added. An additional inhibition of further activation and transfer of 
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FAT10 by addition of NEM and EDTA could have been helpful since this inhibition of active 

site cysteines would have not disturbed the activity of the added RING E3 ligases.  

In later performed discharge assays with FAT10 C0 C134L GA this trap was circumvented by 

addition of free amino acids after charging of USE1 by UBA6 and FAT10 and after blocking of 

the active sites by addition of NEM (4.3.5). In these in vitro assays we could confirm that 

USE1~FAT10 GA was discharged by free cysteine residues rather than by free lysine residues 

implying that the FAT10-specific E3 ligase should contain an active site cysteine. In contrast, 

FAT10 C0 C134L wt was not discharged from USE1 at all indicating that USE1 was auto-

FAT10ylated immediately after charging with FAT10. This was supported by the finding that 

FAT10 GA was completely reducible from UBA6 and USE1 (data not shown) in contrast to 

FAT10 GG which was still bound to UBA6 and USE1 under reducing conditions implying an 

auto-modification of the enzymes. On the other hand, the fact that FAT10 wt was not 

discharged from USE1 by neither Lys nor Cys could also indicate that an E3 ligase for FAT10 

should function somehow differently than it was shown for ubiquitin E3 ligases or that there is 

no E3 ligase existing for FAT10. In this case the question arises how FAT10ylation of substrate 

proteins should be achieved in the absence of E3 ligases mediating this step for other ubiquitin-

like modifiers.  

The question whether FAT10 needs an E3 ligase was raised when we started searching for 

an E3 ligase. If there is no E3 mediating FAT10ylation of target proteins then how is this 

achieved? Hints that FAT10ylation occurs in the absence of E3s could be given in in vitro 

experiments. For several substrates it was shown that FAT10ylation was achieved in presence 

of only UBA6 and USE1 ([520], JB, unpublished). Furthermore, in some cases the sole 

presence of UBA6 was sufficient to FAT10ylate target proteins under in vitro conditions ([520], 

JB, unpublished). In contrast, other substrate proteins were not FAT10ylated under these 

conditions at all (data not shown) indicating that at least for some FAT10 substrates 

prerequisites such as phosphorylation or other post-translational modifications should be 

present or that an E3 ligase is indeed necessary to FAT10ylate these substrate proteins. 

Another possibility arose from searching through the SUMO related literature. There, SUMO 

can be conjugated to substrate proteins in vitro with only the help from E1 and E2 [568] but 

presence of an E3 would increase the speed and efficiency of SUMOylation clearly [603]. 

However, to prove this method of acting for FAT10 an E3 ligase first has to be identified.  

To further investigate this hypothesis the USE1 structure was taken into account. Structural 

analysis of USE1 and an overlay with other E2 conjugating enzymes revealed a strong 

structural similarity between USE1 and UbcH5B whereas sequence similarities could not be 

observed [517]. UbcH5B is published to interact with both RING and HECT type E3 ligases 

[217, 374], indicating that also USE1 could interact with both such types of E3 ligases. UbcH5B 

contains certain residues which when mutated disrupt the interaction of the E2 with E3 ligases 
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indicating that only a small number of residues was sufficient to mediate this interaction [217, 

347, 517]. Similar residues even if not conserved were found in USE1 and were mutated based 

on the given characteristics of UbcH5B. Overexpression of these USE1 mutants in HEK293 

wt or HEK293 USE1 CRISPR knockout cells did not change the overall FAT10ylation pattern 

indicating that the patches were not as conserved as expected and wrong residues were 

exchanged (4.3.7). On the other hand, these data could imply that the interaction between 

USE1 and an E3 ligase was not necessary to transfer FAT10 onto target proteins. This in turn, 

would raise again the question whether FAT10 E3 ligases are needed or how they function 

and mediate the FAT10 transfer. If FAT10 does not need an E3 ligase for conjugation would it 

be possible that FAT10 could tether its substrate proteins by its own? Given the fact that the 

N terminal domain of FAT10 is easily unfolded FAT10 could interact with its substrate proteins 

via its variable N domain in a non-covalent manner and thereby could pull the substrate 

proteins into close proximity of its own C terminal GG motif and the active center of USE1. In 

a second step, the substrate protein would be tethered in a non-covalent bond within the 

complex, USE1 would transfer the FAT10 C terminus and thereby the GG motif onto an internal 

lysine residue of the substrate protein and an isopeptide linkage would be formed. This 

hypothesis could explain why we were not able to identify an E3 ligase for FAT10, why an 

autoFAT10ylated USE1 is still functionally active and why a FAT10 without its short flexible 

linker is not conjugated to substrate proteins anymore (Aichem, 2018; manuscript in 

preparation). Although this is pure speculation it would open up a completely new mechanism 

how FAT10 is transferred onto target proteins and would raise another point in which FAT10 

differs from ubiquitin.  

4.5 Materials and Methods 

4.5.1 Yeast-Two-Hybrid Screening  

4.5.1.1 Theoretical background, constructs 

The Yeast-Two-Hybrid (Y2H) system was established on the basis of the dual structure of 

eukaryotic transcription factors, consisting of a DNA binding domain (DBD) and an activation 

domain (AD) (Dualsystems Biotech AG, Schlieren, Switzerland). The DBD binds to a promotor 

region upstream of the target gene, the AD recruits RNA polymerases for induction of 

transcription. In the Y2H system the DBD is bound to the bait, the protein of interest, and the 

AD is fused to an interaction partner or a screening library. When separately expressed neither 

bait nor prey can induce transcription of the reporter gene. When bait and prey are co-

expressed, or the bait interacts with an interaction partner included in the screening library, the 

transcription factor is complemented and transcription of the reporter gene is induced. This 

transcriptional activation is measured by growth in selective auxotrophic synthetic dropout 
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medium (SD medium) containing a defined amino acid composition, leaving out either 

tryptophane (-T) (encoded on the prey plasmid), leucine (-L) (encoded on the bait plasmid), 

both amino acids (-TL), or trp, leu and histidine (-TLH medium) to select for clones with 

interacting bait and prey proteins. 3-AT (3-Amino-1, 2, 4-triazole, Sigma-Aldrich, Buchs, 

Switzerland) is added to the selective –TLH medium to reduce background activation of the 

sometimes leaky endogenous Histidine production.  

In this study, the DBD domain was bound to the E2 conjugating enzyme USE1 (pLexA-N-

USE1, unpublished), cloned and kindly provided by Dr. Annette Aichem, and the AD domain 

was fused to a human thymus Matchmaker cDNA library (Clontech Laboratories, Inc., Takara, 

Mountain View, CA, US) which was kindly prepared by Dr. Annette Aichem. As negative control 

pLexA-Lamin-C (Dualsystems) was used. FAT10 was used as positive control (pACT2-FAT10, 

Dr. Stella Ryu, unpublished).  

4.5.1.2 Yeast culture 

The Saccharomyces cerevisiae NMY51 reporter strain (MATa his3delta200 trp1-901 leu2-

3,112 ade2 LYS2::(lexAop)4-HIS3 ura3::(lexAop)8-lacZ (lexAop)8-ADE2 GAL4) 

(Dualsystems) was grown either in liquid culture or on plates containing YPAD medium at 

30°C. For selection and screening yeast was grown in liquid culture or on plates containing SD 

medium lacking Leucine, Tryptophan and Histidine (-TLH) at 30°C. A pilot screen was 

performed examining different concentrations of 3-AT (3-Amino-1,2,4-triazole, Sigma-Aldrich, 

Buchs, Switzerland). For the final screen 5 mM 3-AT were applied.  

4.5.1.3 Screening procedure 

The Yeast-Two-Hybrid screen was performed according to Manufacturer’s protocol 

(Dualhybrid Kit, Dualsystems), briefly after bait construction and tests for self-activation, 

NMY51 was transformed with the bait expression vector pLex-A-N-USE1. Afterwards, a pilot 

screen was performed for optimization of the screening stringency, examining the 3-AT 

concentration for the final screen. There, the cDNA library was transformed into bait expressing 

NMY51 cells and interaction partners of USE1 were identified by assessing the growth on 

selective medium containing 5 mM 3-AT determined in the pilot screen. Positive (white) 

colonies were selected from negative (red) colonies and positive clones were subjected to β-

galactosidase (lacZ) assay (blue white selection). Positive (blue) colonies were restreaked 

onto selective plates and subjected to a second β-galactosidase assay. Plasmids were isolated 

from yeast clones and transformed into TOP10F’ chemically competent E.coli. For each yeast 

clone two independent bacteria colonies were picked and plasmid DNA was prepared. By 

restriction digest using BglII (Fast Digest, Thermo Fisher Scientific, Reinach, Switzerland) the 

insert size was examined. Clones containing an insert were retransformed into NMY51 
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together with negative control vector pLex-A-Lamin-C and growth was assessed on selective 

plates.  

Positive hits were sequenced (Microsynth AG, Balgach, Switzerland) to identify the cDNA 

encoding the interaction partner of USE1. When Yeast clones contained inserts with identical 

size, only clone A was sequenced.  

4.5.1.4 Validation of positive hits in cellulo 

Plasmids for transient overexpression of putative interaction partners were ordered (FbxO11, 

Origene) or were kind gifts from Prof. Dr. Martin Scheffner (University of Konstanz; Flag-Mdm2, 

HA-HdmX), Dr. Cynthia Wolberger (OTUB1 variants), and Dr. Wade Harper (UBR2). New 

interaction partners were examined by overexpression in HEK293 cells together with USE1 

and co-immunoprecipitations were performed as described earlier in this work. Additionally, 

the influence of these interactors on the overall FAT10 conjugates was assessed by 

overexpression or knockdown by specific siRNAs in HEK293 cells with subsequent 

immunoprecipitation of FAT10 as described before [573].  

4.5.1.5 Validation of positive hits in vitro 

Putative interaction partners were overexpressed in HEK293 cells and, after lysis, were 

subjected to immunoprecipitation by using the relevant antibody for each tagged interaction 

partner. Coupled to agarose the interaction partners were mixed and incubated for 60 min at 

30°C with recombinant Flag-UBA6 (0.1 mg/ml; Enzo LifeSciences), His-USE1 (0.6 mg/ml; 

[473]) and tagless FAT10 (0.4 mg/ml; [518]). Free amino acids Lys or Ser (both 50 μM; Sigma) 

were applied at the same time as positive control. Western blot analysis was performed by 

using a directly peroxidase labeled antibody detecting the 6His tag of USE1 or by using the 

monoclonal mouse FAT10 antibody 4F1 [526].  

4.5.2 BioID 

4.5.2.1 Theoretical background, constructs, cloning 

The BioID approach was developed to especially detect transient, low affinity protein-protein 

interactions in intact mammalian cells [596, 597]. In BioID the biotin ligase BirA carries a point 

mutation (R118G, BirA*) which renders it constitutively active and which allows biotinylation 

not relying on a consensus sequence but on proximity of 10-20 nm. By this, exposed lysine 

residues of target proteins become biotinylated when interaction partners reach the close 

range after addition of biotin to the cells.  

Here, the FAT10 E2 conjugating enzyme USE1 was fused N terminally to an HA tagged biotin 

ligase (pcDNA3.1-USE1-BirA*-HA). The PCR and restriction digest based insertion was 
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performed by using the following primers and restriction enzymes, respectively: forward 5’-

CCGGAATTCATGGCGGAGAGTCCGACTGAGGAGGC-3’ (EcoRI), reverse 5’-

CGCGGATCCCTAAACCCTCAGGCTCCCATGAAGG-3’, (BamHI, both FastDigest, Thermo 

Fisher Scientific). USE1 was lacking a stop codon for the insertion. To increase the range of 

USE1 and BirA* two linker variants of 2xGlycine-Serine-4xGlycine or 4GS4G were inserted 

into the space between USE1 and the biotin ligase (pcDNA3.1-USE1-Linker-BirA*-HA). Since 

site-directed mutagenesis was not successful, USE1-4GS4G and USE1-2GS2G were newly 

inserted via PCR and restriction digest, using the similar restriction enzymes and the described 

forward primer in combination with the following reverse primer: 4GS4G: 5’-GGATCC 

ACCTCCGCCACTGCCTCCTCCACCAACCCTCAGGCTCCCATGAAGGTCTGTCTC-3’, and 

2GS2G: 5’-CGCGGATTCACCACTTCCACCAACCCTCAGGCTCCCATGAAGGTCTGTCTC-

3’. As a second approach USE1 was fused C terminally to a myc tagged BirA* (pcDNA3-myc-

BirA*-USE1). PCR and restriction digest were performed with the similar forward primer as for 

HA tagged BioID: 5’- CCGGAATTCATGGCGGAGAGTCCGACTGAGGAGGC-3’ (EcoRI), and 

with the following reverse primer (including a stop codon): 5’-

CTCGGATCCCTAAACCCTCAGG CTCCCATGAAGG-3’ (BamHI) (both FastDigest, Thermo 

Fisher Scientific). All cloning results were confirmed by sequencing (Microsynth AG, Balgach, 

Switzerland).  

4.5.2.2 Establishing of and screening with BioID 

HEK293 cells were transiently transfected with expression plasmids for USE1-BirA*, HA-UBA6 

[127] and His3xFlag-FAT10 [125] where indicated by using the TransIT®-LT1 Transfection 

Reagent according to manufacturer’s protocol (Mirus Bio LLC, Madison, WI, US). Where 

indicated, endogenous FAT10 expression was induced by treating HEK293 cells with pro-

inflammatory cytokines interferon γ (IFNγ, 200 U/mL) and tumor necrosis factor α (TNFα, 400 

U/mL) (both from Peprotech GmbH, Hamburg, Germany) as recently described [573]. 24 hours 

after transfection 0.1 mM biotin (Sigma) was added to the cells and after further 24 hours cells 

were lysed on ice for 30 min in lysis buffer containing 20 mM Tris/HCl (pH7.6), 50 mM NaCl, 

10 mM MgCl2, and 1 % Nonidet P-40, supplemented with 1x protease inhibitor mix (complete 

mini EDTA-free protease inhibitor cocktail; Roche, Rotkreuz, Switzerland). Cleared lysates 

were subjected to pulldown with streptavidin immobilized on agarose (Sigma) with subsequent 

Western blot analysis of biotinylated interaction partners by using a directly peroxidase 

conjugated anti-biotin antibody (Jackson ImmunoResearch Europe Ltd, Ely/Cambridge, UK), 

an anti HA antibody clone 7 directly conjugated to peroxidase (Sigma), a directly peroxidase 

labeled anti-Flag M2 antibody (Sigma) or a mouse monoclonal antibody against c-myc (clone 

9E10, Sigma). An antibody against β-actin (AC-15; Abcam) was used for loading control 

detection. 
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To screen for interaction partners the immunoprecipitated proteins were separated on 4-12 % 

NuPAGE Bis-Tris gradient gels (Invitrogen, Thermo Fisher Scientific) with subsequent Silver 

staining. Mass spectrometric analyses were kindly performed by the proteomics facility at the 

University of Konstanz, Germany.  

4.5.3 USE1 C188K 

4.5.3.1 Theoretical background, constructs, cloning 

E2 conjugating enzymes such as UbcH5B are charged by accepting ubiquitin from the E1 

activating enzyme and by loading the modifier onto their active site cysteine. When this 

cysteine is mutated to serine or alanine the modifier cannot be bound anymore. In contrast, 

when exchanging cysteine to lysine in the active center UbcH5B can still accept and bind 

ubiquitin [135]. Thereby ubiquitin is not bound at the active site of the E2 by a thioester linkage 

but via an isopeptide linkage. This complex then mimics an ubiquitin charged E2 conjugating 

enzyme. Since E3 ligases are published to show an increased interaction with charged rather 

than with uncharged E2s this method can be applied to identify E3 ligases which interact with 

the E2 of interest. Additionally, analyses of structures and interaction patterns of E2s loaded 

by ubiquitin or FAT10 are easier to perform since the isopeptide linkage is not reducible in 

contrast to a thioester linkage.  

Here, the catalytic cysteine of USE1 was mutated to a lysine residue (C188K) by site-directed 

mutagenesis in either the mammalian expression vector pcDNA3-His-USE1 [473] or the 

bacterial expression vector pDEST17-His-USE1 (kindly provided by W. Harper) by using the 

following mutagenesis primers: forward 5’-CTTCTACCGCAATGGGAAA 

GTCAAGTTGAGTATTCTAGGTACATGG-3’, and reverse CCATGTACCTAGAATAC 

TCAACTTGACTTTCCCATTGCGGTAGAAG-3’. Successful cloning was confirmed by 

sequencing (Microsynth).  

4.5.3.2 Bacterial expression and purification of recombinant His-USE1 C188K 

The E.coli strain BL21 (DE3) was transformed with the expression plasmids pDEST17-His-

USE1 C188K and a LB starting culture was grown over night at 37°C. After dilution to OD=0.2 

in modified LB medium bacteria were grown to an OD=0.6 and bacterial expression was 

induced by addition of 0.4 mM IPTG (Isopropyl β-D-1-thiogalactopyranoside; Roth AG, 

Arlesheim, Switzerland). After growth of 5 hours at room temperature cells were resuspended 

in binding buffer containing 50 mM Tris, pH7.5, 150 mM NaCl, 20 mM imidazole, supplemented 

with 1x protease inhibitor mix (complete mini EDTA-free protease inhibitor cocktail; Roche) 

and macerated by using the cell disruptor (Constant Cell Disruption Systems). Cleared lysates 

were subjected to affinity chromatography by using His60 Ni Superflow resin (Takara Bio 
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Europe, Saint-Germain-en-Laye France). After washing the resin twice with binding buffer 

proteins were eluted by addition of elution buffer containing 50 mM Tris, pH7.5, 150 mM NaCl, 

200 mM imidazole, supplemented with 1x protease inhibitor mix (Roche). Eluate was dialyzed 

into storage buffer consisting of 50 mM Tris, pH7.5, 150 mM NaCl and 5% glycerol. Aliquoted 

protein was frozen in liquid nitrogen and was stored at -80°C. Purity was assessed by Western 

blot analysis using a directly peroxidase labeled anti-6His antibody (Sigma).  

4.5.3.3 In vitro charging of USE1 

For in vitro charging assays recombinant Flag-UBA6 (0.1 μg), His-USE1 wt (3 μg), His-USE1 

C188K (4 μg), His-ubiquitin (5 μg; Enzo LifeSciences) and tagless FAT10 (2 μg; [518]) were 

incubated for 60 min at 30°C in buffer containing 20 mM Tris/HCl, pH7.6, 50 mM NaCl, 10 mM 

MgCl2, 4 mM ATP, 0.1 mM DTT, and 1x Protease inhibitor mix (Roche) [127]. Reaction was 

stopped by addition of 5 x gel sample buffer either with or without 10% 2-mercaptoethanol. 

Proteins were separated on 4-12% NuPAGE Bis-Tris gradient gels (Invitrogen, Thermo Fisher 

Scientific) with subsequent Western blot analysis using the anti-6His-POX antibody (Sigma).  

4.5.3.4 Expression of and screening with USE1 C188K 

Transiently His-USE1 wt or C188K expressing HEK293 cells were lysed on ice for 30 min in 

lysis buffer containing 20 mM Tris/HCl (pH7.6), 50 mM NaCl, 10 mM MgCl2, and 0.2 % Nonidet 

P-40, supplemented with 1x protease inhibitor mix (Roche). Cleared lysates were mixed and 

incubated with anti HA coupled agarose (clone 7, Sigma) for 1 h at 8°C. After washing with 

high salt (650 mM, 5 mM EDTA, 50 mM Tris, pH8.0, 0.5% Triton X-100) and low salt buffer 

(150 mM NaCl, 5 mM EDTA, 50 mM Tris, pH8.0, 0.5% Triton X-100) proteins were separated 

on 4-12% NuPAGE Bis-Tris gradient gels (Invitrogen, Thermo Fisher Scientific) followed by 

Western blot analysis using directly peroxidase linked antibodies reactive against HA (clone 7, 

Sigma) and Flag (M2, Sigma). An antibody against β-actin was used for loading control 

detection (AC-15, Abcam). For mass spectrometry analysis SDS gels were stained with Silver 

stain solution (Thermo Fisher Scientific).  

4.5.4 GFP Trap 

4.5.4.1 Theoretical background, constructs, cloning 

The Bimolecular Fluorescence Complementation (BiFC) was invented to visualize transient 

protein-protein interactions in technical approaches such as confocal microscopy or flow 

cytometry [592, 598]. The non-fluorescent halves of the yellow fluorescent protein YFP are 

fused to two proteins investigated for their interaction status. Upon interaction, YFP 

complements and fluorescence emission is measurable. The GFP trap (Chromotek, Planegg-
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Martinsried, Germany) was developed to detect only the complemented GFP or YFP enabling 

a detection of protein-protein interactions by pulldown approaches with subsequent Western 

blotting. Here, the GFP trap was used to pull down a FAT10 charged or covalently modified 

USE1. Since some E3 ligases only interact with E2 conjugating enzymes when these are 

charged with a modifier [135, 212] the trap enables pull down of E3 ligases interacting with a 

FAT10 charged or modified USE1.  

In this work, FAT10 was N terminally fused to the N terminal part of YFP (pcDNA3-Y1-FAT10), 

and USE1 was fused N terminally to the C terminal part of YFP (pcDNA3-Y2-USE1). Insertion 

of FAT10 into pcDNA3-Y1 was achieved by PCR and restriction digest using the following 

primers and restriction enzymes, respectively: forward 5’CCGCTCGAGGAA 

TGGCTCCCAATGCTTCCTG-3’ (XhoI), and reverse 5’-GATCTCTAGATCACCCTCC 

AATACAATAAGATG-3’ (XbaI, both FastDigest, Thermo Fisher Scientific). PCR and restriction 

digest were also used to insert USE1 into pcDNA3-Y2 by using the following primers and 

restriction enzymes, respectively: forward 5’ CCGCTCGAGGAATG 

GCGGAGAGTCCGACTGAGG-3’ (XhoI), and reverse 5’-GATCTCTAGACTAAACCC 

TCAGGCTCCCATGAAG-3’ (XbaI, both FastDigest, Thermo Fisher Scientific). As positive and 

negative control Y2-USE1 C188K and Y2-USE1 C188A were used, respectively. Point 

mutations were inserted by performing a site-directed mutagenesis with the following primers: 

C188K: forward 5’-CTTCTACCGCAATGGGAAAGTCAAGTTGAGTATTCTAGGTACATGG-

3’, and reverse CCATGTACCTAGAATACTCAACTTGACTTTCCCATTGCGGTAGAAG-3’; 

C188A: forward 5’- CTACCGCAATGGGAAAGTCGCCTTGAGTATTCTAGGTACA-3’, and 

reverse 5’-TGTACCTAGAATACTCAAGGCGACTTTCCCATTGCGGTAG-3’. Successful 

cloning was confirmed by sequencing (Microsynth).  

4.5.4.2 Verification of YFP complementation by flow cytometry analysis and confocal 

microscopy 

HEK293 cells were transiently transfected with expression plasmids for Y1-FAT10, Y2-USE1 

and its mutants C188A and C188K. 24 hours after transfection cells were washed once in cold 

PBS, and were removed from the plate by addition of Trypsin/EDTA (Lonza Group Ltd, Basel, 

Switzerland). After two further wash steps with cold PBS cells were subjected to flow cytometry 

analysis measuring the YFP fluorescence emission.  

Plasmids for expression of Y1 or Y2 tagged CCR7 [604], and Y1 or Y2 tagged Vav1 were kind 

gifts from Prof. Dr. Daniel F. Legler (Biotechnology Institute Thurgau, Kreuzlingen, 

Switzerland). Sample preparation for confocal microscopy was performed as followed: 

HEK293 cells (5x104 cells) were seeded on glass cover slips in 6well plates. 24 h later cells 

were transfected with 1 μg plasmid DNA as described earlier in this work and after further 24 

h cells were washed twice with PBS followed by fixation using 4 % paraformaldehyde. Cells 
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were washed twice with washing buffer containing 20 mM Glycine and 3 % BSA in PBS and 

were permeabilized by using a standard buffer containing 0.2 % Triton X-100, 1 % SDS, 20 

mM Glycine and 3 % BSA in PBS. After washing twice with washing buffer cells were stained 

with primary antibodies detecting the N terminal part of YFP (anti-GFP rabbit mAB, Abcam) 

and the C terminal part of YFP (anti-GFP mouse mAB, Roche). After another two washing 

steps secondary antibodies were applied: Alexa Fluor 568 goat-anti-rabbit for Y1 (Thermo 

Fisher Scientific) and Alexa Fluor 647 goat-anti-mouse (Thermo Fisher Scientific) for Y2 

detection. Stained cells were washed twice with PBS and coverslips were fixed on glass slides 

by using mounting medium (Sigma). Slides were stored at 4°C until microscopic analysis. 

Images were taken by using the Leica SP5 confocal microscope.  

4.5.4.3 GFP trap experiments 

HEK293 cells transiently expressing Y1-FAT10, Y2-USE1 wt and mutants C188A and C188K 

were lysed on ice for 30 min in lysis buffer containing 20 mM Tris/HCl (pH7.6), 50 mM NaCl, 

10 mM MgCl2, and 1 % Nonidet P-40, supplemented with 1x protease inhibitor mix (complete 

mini EDTA-free protease inhibitor cocktail; Roche). GFP trap (Chromotek) was added to 

cleared lysates and was incubated for 1 h at 4°C. After washing with high salt (650 mM NaCl) 

and low salt buffer (150 mM NaCl, 5 mM EDTA, 50 mM Tris, pH8.0, 0.5% Triton X-100) proteins 

were separated according to their size by loading onto 4-12% NuPAGE Bis-Tris gradient gels 

(Invitrogen, Thermo Fisher Scientific). Subsequent Western blot analysis was performed by 

using a rabbit monoclonal antibody against the N terminal part of GFP/YFP (E385, Abcam), a 

mouse monoclonal antibody against the C terminal part of GFP/YFP (clones 13.1 and 7.1, 

Roche), and a mouse monoclonal antibody against β-actin (AC-15, Abcam) was used for 

loading control detection. Goat anti mouse or goat anti rabbit antibodies directly conjugated to 

HRP (Jackson ImmunoResearch) were used as secondary antibodies. To detect proteins 

separated on SDS page for mass spectrometry analysis gels were stained with Colloidal 

Coomassie (Gentaur, Aachen, Germany).  

4.5.5 FAT10 dehydroalanine activity based probe 

4.5.5.1 Theoretical background, constructs, cloning 

Ubiquitin probes were established to conduct structural studies, to achieve a proteome-wide 

profiling and to monitor enzymatic activity in living cells [599]. In contrast to former ubiquitin 

probes which react more or less specifically with active site cysteine containing proteins 

independently from conjugation and deconjugation, the cascading ubiquitin probe can travel 

downstream from the E1 to the E2 and further on onto the E3 ligase possessing a catalytic 

cysteine residue [599]. Furthermore, the ubiquitin dehydroalanine (Dha) is activated in an ATP-
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dependent manner specifically by its cognate E1 activating enzyme. Traveling through the 

canonical pathway ubiquitin Dha is able to either form a cleavable, thioester linkage with the 

catalytic cysteine residue of E1, E2 and E3 or it forms a thioether linkage which is not cleavable 

or reducible anymore. By this, the cascading activity based ubiquitin Dha probe is feasible to 

trap enzymes of the conjugation machinery containing an active site cysteine residue [599]. 

Even RING E3 ligases could be identified with ubiquitin Dha most probably being pulled down 

in complex with their cognate E2 conjugating enzyme [599]. To achieve ubiquitin Dha the very 

last C terminal glycine residue is mutated to a cysteine residue and ubiquitin GC is incubated 

with 2,4,5-dibromohexanediamide (DBHDA). Thereby, the cysteine residue is substituted to 

an electrophilic dehydroalanine and allows ubiquitin Dha to undergo sequential trans-

thioesterification throughout the cascade upon ATP-dependent activation [599].  

Since for FAT10 only one E1 enzyme, one E2 enzyme and no E3 ligases are known, an activity 

based FAT10 Dha probe can provide further insights into the conjugation pathway and can 

help to identify novel members of the conjugation machinery. Here, all cysteine residues of 

FAT10 were exchanged to serine residues (FAT10 C0) except from one at position 134 where 

cysteine was mutated to leucine due to stability reasons (FAT10 C0 C134L). To achieve HA 

tagged FAT10 C0 C134L a PCR and restriction digest based transfer of HA-FAT10 C0 from 

pTYB2-HA-FAT10C0 (Nicola Catone, BITG, unpublished) was performed by using the 

following primers and restriction enzymes, respectively: forward: 5’-

CCAGTGCCTCTCAGGTGGTTACCCCTACGACGTGCCCGAC-3’ (isoschizomere for BsaI: 

BsmBI), and reverse: 5’-GTGCTCGAGCTAACATCCAATAGAATAAGATG-3’ (XhoI; both 

FastDigest, Thermo Fisher Scientific). A site-directed mutagenesis (SDM) was performed with 

the following primers to achieve C134L: forward: 5’-CCCTGAAACCCAGATTGTGA 

CTCTGAATGGAAAGAGACTGGAAGATG-3’, and reverse: 5’-CATCTTCCAGTCTC 

TTTCCATTCAGAGTCACAATCTGGGTTTCAGGG. As positive control FAT10 GA was 

created by site-directed mutagenesis by using the following primer: forward: 5’-

CCTGGCATCTTATTCTATTG GAGCTTAGCTCGAGCACCACCC-3’, and reverse: 5’-

GGGTGGTGCTCGAG CTAAGCTCCAATAGAATAAGATGCCAGG-3’. Wildtype HA-FAT10 

C0 C134L GG was produced by SDM using the following primers: forward: 5’-

CCTGGCATCTTATTCTATTGGAGGTTAGCTCGAGCACCAC-3’, and reverse: 5’-

GTGGTGCTCGAGCTAACCTCCAATAGAATAAGATGCCAGG-3’. In summary, three 

expression constructs were used for experiments: 6His-pSUMO-HA-FAT10 C0 C134L GG, 

GC and GA.  

In pcDNA3.1-His3xFlag-FAT10 and pcDNA3.1-HA-FAT10 SDM from GG to GA and GC were 

performed to investigate the conjugation of these FAT10 variants. The following primers were 

used to create Flag-FAT10 GC: forward: 5’-CCTGGCATCTTATTGTATTGGATG 

CTGACGCGGCCGC-3’, and reverse: 5’-GCGGCCGCGTCAGCATCCAATACAATAAGA 
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TGCCAGG-3’. Flag-FAT10 GA: forward: 5’-TTATTGTATTGGAGCGTGACGCGGCCGCG-3’, 

and reverse: 5’-CGCGGCCGCGTCACGCTCCAATACAATAA-3’. HA-FAT10GC was created 

by using the following primers: forward: 5’-TTATTGTATTGGAGCGTGACGCGGCCGCG-3’, 

and reverse: 5’-GCCCTCTAGACTCAGCATCCAATACAATAACATGCCAGG-3’. HA-

FAT10GA was created by using the following primers: forward: 5’-ATCTTATTGT 

ATTGGAGCGTGAGTCTAGAGGGCCC-3’, and reverse: 5’-GGGCCCTCTAGACTCACG 

CTCCAATACAATAACAT-3’. All created molecules were confirmed by sequencing 

(Microsynth).  

4.5.5.2 Conjugation assays with FAT10 variants in cellulo 

HEK293 cells were transiently transfected with expression plasmids for HA or Flag tagged 

FAT10 wildtype (C terminal GG), GA or GC for 24 hours. Cells were lysed on ice for 30 min in 

lysis buffer containing 20 mM Tris/HCl (pH7.6), 50 mM NaCl, 10 mM MgCl2, and 1 % Nonidet 

P-40, supplemented with 1x protease inhibitor mix (Roche). Cleared lysates were subjected to 

immunoprecipitation using HA (clone7, Sigma) or Flag (M2, Sigma) coupled agarose with 

subsequent Western blot analysis using directly POX labeled antibodies reactive against HA 

(clone7, Sigma) or Flag (M2, Sigma). A mouse monoclonal antibody against β-actin (AC-15, 

Abcam) was used for loading control detection.  

4.5.5.3 Purification of FAT10 GC, GA and GG 

The bacterial strain E.coli BL21 (DE3) was transformed with the expression plasmids 6His-

pSUMO-HA-FAT10 GA, GC and GG and a starting culture was grown over night at 37°C. After 

dilution to OD600 of 0.2 in modified LB medium bacteria were grown to an OD600 of 0.6 and 

bacterial expression was induced by addition of 0.4 mM IPTG (Roth). After growth overnight 

at room temperature, cells were harvested by centrifugation at 10.000 x g for 20 min at 8°C 

and cell pellets were resuspended in binding buffer containing 50 mM Tris, pH7.5, 150 mM 

NaCl, 20 mM imidazole, supplemented with 1x protease inhibitor mix (Roche) After mechanic 

disruption (Constant Cell Disruption Systems) lysates were cleared by centrifugation at 20.000 

x g for 30 min at 8°C and were subjected to affinity chromatography by using His60 Ni 

Superflow resin (Takara) for 2 h at 8°C. After washing the resin twice with binding buffer 

proteins were eluted by addition of elution buffer containing 50 mM Tris, pH7.5, 150 mM NaCl, 

200 mM imidazole, supplemented with 1x protease inhibitor mix (Roche). Eluate was dialyzed 

into binding buffer overnight at 8°C. In parallel 6His-SUMO tag was cleaved off by addition of 

6His-Ulp1 protease (N. Catone, BITG). HA-FAT10 protein was again subjected to affinity 

chromatography by using His60 Ni Superflow resin (Takara) and flowthrough was captured. 

Buffer was exchanged to storage buffer containing 50 mM Tris, pH7.5, 150 mM NaCl and 5% 

glycerol by using PD10 desalting columns (GE Healthcare, Glattbrugg, Switzerland) and 
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protein was frozen in liquid nitrogen and stored at -80°C. Purity was assessed by Western blot 

analysis using a directly peroxidase labeled anti-HA antibody (Sigma) and by staining SDS 

gels with Colloidal Coomassie (Gentaur).  

4.5.5.4 Preparation of cascading activity based FAT10 Dha 

Recombinant HA-FAT10 C0 C134L GC was purified as previously described [518]. Briefly, 

transformed E.coli BL21 (DE3) was grown in modified LB medium at 37°C until an OD600 of 

0.6. Bacterial expression was induced by addition of 0.4 mM IPTG and bacteria were grown 

over night at room temperature. Affinity chromatography was performed by using a HisTrap 

FF column (GE Healthcare). After elution with 200 mM imidazole 6His-SUMO tag was cleaved 

off by addition of 6His-Ulp1 (N. Catone, BITG) overnight at 8°C. In parallel, protein was 

dialyzed into binding buffer by using dialysis cassettes with a molecular cut-off of 3 kDa (Slide-

A-Lyzer, Thermo Fisher Scientific). After a second affinity chromatography using the HisTrap 

FF column captured proteins were subjected to cation exchange chromatography (CIEX) with 

subsequent size exclusion chromatography (SEC) using the Aekta Explorer system (GE 

Healthcare). HA-FAT10 C0 C134L GC protein was stored at 4°C in ice water overnight until it 

was used for preparation of FAT10 Dha. To prepare the FAT10 probe, 100 x excess of 2,4,5-

dibromohexanediamide (DBHDA) (Akos GmbH, Stuttgart, Germany) over FAT10 GC was 

used. DBHDA was solubilized in DMSO and was diluted in buffer containing 50 mM Tris, pH7.5 

and 150 mM NaCl. FAT10 and DBHDA were incubated overnight at room temperature without 

shaking, and then, insoluble compound and FAT10 were removed by centrifugation at 21.000 

x g for 15 min at 4°C. Active FAT10 Dha probe was stored at 8°C and was stable for several 

weeks. Success and efficiency of the reaction were assessed by mass spectrometry analysis 

at the Proteomics Facility (University of Konstanz, Germany).  

4.5.5.5 In vitro activation assays with FAT10 Dha 

Activation assays of FAT10 variants were performed by incubating recombinant Flag-UBA6 

(0.2 μg; Enzo LifeSciences), HA-UBE1 (5 μg; [520]), His-USE1 (1.8 μg; [473]), UbcH5B-His (3 

μg; JB, unpublished) Flag-FAT10 wt (2 μg; [518]), HA-FAT10 C0 C134L GC and GA (each 5 

μg), HA-FAT10 C0 C134L Dha (5 μg), and His-ubiquitin (10 μg; Enzo) in reaction buffer 

containing 20 mM Tris/HCl, pH7.6, 50 mM NaCl, 10 mM MgCl2, 4 mM ATP, 0.1 mM DTT, and 

1x Protease inhibitor mix (Roche) [127] for 30 min at 30°C. Reaction was started by addition 

of UBA6 and was stopped by addition of 5 x gel sample with or without 10% 2-

mercaptoethanol. Proteins were separated on 4-12% NuPAGE Bis-Tris gradient gels 

(Invitrogen, Thermo Fisher Scientific) and Western blot analysis was performed by using 

directly peroxidase labeled antibodies detecting Flag (M2), HA (clone7), or polyhistidine (all 

Sigma).  
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4.5.5.6 Screening with FAT10 Dha in HEK293 cell lysates 

Cleared HEK293 cell lysates containing 20 mM Tris/HCl (pH7.6), 50 mM NaCl, 10 mM MgCl2, 

and 1 % Nonidet P-40, supplemented with 1x protease inhibitor mix (Roche) were incubated 

for 60 min at 8°C with or without HA antibody coupled agarose (clone7, Sigma) in presence or 

absence of increasing amounts of HA-FAT10 C0 C134L Dha (2-10 μg), where indicated. Resin 

was washed twice with cold PBS and 5 gel sample buffer containing 4 % 2-mercaptoethanol 

was added. Proteins were separated according to their size on 4-12% NuPAGE Bis-Tris 

gradient gels (Invitrogen, Thermo Fisher Scientific) and Western blot analysis was performed 

by using a directly peroxidase labeled anti-HA antibody (clone7, Sigma), and primary 

antibodies recognizing endogenous UBA6 (rabbit polyclonal; Enzo), and USE1 (rabbit, 

polyclonal; Abcam). For mass spectrometry analyses at the Proteomics Facility at the 

University of Konstanz (Konstanz, Germany) or at the ETH Zurich (Zurich, Switzerland) SDS 

gels were stained with Silver Stain Kit (Thermo Fisher Scientific).  

4.5.5.7 In vitro discharge assays with USE1 

For in vitro charging of UBA6 and USE1, recombinant Flag-UBA6 (0.1 μg; Enzo LifeSciences), 

His-USE1 (2.5 μg; [473]), His-ubiquitin (5 μg; Enzo LifeSciences) and HA-FAT10 C0 C134L 

GA or GG (both 1 μg) were incubated for 50 min at 30°C in buffer containing 20 mM Tris/HCl, 

pH7.6, 50 mM NaCl, 10 mM MgCl2, 4 mM ATP, 0.1 mM DTT, and 1x Protease inhibitor mix 

(Roche) [127]. Where indicated, 10 mM N-ethylmaleimide (NEM; Sigma) and 50 mM 

Ethylenediaminetetraacetic acid (EDTA; Roth) were added for 5 min at 30°C to inhibit active 

site cysteine containing proteins. After this second incubation step, free amino acids cysteines, 

lysines and arginines (each 50 mM, pH7.0) were added to discharge ubiquitin and FAT10 from 

USE1 and UBA6. Reactions at 37°C were stopped after 60 min by addition of 5 x gel sample 

buffer containing 10% 2-mercaptoethanol. Proteins were separated according to their size on 

4-12% NuPAGE Bis-Tris gradient gels (Invitrogen, Thermo Fisher Scientific) and subsequent 

Western blot analysis was performed by using directly peroxidase labeled antibodies against 

polyhistidine (Sigma) or Flag (M2, Sigma).  

4.5.6 CRISPR KO lentiviral screen 

4.5.6.1 Theoretical Background, constructs, cloning 

For ubiquitin more than 600 E3 ligases are described, whereas transfer of ISG15 is mainly 

mediated by only one E3 [117]. Since it is not known yet whether there is one FAT10 E3 ligase 

existing responsible for the FAT10ylation of all target proteins or whether there are several E3 

ligases specific for each target we established an approach which focused on specific FAT10 

substrates. The CRISPR based lentiviral approach combines the specific FAT10ylation of 
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target proteins visualized by Bimolecular Fluorescence Complementation (BiFC) [592, 598] 

with knockout characteristics mediated by a lentivirally transduced CRISPR knockout library. 

Two FAT10 substrates were chosen, UBE1 and OTUB1. Both proteins are well characterized 

targets of FAT10 [520]; JB, unpublished) and for both proteins a YFP complementation upon 

FAT10ylation could be shown (data not shown). CRISPR based knockout of a mediating E3 

ligase would reduce or completely diminish the FAT10ylation of the target protein measured 

by reduction of YFP fluorescence in Flow Cytometry analyses. By this, putative E3 ligase 

candidates can be screened in a high throughput approach starting from a specific FAT10 

substrate ending in a clear readout in flow cytometry.  

To achieve the YFP complementation FAT10 was tagged N terminally with the N terminal part 

of YFP (Y1-FAT10). Y1-FAT10 was cloned into the pcDNA4TO expression vector where the 

expression of Y1-FAT10 In mammalian cell culture can be induced by the addition of 

tetracycline. Insertion of Y1-FAT10 into the expression vector was achieved by PCR and 

restriction digest using the following primers and restriction enzymes, respectively: forward: 5’-

CCCAAGCTTGCCACCATGGTGAGCAGGGGCGAGGAG-3’ (HindIII), and reverse: 5’-

CCCAAGCTTTCACCCTCCAATAC-3’ (HindIII; Thermo Fisher Scientific). Substrates UBE1 

and OTUB1 were cloned into pcDNA3 expression vector containing the C terminal part of YFP 

in an orientation N terminally of the inserted gene of interest (Y2-UBE1, Y2-OTUB1). Both 

constructs were achieved by performing PCR and restriction digest based cloning. UBE1 was 

point mutated at position G2232C to remove the internal ApaI cleavage site by site-directed 

mutagenesis. Y2-UBE1 G2232C was cloned by using the following primers and restriction 

enzymes, respectively: forward: 5’-ataagaatgcggccgcaatgtccagctcgccgctgtc-3’ (NotI), and 

reverse: 5’-CGCCGCGGGCCCTCAGCGGATGGTGTATC-3’ (ApaI; both Thermo Fisher 

Scientific). Y2-OTUB1 was created in the same way by using the following primers and 

enzymes: forward: 5’-ATAAGAATGCGGCCGCGATGGCGGCGGAGGAAC-3’ (NotI), and 

reverse: 5’-TTGGGCCCCTATTTGTAGAGGATATCGTAGTG-3’ (ApaI; both Thermo Fisher 

Scientific).  

4.5.6.2 Cell line establishing and resistances 

Since the addition of shRNAs, siRNAs and/or transfection reagents always reduced the 

expression of FAT10 in HEK293 cells (unpublished observation) a different expression system 

was used. HEK293T-REX cells (Tetracycline-Regulated Expression; Thermo Fisher Scientific) 

stably express the tetracycline (Tet) repressor (blasticidin selectivity). Upon transfection of the 

gene of interest inserted in the pcDNA4-TO expression vector (Thermo Fisher Scientific) and 

addition of Tet the expression of the protein of interest is induced. HEK293T-REX cells were 

grown in Iscove’s Modified Dulbecco Medium (IMDM; Lonza, VWR) containing 10% fetal calve 

serum, 1% penicillin/ streptomycin and 1% ultra-glutamine. After the first week of growth 5 
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μg/ml blasticidin was added to the medium and cells were kept under selection for one week 

with cycles of splitting every two to three days. Stably Tet repressor expressing cells were 

grown in medium described above containing 0.5 μg/ml blasticidin building up a mild constant 

selection pressure. Cells were then transfected with pcDNA4-TO-Y1-FAT10 and 48 h after 

transfection 10 μg/ml zeocin was added to the medium and cells were kept under selection for 

two weeks. Successful expression of Y1-FAT10 after addition of 1 μg/ml Tet was confirmed by 

Western blot analysis using a rabbit monoclonal antibody against the N terminal part of 

GFP/YFP (E385, Abcam). Cells were then transfected with pcDNA3-Y2-UBE1 or pcDNA3-Y2-

OTUB1 and 24 hr after transfection selection was induced by addition of 10 μg/ml 

neomycin/G418 for two weeks. Successful stable expression of Y2 tagged proteins was 

confirmed by Western blot analysis by using a mouse monoclonal antibody against the C 

terminal part of GFP/YFP (clones 13.1 and 7.1, Roche). Stable expression and 

complementation upon Tet treatment was confirmed by flow cytometry. As control HEK293 

cells stably expressing Y2 USE1 and Y1 FAT10 under Tet control were produced. All three cell 

lines were tested additionally with specific siRNAs targeting either UBA6 (Dharmacon) or the 

putative interaction partners from the Y2H screen (siRNAs from Qiagen).  

4.5.6.3 Human CRISPR knockout pooled gRNA library (GeCKO v2) 

The human CRISPR knockout pooled gRNA library (Genome-scale CRISPR Knock-Out; 

GeCKO v2) was a gift from Feng Zhang (Addgene #1000000048) [600]. The library contains 

123.411 gRNAs targeting 19.050 genes within the human genome. Additionally, 1000 controls 

per half-library (part 1 and 2) are included. Both, Cas9 and gRNA are on the same plasmid 

reducing the work and time expense and increasing the probability that Cas9 is guided to each 

target gene by each gRNA. When part 1 and 2 of each library are used together, the pooled 

library contains 6gRNAs per gene. According to the published protocol the library parts 1 and 

2 were diluted and added to electrocompetent bacterial cells (DH5α) by using the GenePulser 

Xcell (BioRad). A dilution was plated on LB plates containing 50 μg/ml ampicillin to calculate 

transformation efficiency. Then, transformations were plated on 15 cm LB culture dishes and 

bacteria were grown on inverted plates for 14 hours at 32°C. This lowered temperature ensured 

a reduced recombination between the lentiviral long-terminal repeats. Transformation 

efficiency was calculated. When the total number of colonies was at least 3 x 106 colonies were 

harvested by scraping off the LB plates. This minimal number of colonies is equivalent to 50x 

colonies per construct in the GeCKO library. After harvest, the bacterial pellet was weighed 

and according to the manufacturer’s protocol appropriate numbers of maxiprep columns 

(NucleoBond Xtra, Macherey-Nagel, Oensingen, Switzerland) were used to prepare the library 

DNA. Concentration of DNA was assessed by using the NanoDrop One (Thermo Fisher 

Scientific). Library DNA was stored in Tris buffer according to manufacturer’s protocol at 8°C.  
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4.5.6.4 Production of viruses 

HEK293T cells are well suited for transfection and for production of lentiviruses. At day 1 cells 

were seeded with 11 x 106 density to reach 95% confluence at day 2. Transfection of cells was 

performed by using TransIT®-LT1 Transfection Reagent (Mirus Bio LLC, Thermo Fisher 

Scientific) according to manufacturer’s protocol. The lentiviral expression plasmids were a gift 

from Didier Trono (Addgene #12259, #12260). For production of lentivirus the plasmid ratio of 

the envelope plasmid pMD2.G, the packaging plasmid psPAX2 and expression plasmids 

(library) is 1: 1,84 : 4,0 due to the size of each plasmid. For 11 x 106 cells 6.5 μg pMD2.G, 12 

μg psPAX2, 12.5 μg library part 1 and 12.5 μg library part 2 were incubated with 131 μl 

transfection reagent (1 μg/μl) in 2 ml of serum-free and antibiotics-free IMDM medium (Lonza, 

VWR) for 20 min at room temperature. DNA mix was added dropwise to the cells and after 24 

h medium was changed to culture medium containing 15% serum, 1% ultra-glutamine  and 1% 

antibiotics (day 3). At day 4 and 5 supernatant containing viral particles was exchanged, pooled 

and stored at 4°C for short term usage.  

4.5.6.5 Infection of stable cells 

To assess the amount of lentiviral particles Lenti-X GoStix were used according to 

manufacturer’s protocol (Clontech Laboratories, Inc., Takara, Mountain View, CA, US). Briefly, 

20 μl supernatant were added to the detection area followed by 3-4 drops of chase buffer. After 

5-10 min incubation at room temperature the test shows a positive result when the virus particle 

titer is higher than 5 x 105/ml.  

The library contains roughly 123.000 gRNAs and a 200x excess of cells over gRNAs is 

recommended by the producers for an efficient infection of cells with the complete library. To 

achieve a complete library transfer 5 x 107 cells are necessary. Target cells were seeded at 

day 3 to reach 70% confluence at day 4.  

Before infection of cells, the supernatant was filtered through 0.45 μm filters and was mixed 

with 1 μg/ml DNase and 1mM MgCl2. By this, remaining plasmid DNA is removed in the 

lentivirus supernatant. After incubation for 20 min at 37°C supernatant was mixed with 50 μg/ml 

protamine sulfate for improved virus uptake and the mixture was added dropwise to 70% 

confluent HEK293T-REX cells stably expressing Y1-FAT10 and one of the two Y2 tagged 

substrate proteins (UBE1, OTUB1) (days 4 and 5). Until day 8 cells were cultured and splitted 

once to a cell number of 5 x 107 cells in total. At day 8 tetracycline (1 μg/ml) was added to the 

cells and at day 9 cells were removed from dishes by addition of Trypsin/EDTA. Cells were 

washed a second time in Trypsin/EDTA and three times with sterile PBS. Filtered cells (0.45 

μm) were subjected to bulk YFP positive cell sorting at the FlowKon facility (University of 

Konstanz, Konstanz, Germany). YFP positive cells were cultured in IMDM medium containing 

10% FCS, 1% ultra-glutamine and 1% antibiotics until a cell number of 5 x 106 was reached. 
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Cells were harvested by addition of trypsin/EDTA and cell pellets were stored at -20°C and will 

be sent for Next Generation Sequencing at Microsynth (Microssynth AG, Balgach, 

Switzerland).  

For each cell line one negative control (without addition of Tet) and three technical replicates 

were prepared with separately prepared infection media to increase statistically significant 

differences in presence or absence of detected gRNAs.  

4.5.7 USE1 point mutations within conserved RING or HECT interaction patches 

4.5.7.1 Mutations in the USE1 HECT or RING interaction sites 

Overlay studies by Rucktoaa and colleagues revealed that USE1 and UbcH5B share a strong 

structural similarity although sequence similarities were not detectable [517]. By this it became 

clear that USE1 possesses conserved amino acid residues and patches which are, in UbcH5B, 

responsible for the interaction with either RING or HECT E3 ligases [517]; J. Pruneda, personal 

conversations). To investigate whether these patches are necessary for the interaction of 

USE1 with unknown E3 ligases and thereby are important for the overall FAT10 conjugation 

the main residues within these patches were mutated. The information which residues should 

be exchanged was kindly given by Jonathan Pruneda during personal conversations (J. 

Pruneda, D. Komander Lab, Cambridge, UK).  

Site-directed mutagenesis reactions were performed to mutate the following residues: I160A, 

N180S, A203D, and I211E. Three different constructs with different combinations of mutations 

were achieved: a) N180S, A203D, b) I160A, N180S, A203D, c) I160A, N180S, A203D, I211E. 

Successful mutation was confirmed by sequencing (Microsynth).  

4.5.7.2 Interaction studies with USE1 mutants in cellulo 

HEK293 cells were transiently transfected with expression plasmids for mutated USE1 variants 

together with Flag tagged FAT10 (pcDNA3.1-His3xFlag-FAT10; [125]). After 24 h cells were 

lysed in lysis buffer containing 20 mM Tris/HCl (pH7.6), 50 mM NaCl, 10 mM MgCl2, and 1 % 

Nonidet P-40, supplemented with 1x protease inhibitor mix (complete mini EDTA-free protease 

inhibitor cocktail; Roche). Cleared lysates were subjected to immunoprecipitation by using anti 

Flag M2 coupled agarose (Sigma). Proteins were separated on 4-12% NuPAGE Bis-Tris 

gradient gels (Invitrogen, Thermo Fisher Scientific) with subsequent Western blot analysis by 

using peroxidase labeled antibody reactive against Flag (clone M2, Sigma), or a primary rabbit 

polyclonal anti-USE1 antibody (Abcam). β-actin was used as loading control (AC-15, Abcam). 
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5. Concluding Remarks 

Since its discovery in the 1990s, research interest and knowledge about the ubiquitin-like 

modifier FAT10 increased steadily. Thus, FAT10 has not only been shown to play a role in 

targeting of substrate proteins for proteasomal degradation [481, 526], but also to be involved 

in regulation of apoptosis [483], cell cycle control [452, 549] and host immune defense against 

pathogens [490, 530]. Even the contribution of FAT10 to tumor formation and cancer 

progression has been described in several studies [486, 500, 515].  

FAT10 is a protein of the immune system, as it was first described during sequencing of the 

human Major Histocompatibility Complex (MHC) class I gene region [452]. Moreover FAT10 is 

higly expressed in organs and tissues related to systemic immune respsonses, such as 

thymus, liver, lymph nodes, or spleen [487]. In multiple other cell types the endogenous 

expression of FAT10 can be synergistically induced by treatment with the pro-inflammatory 

cytokines IFNγ and TNFα [452, 455]. Covalent modification of FAT10 to substrate proteins 

mainly targets them for degradation by the 26S proteasome [473, 481, 520, 526]. In contrast 

to ubiquitin, FAT10 is described to become degraded along with its substrates and to not 

require chain formation to mediate this process [521, 526]. Similar to ubiquitin, decoration of 

substrates with FAT10 occurs at internal lysine residues of the substrate and at the C terminal 

diglycine motif of FAT10 [473].  

This attachment is mediated by an enzyme cascade similar to ubiquitin and other ubiquitin-like 

modifiers. The E1 enzyme UBA6 activates FAT10 at its C terminus [125-127], and after 

thioester formation at the active site cysteine residue of the E1, FAT10 is loaded onto the active 

center of the E2 conjugating enzyme USE1 [125, 473, 518]. In contrast to ubiquitin, E3 ligases 

which mediate the last step of FAT10 conjugation onto its target proteins have not been 

described yet.  

However, although a lot about FAT10 conjugation and its involvement in proteasome 

degradation is known, FAT10 research is still in an early stage, when it comes to molecular 

mechanisms and functional consequences of FAT10 conjugation. Despite all progress, the 

physiological relevance of potent interactions still remains unclear, and further investigations 

are required in regards to detailed mechanisms and insights into structures of interaction 

partners upon binding to FAT10 and within FAT10 itself. Furthermore, FAT10 and its tumor-

promoting capacities [500] can only be fully understood when basic molecular mechanisms 

are enlighted in more detail.  

In this work, the identification of FAT10-specific E3 ligases was one major task, and this search 

was started from different angles to cover a broad spectrum of screened candidates: First, 

USE1 was used as bait in several approaches, as E3 ligases have to interact with their cognate 

E2s to transfer the modifier onto substrate proteins. Second, to begin the search with FAT10 
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itself, the C terminus of the modifier was altered to covalently trap interacting E3 ligases. And 

third, since over 600 interacting and substrate proteins were identified recently [519], the 

search for one specific E3 ligase was narrowed to two FAT10 substrates which were applied 

as basic starting points.  

Basically, USE1 was first used as bait in a Yeast-Two-Hybrid (Y2H) screen performed with a 

human prey thymus library, where FAT10 is usually highly expressed [487]. Secondly, USE1 

was fused to a constitutively active biotin ligase (BirA*) to label all USE1 interacting proteins 

with biotin. Third, USE1 and FAT10 were fused to the non-fluorescent halves of YFP, and 

complemented USE1-FAT10-YFP together with interacting proteins were purified from cells by 

using a YFP trap. And fourth, the active center of USE1 was mutated (C188K) to covalently 

trap FAT10 at the active site to allow an interaction with very transiently and weakly interacting 

E3 ligases. This method was successfully proven for UbcH5B covalently charged with ubiquitin 

[135] and was assumed to pave the way for an interaction between ‘charged’ USE1 and a 

FAT10-soecific E3 ligase.  

However, even though E3 ligases are more prone to interact with charged E2 enzymes [135] 

the interactions are still very weak and several studies raised doubts about a successful 

identification of E3 ligases by using E2 enzymes in pull down experimental set-ups [122, 212]. 

Even classical Y2H screening approaches, as performed in this work, were more and more 

discussed. Since the screening libraries do not always contain complete genes but only 

shortened peptide sequences which encode the interaction partners, a proper folding or the 

presence of important interaction motifs is not always ensured. For these reasons the FA10-

specific E3 ligase was additionally searched with FAT10 as bait in another approach.  

The C terminus of FAT10 was modified with dehydroalanine (Dha) to provide a cascading 

activity based FAT10 probe resulting from the ubiquitin probe from Mulder and colleagues 

[599]. This probe should be able to walk through the complete conjugation cascade in an ATP-

dependent manner. Thereby, FAT10 should be able to trap the active site cysteines of its 

interacting enzymes either via a reducible thioester linkage or a non-reducible thioester bond. 

With help of this method, several known HECT or RBR E3 ligases for ubiquitin could be 

confirmed, and even RING E3s not harboring an active cysteine have been identified [599]. In 

line with these data, we could show that the FAT10 dehydroalanine was able to trap both 

known interacting enzymes UBA6 and USE1 in a covalent and non-covalent manner, 

indicating a proofe of principle, and even certain E3 ligases could be purified from cell lysates 

and identified by mass spectrometry. However, none of these candidates could be confirmed 

in subsequent evaluating experiments.  

Despite intense research and several established and applied screening approaches, FAT10-

specific E3 ligases could not be confirmed. This led us to the questions how a successful 
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screen for E3 ligases should be designed and how to dissect the particular candidate out of 

more than 300 hits from different screening approaches.  

Furthermore, we cannot exclude that the FAT10-specific E3 ligase requires a stimulus-

dependent upregulation of its expression or activity as it is described for FAT10 [452, 455]. 

Unfortunatelly, only some of the screenings were performed not only under steady state but 

also under inflammatory conditions to circumvent this possible pitfall.  

However, since FAT10 conjugates are detectable in HEK293 cells under overexpression 

conditions without any treatment with pro-inflammatory cytokines, at least one E3 ligase for 

FAT10 conjugation, if existing, must be expressed under steady state conditions.  

In addition, ubiquitin-specific E3 ligases depend in their recognition of ubiquitin on the 

hydrophobic surface patches on ubiquitin [105]. And deubiquitinating enzymes require the 

exact last six amino acids at the modifier’s C terminus [112]. Just one exchanged amino acid 

as shown for Nedd8 renders the modifier untouchable for ubiquitin-specific DUBs [112]. Since 

so far only a model of the FAT10 structure exists, we can just speculate about the surficial 

patches and characteristics of FAT10, and how this modifier is recognized by its interation 

partners. Until know, truncation variants are the only applicable method to investigate 

interacting regions or domains of FAT10.  

However, although FAT10 and ubiquitin are proposed to share structural similarities, especially 

the ubiquitin-fold [478], it could be very likely that the surface patches in FAT10 and ubiquitin 

are different from each other. It this hypothesis holds true, the FAT10-specific E3 ligase would 

be an enzyme which was not described as ubiquitin-specific E3 ligase yet as it would not be 

able to recognize and bind ubiquitin.  

In consequence, the identification of a FAT10-specific E3 ligase will be even more complicated, 

since no particular features or characteristics have been described until now. Moreover, 

ubiquitin E3 ligases vary widely in their specificity towards ubiquitin chain length, linkage type 

and topology [105], and even in their manner how they orientate ubiquitin moieties towards 

their active centers [105]. Some ubiquitin E3s harbor the capability to form chains, others do 

not, again other E3s require E2 conjugating enzymes for chain formation or a specificity for 

ubiquitin or for the substrate proteins [105]. Referring to all these variables, the FAT10-specific 

E3 ligase might be more related to chain forming ubiquitin E3 ligases. However, whether it may 

be more related to HECT or RBR or RING E3 ligase types requires further research.  

Analyses of structure and surface features could provide further insights into the specificity of 

the FAT10 E3 ligase. Furthermore, the structural analysis of FAT10 will shed light on flexibility 

of its two domains in regards to each other. Certain types of E3s bind specifically to flexible 

ubiquitin chains in an open conformation with more space for interaction partners such as K63 

or M1 linked ubiquitin chains [105], compared to E3 ligases binding to closed conformational 

ubiquitin chains such as K48-linked chains [105]. Assuming that the two FAT10 domains are 
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moving completely independently from each other, the first described type of E3 ligases could 

be more appropriate than the latter for the recognition, binding and conjugation of FAT10 to 

substrate proteins.  

In addition, the specificity of USE1 should also be taken into account, as some E3s strictly 

depend on the E2 regarding chain and substrate specificity [105, 122]. Overlay studies with 

UbcH5B and USE1 revealed conserved surface patches on USE1 for the interaction with both 

HECT and RING E3 ligases [517], indicating that USE1 possesses the capability to interact 

with both types of E3 ligases. Point mutations of these conserved patches in other E2s such 

as UbcH5B prevented the interaction with E3s [517]. However, mutations in USE1 and 

subsequent recovering expression in USE1 CRISPR knockout cells did not reduce overall 

FAT10 conjugates which implys several possible explanations. Either USE1 is not the only E2 

conjugating enzyme for FAT10, however, knockout of USE1 reduced FAT10 conjugates to 

background. Or the mutated residues were not required for FAT10 conjugation by USE1 but 

are necessary for ubiquitin conjugation. As positive control, overall ubiquitin conjugates should 

have been detected as well in these experimental setups to ensure that the point mutations 

were set at the correct sites. However, since ubiquitin conjugation is mediated by several E2 

conjugating enzymes, it was not clear during condution of these experiments whether a clear 

impact of USE1 point mutations could be observable.  

Another explanation could also be that the mutated residues within USE1 were, although 

conserved, not the particular residues required for the interaction between USE1 and the E3 

ligase types. Speaking against this hypyothesis, if FAT10 is not recognized by classical 

ubiquitin HECT, RING, or RBR E3s due to its different surface patches the sites may not be 

relevant for FAT10 conjugation and would their mutations would thereby not influence the 

overall FAT10 conjugation.  

A last reason for the observed effects could be that FAT10 conjugation at all is not dependent 

on E3 ligases and that thus no FAT10-specific E3 ligases exist. From the evolutionary point of 

view it cannot be very cost efficient to invent another conjugation mechanism for only one 

ubiquitin-like modifier which is only present in mammals. Yet, in vitro data revealed that several 

substrates become FAT10ylated by UBA6 and USE1 in the absence of an E3 ligase. 

Furthermore, the ubiquitin-like modifier URM1 differs in its conjugation from the canonical E1-

E2-E3 casacde by this that activation by its E1 enzyme UBA4 leads to formation of a 

thiocarboxylate at the C terminal glycine. It is assumed that URM1 subsequently does not 

require further enzymes to become conjugated to substrate proteins [465, 467, 468]. And since 

FAT10 is not described to form chains such as ubiquitin, ISG15 or SUMO [118], an E3 ligase 

would be redundant for this process.  

Moreover, as FAT10 accepted features from different ULMs, such as targeting for proteasomal 

degradation and UBA6/USE1 from ubiquitin, or cytokine-inducibility and its two-domain-
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structure from ISG15, why should FAT10 not possess a separate canonical conjugation 

pathway clearly distinguishing it from other ULMs, such conjugation via cysteine or serine 

residues as proposed for bacteria-mediated ubiquitination via ADP-ribose [605, 606]?  

Contradictory, some targets are not FAT10ylated in vitro but in cellulo which indicates that a 

prerequisite is required such as phosphorylation, ubiquitination or simply an E3 ligase 

mediating FAT10 conjugation to these particular targets. Thus, FAT10 conjugation may 

function similarly to SUMOylation, where in vitro conjugation is possible without E3 but is 

strongly boosted when the E3 is present [118].  

Nevertheless, how FAT10 conjugation could be mediated without the presence or help of an 

E3 ligase remains completely unclear and is part of pure speculations.  

For example, it is assumed that the two FAT10 domains move and behave completely 

independently in regards to their orientation to each other. Why cannot recruit the N terminal 

domain of FAT10 substrate proteins via non-covalent interactions, while it is still bound to 

USE1 via its C terminal diglycine motif? In a second step FAT10 could become conjugated to 

the substrate protein by a switch of the C terminal domain from USE1 onto the target. By this, 

FAT10 could function as its own recruitment and tethering factor in recognizing and binding its 

substrate proteins.  

Due to all these above mentioned structural and functional features of E3 ligases, E2s and 

surface patches of FAT10, it might be unlikey that ubiquitin- or SUMO-specific E3s also 

function as FAT10 E3s [122]. Therefore, screening methods for the identification of FAT10-

specific E3 ligases should be performed genome-wide and in a high-throughput manner. 

Furthermore, linking the search for one specific E3 to a particular pathway where FAT10 plays 

a role could also help to increase screening specificity [122]. Taking these criteria into account, 

the established genome-wide CRISPR-based knockout screen, which facilitates UBE1 and 

OTUB1 as FAT10 substrates, could be a promising strategy to identify a substrate-specific 

FAT10 E3 ligase.  

Taken together, identification of the first FAT10-specific E3 ligase could provide a huge impact 

to the FAT10 research field and could clarify the picture, how FAT10 is conjugated to targets 

and how this process might be regulated. And structural analyses of both the N and C terminal 

domain of FAT10 could provide these insights.  

However, not only structural analyses of FAT10 itself but also when it is bound to interaction 

partners could illuminate and clarify the functional consequences of FAT10ylation and its 

regulatory impact on cellular pathways. Co-crystallization of FAT10-bound substrates such as 

UBE1 in a covalent manner, or OTUB1 in a non-covalent manner could provide insights into 

the two mechanisms how FAT10 controls stability and functionality of its protein substrates 

and interaction partners. FAT10 targets its covalently linked substrate proteins for degradation 

by the 26S proteasome [473, 519, 520, 526]. Whereas interaction with OTUB1 in a non-
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covalent manner leads to stabilization of the DUB and to stimulation of its catalytic and non-

catalytic activity towards free polyubiquitin chains and polyubiquitinated substrates. 

Additionally, interaction of OTUB1 with USE1 and FAT10 stimulates the K48-specific DUB 

activity of OTUB1, even stronger indicating that FAT10 may be capable of regulating the 

ubiquitin conjugation pathway under certain conditions. However, if FAT10 controls the 

ubiquitin conjugation pathway, what could be the consequences of this cross-regulation? Why 

should FAT10 lead important players in the ubiquitin field, such as UBE1 or OTUB1, to 

degradation by the proteasome? Why should FAT10 down-regulate the polyubiquitination of 

substrate proteins?  

An explanation for these questions might be located in the fact that FAT10 is only expressed 

under certain stress conditions such as during inflammation or viral infection [452, 455, 490]. 

Although the E1 UBA6 is bispecific for both ubiquitin and FAT10 [125-127], and USE1 also 

conjugates both modifiers [125, 473, 518], the priority during steady state conditions is 

changed during inflammation. Under inflammatory conditions, when FAT10 is highly 

expressed, UBA6 prefers FAT10 over ubiquitin regarding its binding efficiency [516], indicating 

that under these stress conditions, FAT10 substrates are preferentially modified compared to 

ubiquitin substrates. Thereby, a shift of target subsets may be induced: FAT10 targets are 

preferentially degraded compared to K48-linked polyubiquitinated substrates, leading to the 

assumption that FAT10 modifies proteins which are required under steady state conditions. 

Under inflammatory conditions these proteins are not required and therefore targeted by 

FAT10 and degraded by the proteasome. In turn, proteins which are not required under steady 

state conditions become ubiquitinated and degraded, whereby they are stabilized under pro-

inflammatory conditions since UBA6 is preferentially activating FAT10 and not ubiquitin.  

Moreover, proteins which are upregulated during inflammation to fight against bacterial or viral 

infections prior to inflammation, could also become FAT10ylated and subsequently degraded. 

Thus, FAT10 could dampen or even terminate potentially prolonged and therefore harmful host 

immune defenses which could otherwise lead to tissue damage or systemic sepsis.  

In line with this, FAT10 mediates proteasome-dependent degradation of UBE1 leading to a 

further decreased ubiquitination rate under inflammatory conditions. In addition, OTUB1 is 

regulated by FAT10 in a bilateral manner. On the one hand, OTUB1 becomes covalently 

modified by FAT10 leading to degradation, on the other hand, OTUB1 becomes stabilized and 

stimulated by the non-covalent interaction with FAT10. These data indicate that under 

inflammatory conditions, particular substrates of the K48-specific DUB function of OTUB1 may 

become degraded as they cannot become deubiquitinated anymore.  

To continue this thought, OTUB1 deubiquitinates another subset of targets in presence of 

FAT10 under inflammatory conditions, which leads to their stabilization and protection from 

proteasomal degradation. Thus, FAT10 upregulation could induce changes in the composition 
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of stabilized and degraded proteins during inflammation. Termination of this reaction can then 

be induced by several regulatory effects.  

The first regulatory effect could be that FAT10 is degraded along with its substrates [521, 525, 

526]; at a certain time point no FAT10 protein is present anymore which would lead to the 

stabilization of proteins required under former steady state conditions. UBE1 and UBA6 re-

start to activate ubiquitin, and substrates of polyubiquitination become again degraded by the 

proteasome. The change in the composition of stabilized or degraded proteins is set back to a 

steady state level.  

Another regulatory set point could be the expression or stability of UBA6 and USE1. Besides 

ubiquitin, both enzymes are specifically transferring FAT10 onto substrate proteins rendering 

them as putative tightly controlled regulators of FAT10 conjugation. In vitro data showed that 

FAT10 and OTUB1 interact with E2 conjugating enzymes USE1 and UbcH5B whereas in both 

cases the trimeric complex seemed to stabilize or even increase the interaction with the E2s. 

Since both E2s are published to transfer ubiquitin [123], upregulation of FAT10 and 

stabilization of OTUB1 could drive the formation of this trimeric complex leading to an inhibition 

of ubiquitin transfer. This would add another point to how FAT10 controls the ubiquitin 

conjugation pathway under inflammatory conditions.  

However, inhibition of FAT10 transfer by the USE1 OTUB1 interaction seems not to be 

inhibited under these conditions. Supporting data come from experiments which show that 

overexpression of OTUB1 does not disturb overall FAT10 conjugate formation. This indicates 

that the interaction of OTUB1 and FAT10 with different E2s induces different consequences 

for the activity of these E2s. Nonetheless, further insights into formation of a trimeric complex 

and its consequences for stability, activity, and functionality of all participants are necessary to 

draw clear conclusions.  

Besides the described effects on K48-linked polyubiquitinated substrates during inflammation, 

stabilized OTUB1 inhibits ubiquitination of substrates by binding to E2 conjugating enzymes 

leading to a reduced formation of K48- or K63-linked polyubiquitin chains [584-586]. Reduced 

formation of K63-linked polyubiquitin chains can have multiple consequences, however, one 

pathway which is regulated via K63-linked ubiquitin chains is the NF-κB pathway [165, 607]. 

Signaling factors such as TRAF3 or NEMO become K63-linked polyubiquitinated upon 

triggering of certain receptor types leading to induction of NF-κB signaling [165, 607].  

Inflammatory conditions and upregulation of FAT10 could lead to a subsequent stabilization of 

OTUB1 and thereby to an inhibition of K63-linked polyubiquitination of substrates. These 

signaling proteins may not recruited to their interaction partners anymore, as K63 chains 

cannot function as scavengers, which in turn, may lead to an inhibition of NF-κB signaling 

during inflammation. This mechanism could be another feedback loop how FAT10 expression 

is abrogated upon termination of inflammation.  
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FAT10 could also induce another feedback loop to downregulate its own expression during 

termination of an inflammatory response, via influencing the anti-viral signaling of TRAF3 or 

RIG-I.  

FAT10-induced stabilization of OTUB1 would then lead to a reduced K63-linked 

polyubiquitination of the TNF receptor associated factor 3 (TRAF3), where the DUB activity of 

OTUB1 was not required. Upon viral infection, for example with Influenza A virus, 

polyubiquitination of TRAF3 via K63 linkages induces recruitment of signaling factors such as 

the IKK/NEMO complex. Subsequently, the NF-κB pathway and IRF-3 signaling are induced 

and the anti-viral host immune defense is started. Upregulation of FAT10 under these 

conditions would lead to stabilization of OTUB1 and to reduced K63-linked polyubiquitination 

of TRAF3. Thus, NF-κB signaling would be impaired, and during termination of this 

inflammatory response FAT10 expression would be discontinued.  

Anti-viral signaling via the retinoic acid-inducible gene I (RIG-I) also leads to recruitment of 

TRAF3 and subsequently of NEMO. As consequence, NEMO also becomes K63-

polyubiquitinated which then leads to activation of NF-κB and induction of anti-viral genes 

[608], as well as to activation of the interferon regulatory factor 3 (IRF3) inducing pro-

inflammatory genes [608]. This anti-viral response leads to FAT10 expression which in turn 

stabilizes OTUB1 and leads again to a reduced K63-polyubiquitination of TRAF3. Thus, the 

inflammatory host response becomes terminated again.  

Furthermore, FAT10 sequesters RIG-I in insoluble fractions keeping it in an inactive state and 

preventing RIG-I from anti-viral signaling [534]. In this manner, FAT10 could shape the 

termination of the anti-viral immune response. Thus, FAT10 could help to prevent the cell from 

putative harmful consequences of a prolonged and severe immune response. Additionally, by 

this mechanism, FAT10 also controls its own expression during inflammation and immune 

responses to viral infections.  

To prove these hypotheses FAT10 wild type and knockout mice could be compared in their 

clearance of viral particles form different tissues and organs as well as in length and 

severeness of anti-viral immune defense upon infection with Influenza A virus. During innate 

immune response against this virus type, FAT10 has been described to be critical since its 

upregulation promoted viral replication by inhibiting type I IFN production [490]. In contrast, 

one would expect that FAT10 knockout mice would display problems with viral clearance as 

well as a prolonged duration of the immune defense. Additionally, cells of these mice would 

show increased amounts of K63-polyubiquitinated NEMO and TRAF3. RIG-I should thereby 

be located in soluble fraction rather than in insoluble aggregates.  

Nevertheless, one would expect that FAT10 knockout mice display only a minor effect on the 

innate immune response against Influenza A virus infection, as anti-viral defense reaction 

could occur in a cell type-specific manner and as other factors are involved in immune 
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response which are not interacting with FAT10. For this reason, FAT10 could be proposed to 

function as fine-tuning factor which shapes immune responses against viral infections at 

different levels.  

This could also be a reason, why FAT10 expression requires such a strict regulation. However, 

FAT10 is not as strongly controlled as ubiquitin at protein level [105, 112, 122, 123, 212]. 

Attachment of ubiquitin to substrate proteins not only influences almost every cellular process, 

but is by itself tightly regulated since false activation of E3s or DUBs can induce severe 

diseases or cancer development [609]. This leads to the assumption that constant expression 

of ubiquitin requires multiple regulatory set-points at protein level to establish a fine mesh for 

the control of conjugation and deconjugation.  

In contrast, FAT10 seems to be regulated strictly via its expression level, e.g. its promoter 

region where transcription factors can bind, or its dependency on pro-inflammatory conditions 

or cytokines [452, 455, 484, 487, 492, 496, 497]. However, expression control of FAT10 might 

be easier to breach than protein control of ubiquitin which would make FAT10 expression and 

its control more vulnerable for the transformation into cancer cells. In addition, disturbed 

regulation of inflammation leads to prolonged expression of FAT10 which induces 

chromosomal instability via interaction with MAD2, missegregation of chromosomes, and 

accelerated progression of mitosis [452, 496, 500, 546]. In line, FAT10 has been reported to 

be highly expressed in multiple types of cancer and to play a role in tumor formation and 

progression [500].  

Certain virus types have been described to induce cancer formation upon viral infection, 

indicating that deregulated and prolonged inflammatory conditions can lead to transformation 

of otherwise healthy cells. Infection of endothelial cells with Kaposi sarcoma associated herpes 

virus leads to upregulation of FAT10 expression [610], and also certain Epstein-Barr virus 

(EBV) infected cell lines displayed increased FAT10 amounts [448]. Infection of cells with 

Human Papilloma virus (HPV) induces hijacking of the host defense mechanisms by binding 

of the viral protein E6 to the host E3 ligase E6AP. Thereby, p53 is targeted for proteasomal 

degradation [330]. This behavior induces uncontrolled progression of the cell cycle without any 

regulation by p53 and leads to transformation of host cells and tumor development [330].  

A FAT10ylation of E6AP has been observed (JB, unpublished), however, whether FAT10 

upregulation upon viral infection has an impact on virus replication or host immune defense 

was not addressed yet.  

However, it was reported that prolonged FAT10 overexpression induces apoptosis in certain 

cell types [483], indicating that the FAT10-mediated effect on host defense or cancer 

development occurs in a cell type-specific manner. Although most of these data derived from 

cancer studies with stably FAT10 overexpressing cell lines they all hint towards a similar role 

of FAT10 during cancer development and the functional consequences of its deregulation: 
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Deregulated or prolonged FAT10 expression can induce cancer cell formation and tumor 

progression. 

Taken together, FAT10 seems to be involved in many more regulatory processes than 

assumed so far. Besides targeting substrates such as UBE1 for proteasomal degradation, the 

modifier stabilizes its interaction partner OTUB1 in a non-covalent manner and stimulates its 

catalytic and non-catalytic activity. During inflammation and upregulation of FAT10 expression, 

these interactions can lead to a shift in the balance between ubiquitylome and FAT10ylome 

and promote the degradation of particular targets which are required for inflammatory or steady 

state conditions. Thus, FAT10 not only influences the ubiquitin conjugation and deconjugation 

but also has an impact on innate immune responses against viral infections. Counterregulation 

with the NF-κB pathway leads to controlled up- and down-regulation of FAT10 expression 

when appropriate. This renders FAT10 as a valuable and beneficial factor for the fine-tunning 

of immune responses. However, uncontrolled or prolonged upregulation of FAT10 expression 

is linked to cancer progression and metastasis formation, indicating that FAT10 acts as proto-

oncogene whilst supporting the transformation of healthy cells into tumor cells. In 

consequence, the presence of FAT10 has to be tightly regulated to prevent harmful and 

deleterious consequences for cells and tissues.  
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