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Abstract 

Ubiquitin is a small protein that can be conjugated to substrates and to itself in a process called 

ubiquitination, which affects numerous cellular activities. The signaling function depends on 

the length and linkage type of the ubiquitin chains. These chains are regulated by 

deubiquitinating enzymes (DUBs) due to their ability to cleave the isopeptide bonds within 

ubiquitin chains or between ubiquitin and substrates. Despite their classification as members 

of the USP DUB family, USP53 and USP54 have been reported to be catalytically inactive. 

Biallelic mutations in USP53 cause familial intrahepatic cholestasis, an inherited liver disease 

in children, by an unknown mechanism. Additionally, while reports on the cellular functions of 

both proteins are beginning to emerge, a comprehensive analysis of their catalytic activities is 

lacking. 

In this study, the catalytic activity of USP53 and USP54 was investigated through an in vitro 

approach involving the expression, purification, and biochemical and structural 

characterization of their catalytic domains. Initial assays using specifically linked ubiquitin 

chains as substrates reveal a surprisingly specific activity of both enzymes on K63-linked 

ubiquitin chains with a preference for longer chains. This length specificity is mediated by a 

cryptic S2 ubiquitin binding site in both enzymes, visualized for USP54~diUb(K63)-PA in a 

crystal structure. The structure revealed a common USP fold of USP54, but also unique 

features that are present in both enzymes and are relevant for their activities. Generating and 

assaying complex customized substrates led to the identification of two different activity 

profiles for USP53 and USP54. The latter displays a K63 linkage-specific deubiquitination 

activity with a strong dependence on ubiquitin binding in the S1’ site. Conversely, USP53 

exhibits a novel DUB cleavage activity. This K63 linkage-directed deubiquitination activity is 

mediated by a promiscuous catalytic center under the control of a K63 linkage-specific S2 site. 

Importantly, introducing reported cholestasis patient mutations into USP53 renders the 

enzyme inactive, correlating for the first time the catalytic activity with the disease phenotype. 

Collectively, I have made the surprising discovery that USP53 and USP54 are active enzymes 

with distinct molecular mechanisms for the length-dependent decoding of K63-linked ubiquitin 

chains. These findings will guide the cellular analysis of USP53 and USP54 to identify their 

substrates and to understand the role of their activities for cellular functions.  
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Zusammenfassung 

Das kleine Protein Ubiquitin kann in einem als Ubiquitinierung bezeichneten Prozess kovalent 

mit Substraten und mit sich selbst verknüpft werden und reguliert dadurch zahlreiche zelluläre 

Prozesse. Die Signalfunktion hängt dabei von der Länge und der Verknüpfung der 

Ubiquitinketten ab. Deubiquitinasen (DUBs) sind in der Lage, die Isopeptidbindungen in 

Ubiquitinketten oder zwischen Ubiquitin und Substraten wieder zu spalten und damit die 

genaue Form dieser Ketten zu bestimmen. Die beiden Proteine USP53 und USP54 gehören 

zu der USP-DUB-Familie, werden aber in der Literatur als katalytisch inaktiv beschrieben. 

Mutationen in USP53 verursachen über einen unbekannten Mechanismus familiäre 

intrahepatische Cholestase, eine erbliche Lebererkrankung bei Kindern. Darüber hinaus gibt 

es erste Berichte über zelluläre Funktionen beider Proteine. Eine umfassende Untersuchung 

ihrer katalytischen Aktivitäten steht jedoch noch aus. 

In dieser Arbeit wurde die katalytische Aktivität und die Struktur von USP53 und USP54 in 

einem in vitro Ansatz mit bakteriell exprimierten und gereinigten katalytischen Domänen 

untersucht. Spaltungstests mit spezifisch verknüpften Ubiquitinketten als Substrate zeigen 

überraschenderweise eine Aktivität beider Enzyme für K63-verknüpfte Ubiquitinketten und 

zusätzlich eine Präferenz für längere Ketten, vermittelt durch S2-Bindungsstellen für Ubiquitin. 

Die Kristallstruktur von USP54 im Komplex mit einer K63-verknüpften Diubiquitinsonde zeigt 

die zusätzliche S2-Bindungsstelle eingebettet in eine typische katalytische USP-Domäne, aber 

auch einzigartige Strukturmotive, die ebenfalls in USP53 vorhanden und für die Aktivität 

wichtig sind. Spaltungstests mit komplexen und speziell hergestellten Substraten zeigen, dass 

USP53 und USP54 unterschiedliche Aktivitätsprofile aufweisen. USP54 schneidet spezifisch 

K63-Bindungen und die Aktivität hängt stark von der Bindung von Ubiquitin in der S1'-

Bindungsstelle ab. Im Gegensatz dazu zeigt USP53 eine neuartige K63-Bindung gesteuerte 

Spaltungsaktivität. Diese ist durch ein nicht-selektives katalytisches Zentrum gekennzeichnet, 

das unter der Kontrolle einer für K63-Bindungen spezifischen S2-Bindungsstelle steht. Die 

Untersuchung der Aktivität von USP53 mit Cholestase-Mutationen zeigen, dass USP53 durch 

diese Patientenmutationen inaktiviert wird. Damit konnte erstmals die katalytische Aktivität mit 

dem Krankheitsphänotyp korreliert werden. 

Insgesamt habe ich die überraschende Entdeckung gemacht, dass USP53 und USP54 aktive 

Enzyme mit unterschiedlichen molekularen Mechanismen sind, um K63-verknüpfte 

Ubiquitinketten zu entschlüsseln. Diese Erkenntnisse werden die zelluläre Erforschung von 

USP53 und USP54 unterstützen, um ihre zelluläre Rolle zu verstehen und um Substrate zu 

identifizieren. 
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1 Introduction 

The human body is a remarkable and intricate system, from its organs and specialized tissues 

down to each individual cell. Each cell contains 46 chromosomes, organized into 23 pairs. 

Chromosomes are composed of proteins and deoxyribonucleic acid (DNA). A complete set of 

DNA is an organism’s genome. DNA itself is the carrier molecule of all information needed for 

an organism to develop and function and is made up of two polynucleotide chains that form a 

double helix, with four nucleotides as the building blocks. The sequence of these nucleotides 

encodes for our genetic makeup.1 A global scientific effort launched in 1990 aimed to sequence 

the entire human genome in order to identify all human genes and their genomic location. Two 

initial drafts covering about 90 % of the human genome were published in 2001, and gaps 

were filled in the following years.2-4 A major finding was that the human genome contains 

around 20,000 protein-coding genes, a much smaller number than expected.4 Of the remaining 

98% of non-coding DNA, approximately three-quarters are transcribed into non-coding RNA, 

which is important for gene regulation.5,6 DNA encoding for proteins is transcribed into 

messenger RNA (mRNA). Subsequently, these mRNA transcripts then serve as templates for 

protein synthesis. However, the complexity of the proteome is not limited to the number of 

protein-coding genes (Figure 1).7 Due to alternative promoter usage, as well as alternative 

splicing and mRNA editing, the complexity of the transcriptome increases from 20,000 DNA-

encoded genes to ~100,000 different mRNA transcripts that are translated into an amino acid 

sequence providing the primary structure of proteins.8-10 Proteins act as major functional units 

of the cell and can be post-translationally modified by covalent conjugation of chemical groups 

or even small proteins to amino acid side chains and termini.11,12 Over 200 different post-

translational modifications (PTMs) have been identified by mass spectrometry and prominent 

examples are phosphorylation, acetylation, methylation, glycosylation and ubiquitination.13 

PTMs expand the chemical environment on proteins, are mostly reversible and affect protein 

stability, activity, localization, function, structure and interactions, thereby dramatically 

increasing proteome complexity to a number of over one million different protein species in 

eukaryotic cells (Figure 1).7,12,14 

 
Figure 1: Posttranslational modifications increase the proteome complexity. DNA is transcribed into RNA. 
From mRNA transcripts, proteins are generated by translation. These can be further modified by a multitude of 
posttranslational modifications. Acetylation and phosphorylation are shown as two examples. The cartoon 
representation of ubiquitin is shown as exemplary protein (PDB: 1ubq). 
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1.1 The ubiquitin system 

The ubiquitin system regulates almost all physiological processes, including the cell cycle, 

DNA repair, and developmental processes.15-17 The system’s key molecule is ubiquitin, a small 

protein of 76 amino acids with a molecular weight of 8.5 kDa that is present in all eukaryotic 

cells. The majority of ubiquitin adopts a compact β-grasp fold and only the six-residue 

C-terminal tail is unstructured and flexible (Figure 2A).18 In a process termed ubiquitination, 

the C-terminal tail of ubiquitin is covalently linked to other proteins or to itself as a PTM by the 

coordinated action of E1, E2, and E3 enzymes. These are collectively referred to as the writers 

of the ubiquitin code because serial conjugation of ubiquitin to itself allows the formation of a 

wide variety of ubiquitin chains that provide distinct cellular signals (Figure 2B).19,20 The first 

identified and most prominent outcome of ubiquitination is proteasomal degradation of the 

target protein, but non-proteolytic signaling functions are also mediated.19,21 These cellular 

effects are mediated by reader proteins that contain ubiquitin-binding domains (UBDs) that 

enable them to specifically recognize and bind to ubiquitin and ubiquitin chains.19,22 

Deubiquitinating enzymes (DUBs) as the erasers of the ubiquitin code are another integral part 

of the ubiquitin system (Figure 2B). They remove or edit ubiquitin chains, thereby finetune the 

ubiquitination status of proteins which then alters the final cellular outcome.23 

 
Figure 2: The ubiquitin system. A) Cartoon representation of ubiquitin (PDB:1ubq). Lysine residues are shown 
as sticks. B) E1, E2 and E3 enzymes are the writers of the ubiquitin system and catalyze the covalent conjugation 
of ubiquitin to substrate proteins or to itself, a process termed ubiquitination. The readers, proteins that contain 
ubiquitin binding domains (UBDs), recognize ubiquitin and mediate the cellular outcome. DUBs are the erasers of 
the ubiquitin system and can remove ubiquitin chains from substrates. 
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1.2 The ubiquitin code 

The ubiquitin code encompasses all types of ubiquitin modifications, including ubiquitin chains 

of various lengths and linkages, and the signaling information they encode.19 The attachment 

of ubiquitin as a monomer to one or several lysine residues of a substrate protein results in 

monoubiquitination or multimonoubiquitination, respectively (Figure 3). More than 10,000 

ubiquitination sites have been identified on proteins.24,25 The addition of further ubiquitin 

molecules to one or more of the seven lysine residues (K6, K11, K27, K29, K33, K48, K63) or 

to the amino group of the N-terminal methionine (M1) of ubiquitin itself leads to the formation 

of polyubiquitin chains. These are classified as homotypic or heterotypic, depending on the 

type of linkage between the ubiquitin moieties. Homotypic ubiquitin chains are linear chains in 

which all ubiquitin moieties are connected through the same lysine residue. In heterotypic 

chains, the ubiquitin moieties are linked through different lysine residues. A linear chain with 

alternating linkage sites is referred to as mixed, whereas in branched ubiquitin chains, at least 

two lysine residues of one ubiquitin molecule are modified with ubiquitin (Figure 3).20,26 The 

ubiquitin code is further extended by the existence of ubiquitin-like proteins (Ubls), which are 

evolutionarily related to ubiquitin. The sequence similarity to ubiquitin varies among Ubls, but 

they all share the ß-grasp fold of ubiquitin.27 Type I Ubls contain a C-terminal glycine or 

diglycine and can be conjugated to substrate proteins or, in one instance, to lipids. In contrast, 

for type II Ubls, the Ubl domain is not conjugated but is instead part of larger multidomain 

proteins.28 Human conjugatable Ubls include small ubiquitin-like modifier (SUMO) proteins, 

neural precursor cell expressed and developmentally down-regulated 8 (NEDD8), interferon-

stimulated gene 15 (ISG15), ubiquitin-fold modifier 1 (UFM1), FAU-encoded ubiquitin-like 

protein (FUBI), human leukocyte antigen F locus adjacent transcript 10 (FAT10), ubiquitin-

related modifier 1 (URM1), autophagy-related protein family 8 (ATG8) proteins, and 

ATG12.27,29 The number of substrates identified for each conjugatable Ubl varies and the 

effects of Ubl modifications on the substrates are diverse.27,28 Crosstalk between ubiquitination 

and Ubl modifications can occur in several ways, including targeting of the same lysine residue 

in substrate proteins, parallel modification of the same substrate, or the formation of hybrid 

chains (Figure 3).30,31 In addition, ubiquitin itself can undergo chemical modifications, such as 

phosphorylation or acetylation, which result in structural changes, influence protein 

interactions, and consequently alter its cellular signaling function (Figure 3).25,26,32,33 
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Figure 3: The ubiquitin code. Representation of possible ubiquitination types that enable the formation of a huge 
variety of structures. Different linkages between ubiquitin moieties are illustrated through two different shades of 
grey. The incorporation of Ubls is exemplified by SUMO. Additional PTMs on ubiquitin are shown as a triangle. 

Canonical ubiquitination is the process by which ubiquitin is attached via its C-terminal carboxyl 

group to the ε-amino group of a lysine residue of a substrate protein through the formation of 

an isopeptide bond.34 The process itself is orchestrated and requires sequential activity of 

ubiquitin-activating enzymes (E1s), ubiquitin-conjugating enzymes (E2s), and ubiquitin ligases 

(E3s) with a similar but distinct cascade of E1, E2 and E3 enzymes for most Ubls.29,35 The 

human genome encodes two E1s, 35 E2s, and over 600 E3s.28,29,36-40 The function of E1 

enzymes is to initiate the ATP-hydrolysis dependent activation of the C-terminus of ubiquitin. 

Subsequently, its catalytic cysteine attacks the adenylated ubiquitin (Ub-AMP), initially forming 

a tetrahedral intermediate (Ub-AMP~E1, ‘~’ denotes a covalent bond), which then leads to the 

formation of a thioester bond (Ub~E1) and release of AMP.29 A second adenylation reaction 

and ubiquitin binding event goes hand in hand with the transfer of the thioester-bound ubiquitin 

to the catalytic cysteine of the E2 via transthiolation (Figure 4A).29,41 E2s are characterized by 

a highly conserved catalytic ubiquitin-conjugating domain that mediates the interactions with 

the E1 and E3s, of which only one can be bound at a time, due to overlapping interaction 

sites.42 Most ubiquitin-charged E2s (E2~Ub) are able to directly transfer ubiquitin to lysines.43 

However, the efficiency of this reaction is strongly increased by E3 ligases that catalyze the 

transfer.44-47 The diverse group of E3 ligases is classified into three main families based on the 

structure of the catalytic domain and the employed mechanism to catalyze ubiquitin transfer to 

substrates: RING-, HECT- and RBR-E3 ligases (Figure 4B).48  

Really interesting new gene (RING)-type E3s represent the majority of all E3s and contain 

either a RING or U-box catalytic domain. They serve as a scaffold by simultaneously binding 

the E2~Ub and the substrate, bringing them into close proximity to catalyze the direct transfer 

of ubiquitin from the E2 to the substrate.49 RING-type E3s exist as monomers or dimers, but 
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also as multi subunit protein complexes which include the Cullin RING ligases (CRL) that use 

interchangeable adaptor proteins for specific substrate recognition.50,51  

The second main class with around 30 members in humans are the homologous to E6AP 

C-terminus (HECT)-E3 ligases.47 The HECT catalytic domain contains an N-lobe for E2 binding 

and a C-lobe with a catalytic cysteine that initially forms a thioester bond with ubiquitin prior to 

transferring it to the target substrate.47,52  

RING-in-between-RING (RBR) ligases with 14 members in humans contain one RING domain 

for E2 engagement but employ a HECT-like mechanism using a catalytic cysteine in the 

second RING domain.44,47 

 
Figure 4: Ubiquitination is mediated by the consecutive action of E1, E2 and E3 enzymes. A) E1 enzymes 
activate ubiquitin in an ATP-hydrolysis-dependent reaction, leading to the formation of a thioester bond of the 
catalytic cysteine with the carboxy terminus of ubiquitin. Then, ubiquitin is transferred to the catalytic cysteine of the 
E2 enzyme via transthiolation. B) E3 ligases catalyze the last step of ubiquitination in which ubiquitin is covalently 
conjugated to a substrate’s lysine. The different mechanisms of RING, HECT and RBR E3 ligases are shown. 
Ubiquitin is either transferred directly from the E2 (RING E3s) or via an E3~Ub thioester (HECT, RBR E3s) to the 
substrate lysine. SBD: substrate binding domain, CUL: cullin protein, A: adaptor, R: substrate-receptor, 
C: C-terminal domain, N: N-terminal domain, R1: RING domain 1, B: in-between domain, R2: RING domain 2. The 
figure is taken from D’Amico et al.53 

Substrate specificity, reaction efficiency, processivity, and the type of ubiquitination are 

determined by the combined actions of E2 and E3 enzymes during ubiquitination. While most 

E2s lack substrate specificity, they influence the type of ubiquitination by collaborating with 

various E3 ligases, which typically confer substrate specificity.47,51,54 The attachment of the first 

ubiquitin molecule to a substrate can serve either as a monoubiquitin signal or as an initiation 

step for chain elongation or branching. In RING E3 ligases, the decision between 

monoubiquitination and chain elongation is typically determined by the interacting E2 enzyme, 

often requiring an exchange of the E2 enzyme for the different activities.55 For instance, the 

APC/cyclosome-associated E2 enzyme UBE2S requires a correctly positioned acceptor 
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ubiquitin and only mediates K11 linkage assembly.56 In contrast, HECT and RBR E3 ligases 

directly determine ubiquitin chain topology and linkage.19 

The ubiquitin code is deciphered by proteins containing ubiquitin binding domains (UBDs), 

which mediate downstream cellular events.19 These effector proteins recognize specific 

surfaces on ubiquitin, with the hydrophobic Ile44 patch (I44, L8, V70, H68) being a primary 

interaction site. Additional key binding surfaces include the Ile36 patch (I36, L71, L73), the 

Phe4 patch (Q2, F4, T12), and the hydrophilic TEK-box (K6, K11, T12, T14, E34).19 The 

importance of the surface of ubiquitin to mediate protein interactions is underscored by its 

exceptional conservation across eukaryotes. Importantly, differently linked ubiquitin chains 

adopt distinct conformations: K48-linked ubiquitin chains form compact structures, whereas 

K63- and M1-linked ubiquitin chains adopt more extended conformations, exposing different 

interaction surfaces for recognition.19,57 Branched ubiquitin chains further increase the local 

ubiquitin density, creating unique binding surfaces.58 Interactome studies of various K48- and 

K63-linked ubiquitin chains, as well as shorter versus longer chains, revealed branch- and 

length-specific ubiquitin interactors illustrating how chain length and linkage-type can influence 

cellular outcomes.20,59,60 

In cells, all ubiquitin linkage types coexist.61 Monoubiquitination is the most prevalent 

modification, with histone H2A being a major contributor as ~15% are monoubiquitinated in 

mammalian cells, except during mitosis.62,63 Monoubiquitination plays key roles in chromatin 

remodeling and DNA repair.64 Among polyubiquitin chains, K48 linkages are the most 

abundant, followed by K63 and K11 linkages.65 Recently, branched ubiquitin chains have been 

shown to be quite common, constituting up to 5-20% of the cellular polyubiquitin pool.66,67 

The first cellular function attributed to ubiquitination was protein degradation by the ubiquitin-

proteasome system, a discovery recognized with the Nobel prize.68 While K48-linked chains 

are the primary signal for proteasomal degradation, other modifications including multiple 

modifications by short ubiquitin chains of various linkages, monoubiquitination, and branched 

chains, also promote degradation.69-72 K63-linked chains are mainly associated with non-

degradative signaling such as DNA repair, trafficking, autophagy, although they also serve as 

degradative signal by seeding branched K48/K63 ubiquitin chains.19,73-76 Other, less common 

linkages (K6, K11, K27, K29, K33) have been linked to both degradative and non-degradative 

functions.19,20 Specific signaling functions have been attributed to more complex ubiquitin 

modifications. For example, mixed K11/K63 chains play a role in endocytosis, M1/K63 hybrid 

chains function in immune signaling, and K48/K63 branched chains play a role in NF-κB 

activation.77-79 
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Beyond lysine ubiquitination of protein substrates, novel forms of ubiquitination with alternative 

chemical linkages and corresponding ligase activities have recently been identified.16 These 

include ester linkages between the C-terminal carboxy group of ubiquitin and the hydroxyl 

groups of serine/threonine or phosphoribosyl linkages between R42 of ubiquitin and substrate 

serines, which are catalyzed by E1- and E2-independent effector enzymes of the bacterial 

pathogen Legionella pneumophilia.80-82 In addition, non-protein ubiquitination targets have 

emerged, including lipopolysaccharides of Salmonella during bacterial infection, 

phosphatidylethanolamine, saccharides and ADP-ribose.83-86 Given the increasing complexity 

of the ubiquitin code and its recently discovered extensions, it is clear that our understanding 

of this system remains incomplete. Advancing this field will require new tools, methodologies 

and experiments to uncover further exciting aspects of ubiquitin signaling.87 

1.3 Deubiquitinating enzymes (DUBs) 

Deubiquitination, mediated by deubiquitinating enzymes (DUBs) is as important as 

ubiquitination for regulating cellular processes.23 This is evident from the transient nature of 

ubiquitination, as a recent study found its global half-life to be short and independent of 

proteasome activity.88 DUBs cleave the isopeptide bond between the C-terminus of ubiquitin 

and typically the ε-amino group of a lysine or the peptide bond in linear ubiquitin chains, playing 

multiple functional roles (Figure 5).23 As erasers of the ubiquitin code, DUBs can rescue 

proteins from degradation or modify ubiquitin signaling function by removing or editing ubiquitin 

chains. Additionally, they maintain free ubiquitin levels by recycling ubiquitin at the proteasome 

where the DUB PSMD14/RPN11 acts on substrates committed to degradation, while USP14 

and UCH37/UCHL5 function prior to commitment, as well as by disassembling free 

unanchored chains.89 USP5 is able to specifically recognize the free C-terminus of ubiquitin 

via its zinc-finger ubiquitin-binding domain, a feature shared by other USP DUBs.90 DUBs also 

generate ubiquitin monomers from newly expressed ubiquitin precursors encoded by UBA52, 

UBA80, UBB and UBC, with UCHL3, USP9X, USP9X, USP7, USP5 and OTULIN being the 

most active DUBs in this process.91 
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Figure 5: DUBs have multiple cellular functions. They remove ubiquitin or and ubiquitin chains from substrates 
and thereby regulate signaling functions of non-degradative ubiquitination (a) or rescue proteins from degradation 
(b). Another cellular role is replenishing of the free Ub pool mediated by the recycling of ubiquitin at the proteasome 
(c), disassembly of unanchored ubiquitin chains (d), and cleavage of expressed ubiquitin precursors (e). The figure 
is taken from Clague et al.23 

DUBs play essential roles in numerous cellular processes including DNA repair, inflammation, 

apoptosis and cell-cycle progression. Their dysregulation or dysfunction is linked to various 

diseases, such as cancer by affecting the stability and function of tumor suppressors and 

oncogenes, as well as neurodegenerative disorders and immune dysfunction.92 For example, 

the DUB activity of A20 is important for its anti-inflammatory functions, and mutations in its 

encoding gene have been associated with autoimmune disorders.93 The activity, localization 

and abundance of DUBs is tightly controlled, restricting their function to the right substrate and 

the right time. Mechanisms to modulate the catalytic activity include posttranslational 

modification, redox-regulation, protein binding, and allosteric activation.23,94 DUBs can recruit 

their substrates through direct interaction with the ubiquitinated protein, as part of 

macromolecular assemblies that facilitate substrate binding, or by specifically recognizing 

certain ubiquitin chain types, such as those with defined linkages.95 This topic will be explored 

in more detail in the following section (1.4). 

The human genome contains approximately 100 DUBs that are classified into seven families 

according to sequence and structure similarity of their catalytic domains. Members of the 

Jab1/Mov34/MPN (JAMM) family are zinc-dependent metalloproteases. The USP (ubiquitin-

specific protease), OTU (ovarian tumor), MJD (Machado-Josephin domain-containing 

protease), UCH (ubiquitin C-terminal hydrolase), MINDY (motif interacting with Ub-containing 

novel DUB family, and ZUFSP (zinc finger with the UFM1-specific peptidase domain protein) 

families comprise cysteine proteases.23 Not all DUB family members have deubiquitinase 
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activity. Some members, particularly common in the JAMM family, are considered to be 

inactive pseudoenzymes and some members, particularly common in the USP family, are Ubl 

proteases or cross-reactive DUBs and Ubl proteases.96-100 Interestingly, threonine and 

esterase activities have been identified as functions of MJD family members.101 

The catalytic activity of cysteine protease DUBs is mediated by a core catalytic domain 

containing a papain-like catalytic triad of the highly conserved residues cysteine and histidine, 

often together with a third residue (D, N, E, S).94,102,103 The third acidic residue polarizes the 

basic histidine, which in turn deprotonates the thiol group of the catalytic cysteine, increasing 

its nucleophilicity and facilitating its attack on the carbonyl carbon of the ubiquitin-substrate or 

ubiquitin-ubiquitin bond. This results in the formation of a tetrahedral intermediate where the 

negatively charged oxyanion is stabilized by hydrogen-bond interactions within the oxyanion 

hole of the active site. Following the release of the substrate with a free lysine, the acyl enzyme 

intermediate is hydrolyzed by a water molecule. Release of ubiquitin with a free C-terminus 

recovers the enzyme for another catalytic cycle.95,104 While the catalytic mechanism is 

conserved across cysteine DUBs, some only possess a catalytic dyad or use different 

mechanisms to substitute the role of the acidic residue for polarization of the catalytic 

histidine.94 

 
Figure 6: Catalytic mechanism of cysteine protease DUBs. Cysteine protease DUBs generally contain a 
catalytic triad of cysteine, histidine and an acidic residue in a formation to increase the nucleophilicity of the thiol 
group that catalyzes the hydrolysis of the isopeptide bond. The figure is taken from Mevissen and Komander.95 

1.4 Substrate recognition and specificity in DUBs 

The specificity of DUBs for both substrates and ubiquitin chain types is determined by precise 

recognition mechanisms.105 The nomenclature for DUB binding sites follows a convention 

similar to that of other proteases, where sites are named relative to the scissile bond within the 

substrate.106 In a diubiquitin chain, the ubiquitin with a free C-terminus is referred to as the 
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proximal ubiquitin, while the conjugated ubiquitin is the distal ubiquitin. When the scissile bond 

of diubiquitin is positioned in the active site, the S1 site binds the distal ubiquitin, while the S1’ 

site binds the proximal ubiquitin. Additional ubiquitin-binding sites are numbered sequentially 

in both directions (Figure 7A). In longer ubiquitin chains, the proximal ubiquitin remains the one 

with the free C-terminus, whereas the distal ubiquitin is the one that is conjugated but not 

further modified. In ubiquitin chains conjugated to substrate proteins, the proximal ubiquitin is 

the one directly linked to the substrate lysine (Figure 7B). Based on their binding site 

interactions, DUBs exhibit different modes of cleavage: endo, where cleavage occurs within a 

chain; exo, where ubiquitin is removed stepwise from one end; and en-bloc, where an entire 

ubiquitin chain is removed at once (Figure 7B).94 

 
Figure 7: Nomenclature of ubiquitin binding sites and cleavage activities of DUBs. The figure is adapted from 
Mevissen and Komander.95 

Every DUB contains an S1 site which binds the ubiquitin moiety contributing its C-terminus to 

the targeted scissile bond. This site forms extensive interactions with ubiquitin, covering 

20-40% of its surface, significantly more than other UBDs.105 Key recognition elements include 

the hydrophobic Ile44, Ile36 and Phe4 patches, and the extended C-terminal tail, which is 

guided into the active center through various hydrogen bonds.107,108 The specific interaction 

between the S1 site and ubiquitin, particularly its C-terminal tail, allow DUBs to distinguish 

ubiquitin from Ubls as these differ in the hydrophobic surface patches and except for ISG15 

vary in their C-terminal tails (Figure 8A).108 It has been shown that cross-reactive DUBs such 

as USP36 that cleaves ubiquitin, FUBI and ISG15, are able to accommodate the differences.109 

Sole ubiquitin binding in the S1 site can lead to promiscuous cleavage, targeting any linkage, 

whether between two ubiquitin molecules or between ubiquitin and a substrate (Figure 8B). 

This applies to many USP DUBs, which exhibit broad substrate and linkage specificity due to 

strong S1 and limited S1’ site interactions with ubiquitin.95,98,110,111 

Conversely, DUBs with substrate-specific S1’ sites can directly engage ubiquitinated 

substrates, enabling site-specific cleavage activity (Figure 8C). The yeast DUB Ubp8 is 

proposed to have a histone-specific S1’ site, as structural analysis of the SAGA DUB module 

bound to monoubiquitinated nucleosome revealed direct interactions between the catalytic 

domain of Ubp8 and the substrate.112 
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Linkage specificity in DUBs is often mediated by ubiquitin chain engagement in the S1 and S1’ 

sites, where the S1’ site positions the proximal ubiquitin in a defined orientation, restricting 

cleavage to specific linkages (Figure 8D). Especially the structural elucidation of DUBs in 

complex with diubiquitin substrates or probes has shed light on their linkage-specificity 

mechanisms (Figure 9). 

 
Figure 8: Principles of substrate recognition and linkage specificity. A) DUB S1 site discrimination between 
ubiquitin and Ubls. B) Promiscuous cleavage activity of DUBs mediated by S1 site binding. C-D) Substrate or 
linkage-specific cleavage activity of DUBs mediated by S1’ sites. The figure is adapted from Mevissen and 
Komander.95 

Examples of length- and linkage-specific DUBs 

The different families of DUBs exhibit varying degrees of ubiquitin chain linkage-specificity. 

Members of the OTU, JAMM and MINDY families as well as ZUP1 of the ZUFSP family are 

highly linkage-specific, while most USP DUBs display limited specificity in this 

regard.110,111,113-115 Two exceptions among USP DUBs are USP30 and CYLD. USP30 exhibits 

selectivity for K6-linked ubiquitin chains and CYLD specifically cleaves M1- and K63-linked 

ubiquitin chains.116,117 In USP30, engagement of K6-modified ubiquitin in the S1’ site supports 

the weakened ubiquitin binding in the S1 site to enhance catalytic activity.116 Structural analysis 

of the JAMM family member AMSH-LP in complex with K63-linked diubiquitin reveals that both 

the S1 and S1’ sites are part of the catalytic domain (Figure 9). The S1’ site specifically 

interacts with the amino acids surrounding K63 as well as I44 in the proximal ubiquitin, thereby 

restricting its activity to K63 linkages.118 The mechanism of OTULIN is an example for a 

substrate-assisted linkage-specificity mechanism. Upon binding of linear ubiquitin chains, 

inhibitory interactions present in the apo form are released.119 Domains outside of the catalytic 

domains can also contribute to S1’ site formation, as seen in CYLD. Its specificity relies on an 

insertion within the catalytic domain that extends into a ß-sheet forming the S1’ site for 

selective binding of M1- and K63-linked ubiquitin (Figure 9).117  

More complex linkage-specificity mechanisms involve additional ubiquitin-binding sites apart 

from S1 and S1’ (Figure 9). The catalytic domain of OTUD2 contains K11 linkage-specific S1’ 

and S2 binding sites, facilitating endo-cleavage of longer K11-linked chains.120 A similar S2 

site has been identified in SARS-CoV-1 PLpro mediating its specificity for K48-linked ubiquitin 

chains.121,122 ZUP1 specifically cleaves long K63-linked ubiquitin chains, with its S1’ site likely 
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formed by tandem UBD’s located outside of the catalytic domain.115 Their structure and 

ubiquitin interactions remain uncharacterized. 

On top of these described mechanism, many DUBs possess additional UBDs outside of their 

catalytic domains, further fine-tuning substrate recruitment and specificity.94 

 
Figure 9: Information cards for linkage- and/or length-specific DUBs. Cartoon representations of members of 
different DUB families are shown in dark grey. Ubiquitin bound in the S1 site is shown in gold, while ubiquitin 
moieties bound in other binding sites are illustrated in violet. Additionally, characteristics of the mechanisms are 
presented. 

1.5 The USP DUB family 

The USP DUB family contains over 50 members which regulate diverse physiological 

functions.23 Sequence alignments of USP DUBs reveal six conserved boxes that together 

cover ~350 amino acids across all members, show high sequence similarity, contain the 

catalytic dyad/triad and relate to the core catalytic domains.123 These domains can be extended 

by insertions between conserved boxes as well as by N-terminal and C-terminal extensions 

which vary among individual USP DUBs.105 Structurally, the core catalytic domains adopt a 

hand-like architecture with thumb, fingers and palm subdomains, a classification based on the 

structure of USP7, the first crystallized human DUB.124 The primary ubiquitin-binding site (S1) 
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is located between the fingers, palm, and thumb domains with ubiquitin positioned on top of 

the fingers domain. The C-terminus of ubiquitin extends into a narrow catalytic cleft formed by 

the palm and thumb domains.  

Two homologous proteins of the USP DUB family, USP53 and USP54 are phylogenetically 

distinct from other USP DUBs, and are most closely related to USPL1, a SUMO protease 

(Figure 10A).23,123 Their canonical protein sequences consist of 1073 and 1684 amino acids, 

respectively (Figure 10B).125 Both proteins feature an N-terminal catalytic domain and an 

extended C-terminal tail, with USP53 containing a predicted Src-homology 3 (SH3) binding 

domain and USP54 harboring a microtubule interacting and transport (MIT) domain (Figure 

10B).126 According to the Human Protein Atlas, USP53 and USP54 are expressed in a tissue-

unspecific manner.127 They have been annotated as catalytically inactive, due to sequence 

differences in highly conserved regions of the USP catalytic domain, lack of in vitro cleavage 

activity on a Ub-ß-galactosidase fusion protein and the absence of ubiquitin probe labeling of 

cellular USP53.128,129 However, recent studies have increasingly linked USP53 and USP54 to 

various cellular processes and disease phenotypes. Reports on potential substrates suggest 

that USP53 and USP54 are active deubiquitinases.130-133 Despite this, definitive proof of their 

catalytic activity remains elusive. 

 
Figure 10: USP53 and USP54. A) Phylogenetic tree of the catalytic domains of human USP DUBs. The stars 
denote assumed inactive DUBs.23 B) Schematic depiction of the protein sequences of USP53 and USP54. Identified 
or predicted structural elements are annotated. 

1.5.1 USP53 

Biallelic loss or mutation of USP53 have been found as a novel genetic factor for familial 

intrahepatic cholestasis, a hereditary liver disorder affecting primarily children and occasionally 

associated with deafness.134-138 These genetic mutations result in no protein expression, 

truncated proteins, or proteins with a single point mutation which cluster in the catalytic domain 

of USP53 (Table S1). Histopathological analysis of liver biopsy samples from affected patients 

has revealed abnormalities such as fibrosis, elongated tight junctions (TJs) and giant-cell 



INTRODUCTION 

14 

change of hepatocytes.136 Another common genetic cause of cholestasis are pathogenic 

variants of TJP2, which are also associated with elongated TJs and deafness. TJP2 encodes 

tight junction protein 2 (TJP2), a scaffolding protein present in tight junctions and adherens 

junctions.139,140 Similarly, biallelic loss or missense mutation of USP53 has been linked to 

deafness in mice.129,141 The missense mutation (C228S) causes outer hair cell degeneration, 

progressive hearing loss and reduced endocochlear potential in mice.129 The mutated residue 

C228, located at the tip of the fingers domain within the unusual CXXXC motif of USP53, is 

likely important for zinc binding. Notably, this same mutation has been identified in a 

cholestasis patient as well as in two patients diagnosed with psychosis.142,143  

Co-immunoprecipitation (Co-IP) experiments suggest an interaction between the C-terminal 

tail of mouse USP53 and endogenous TJP1 and TJP2 in HEK293T cells (Figure 10B).129 In 

Madin-Darby canine kidney (MDCK) cells, which form a polarized epithelium at high densities, 

transfection with GFP-USP53 resulted in colocalization with TJP2, indicating recruitment of 

USP53 to TJs in epithelial cells.129 TJs typically connect the apical cell border in epithelial cells. 

In mouse hair and supporting cells transfected with GFP-USP53, as well as in dissected wild-

type mouse organs of Corti, USP53 localizes to the apical cell borders and to cell-cell contacts 

between hair cells and Deiters’ cell, respectively.129 These observations suggest that USP53 

plays a critical role in maintaining functional cell-cell barriers necessary for bile secretion in the 

liver and cochlear fluid homeostasis in the inner ear. This makes USP53 one of the very few 

DUBs whose mutations in the catalytic domain are linked to disease phenotypes.144-147  

Beyond its role in cholestasis, USP53 has been attributed additional cellular roles. In triple 

negative breast cancer (TNBC), USP53 exhibits oncogenic properties.131 Elevated levels of 

USP53 correlate with enhanced cell proliferation, metastasis and reduced survival in TNBC 

patients, while USP53 knockout suppresses cell growth and tumor formation in 

immunocompromised mice.131 This effect is mediated by Crk-like protein (CRKL), an adaptor 

protein involved in multiple biological processes and frequently overexpressed in cancers.148 

USP53 appears to deubiquitinate CRKL as demonstrated by Co-IP experiments, partial 

stabilization of CRKL upon overexpression of USP53, and cellular DUB assays.131  

In contrast, USP53 has been associated with tumor-suppressive roles in other cancer types, 

by promoting apoptosis or inhibiting cancer progression. These include breast cancer; 

esophageal carcinoma; hepatocellular cancer presumably through deubiquitination of 

cytochrome c, renal cell carcinoma through inactivation of the nuclear factor kappa B (NF-κB) 

pathway, as well as lung adenocarcinoma through inhibition of the protein kinase B (AKT) 

signaling pathway by stabilization and possible deubiquitination of FK506-binding protein 51 

(FKBP51).130,149-152 In the context of FKBP51, USP53 has been implicated in the 

FKBP51/RhoA/ROCK pathway, which is involved in chronic constriction injury-induced 

neuropathic pain.153 
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USP53 has also been recognized for its role in mesenchymal cell differentiation, skeletal 

development and bone homeostasis.141,154,155 Mesenchymal stem cells (MSCs) can 

differentiate into a variety of cell types, including adipocytes and osteoblasts.156 In osteoblasts, 

USP53 is a transcriptional target of parathyroid hormone (PTH) signaling, a regulation pathway 

of bone remodeling.155 In mouse bone marrow-derived mesenchymal stem cells (BMSCs), 

knockdown of USP53 promotes osteogenesis while decreasing adipogenesis.155 In contrast, 

USP53 promotes osteogenic differentiation of human BMSCs in vitro with lower USP53 

expression observed in BMCs of osteoporosis patients.154 USP53 knockout mice exhibit low 

bone mass and increased bone marrow adipose tissue volume,141 consistent with a case study 

of a patient with a duplication of USP53 and adjacent genes who presented with bone 

deformities and severe obesity.157 Furthermore, another study found a correlation between 

USP53 gene expression in adipose tissue and effective weight control in obese subjects.158 

Overall, these findings highlight the multifaceted role of USP53 in diverse biological processes. 

1.5.2 USP54 

USP54 has been implicated in tumor progression across various cancers, making it a potential 

target for anti-cancer therapies, although its precise oncogenic mechanisms remain largely 

unclear.132,159,160 In prostate cancer, USP54 expression increases during the transition from 

hormone-sensitive prostate cancer to castration-resistant prostate cancer (CRPC), with 

elevated USP54 mRNA and protein levels observed in tumor cells compared to normal 

prostate cells. USP54 knockdown inhibits CRPC cell proliferation in vitro and in vivo, potentially 

through androgen receptor signaling, highlighting its role in CRPC pathogenesis.159 

USP54 has also been linked to colon cancer progression.160 In colorectal carcinoma cells, 

USP54 downregulation impedes their tumorigenesis and USP54-deficient mice develop fewer 

adenocarcinomas following chemical induction of colon carcinoma than control mice. In 

humans, adenomas show higher USP54 expression than adjacent cells.160 Similarly, USP54 

knockdown in melanoma cells reduces lung metastasis formation in immunodeficient mice, 

further supporting its pro-tumorigenic role.160  

In gastric cancer, USP54 expression and centrosome aggregation have been shown to be 

promoted by centrosomal protein 120 (CEP120).132 CEP120 and polo-like kinase 4 (PLK4) 

function in centrosome replication, and both proteins have been linked to tumorigenesis when 

dysregulated.132,161 USP54 is proposed to deubiquitinate and stabilize PLK4 upon recruitment 

by CEP120, supporting its involvement in centrosome function.132 Further evidence for this role 

include the identification of USP54 as a proximity-interaction partner of CEP135 and PLK4, as 

well as the partial rescue of centriole duplication effects upon its knockdown.162,163 Additionally, 
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USP54 negatively regulates ciliogenesis with centrioles being part of the basal bodies of 

primary cilia.163,164 

Beyond its role in cancer, USP54 has been identified as a hit in an RNAi screen aimed at 

identifying novel DUB regulators of the endocytic pathway and has been proposed to regulate 

the integrity of cell-cell contact sites and endocytic trafficking.165 In the same study, full-length 

USP54 localized to areas of actin filaments, cell-cell contacts, and endosomes, fitting its 

identified interaction partners: tight and adherens junctions associated proteins, components 

of the HOPS complex which is important for endosome fusion and maturation, actin-based 

motor proteins, and cilia proteins.165 Loss of USP54 in MelJuSo cells disrupts mitosis and leads 

to a strong clustering of organelles, including endocytic vesicles and mitochondria, at the 

microtubule-organizing center. These defects may be attributed to the effect of USP54 on 

microtubule dynamics and the endocytic network, suggesting a role for USP54 in cytoskeletal 

organization. The expression of a catalytically inactive variant of USP54 in HeLa cells led to a 

microtubule defect that was similar to that observed in USP54-deficient cells. Additionally, 

USP54 expressed in HEK293T cells reacted with a ubiquitin-based probe.165 All of the above 

findings indicate that the DUB activity of USP54 exists and is functionally relevant. 

1.6 Tools to study DUBs 

To discover novel DUBs, explore new activities in known DUBs, and better understand their 

activities, specificities and biological functions under normal and pathological conditions, the 

development of innovative tools and methods has been essential.94,95,166,167 Recent advances 

in this field include, but are not limited to, cell-permeable small molecule probes, the 

development of selective and potent small molecule inhibitors for DUBs, and proteomics 

studies combined with probe treatment, tandem-repeated Ub-binding entity (TUBE) reagents, 

Ub-clipping or trypsin treatment/di-Gly antibodies.24,67,167-170 Beyond studying DUBs in a cellular 

context, researchers have established a growing number of methods to generate ubiquitin-

based probes, ubiquitin-based substrates, and ubiquitinated proteins.171,172 These tools are 

particularly useful for investigating DUB activity, specificity and structures in vitro. 

1.6.1  Substrates for in vitro DUB assays 

A direct way to study DUB activity is to use substrates whose hydrolysis can be quantified by 

techniques such as fluorescence measurements or analyzed by SDS-PAGE and protein band 

staining. This approach enables the correlation of DUB activity with substrate hydrolysis, 

making it particularly useful for studying purified DUBs or those isolated from cell lysates by 

immunoprecipitation or pulldown. 
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Ubiquitin-based substrates 

Fluorogenic substrates such as Ub-7-amino-4-methylcoumarin (Ub-AMC) or Ub-rhodamineG 

(Ub-RhoG) feature ubiquitin covalently conjugated to fluorophores via an aryl amide bond. 

Cleavage by DUBs releases and unquenches the fluorophore, allowing quantification of DUB 

activity through fluorescence measurements.173,174 The simple measurement facilitates high-

throughput screening for DUB inhibitors and these substrates have been used for several 

DUBs including USP7, USP14 USP28 and the protease PLpro from SARS-CoV-2.175-178 An 

advanced substrate, Ub-KG-TAMRA, incorporates an isopeptide bond between the C-terminus 

of ubiquitin and the lysine of the TAMRA-labeled KG peptide.179 Due to the isopeptide bond, 

cleavage of Ub-KG-TAMRA, detected by the decrease in fluorescence anisotropy, more 

accurately represents DUB activity than cleavage of Ub-AMC or Ub-RhoG. Similar substrates 

with Ubls as the recognition modules have been developed to quantify the activity of Ubl 

proteases and to compare cross-reactive enzyme activities. Recent semi-native ligation 

procedures have, in contrast to earlier methods, the advantage that the Ub/Ubl substrates 

remain folded during the entire generation process.99,180 

A limitation of monoubiquitin-based substrates is that they only interact with the S1 site of 

DUBs. However, various DUBs recognize specific polyubiquitin chain types and contain 

additional ubiquitin and substrate binding sites.113,181 To address and study these specificities, 

ubiquitin chains of defined length, linkage and topology, and ubiquitinated substrates serve as 

great tools.116,172,182 The enzymatic assembly of specific polyubiquitin chains depends on the 

knowledge about E2 and E3s specificities.182,183 To date, homotypic K6-, K11-, K29-, K33-, 

K48- and K63-linked polyubiquitin chains can be enzymatically assembled from single ubiquitin 

moieties.183 Native linkages of all types, including K27 linkages, can also be obtained by other 

strategies.184 For instance, solid-phase peptide synthesis (SPPS) of ubiquitin mutants with an 

incorporated thiolysine, followed by native chemical ligation with an Ub-thioester and 

desulfurization enables the synthesis of K27-linked diubiquitin.185,186 Additionally, strategies for 

the generation of more complex ubiquitin chains such as mixed, branched or hybrid chains 

with native, non-native isopeptide bonds or non-hydrolyzable bonds have been 

developed.172,184,187-192  

Site-specific ubiquitination of target proteins 

DUBs can have three distinct cleavage modes: endo, exo and en bloc cleavage. To distinguish 

between these activities in vitro, it is necessary to assay ubiquitinated substrates. One 

approach to generate these substrates in a completely native manner is enzymatic 

ubiquitination using the appropriate E1, E2 and E3 enzymes. For example, PCNA is efficiently 

monoubiquitinated by an E1 enzyme and the E2 enzyme UbcH5c.182 However, many 

ubiquitinated proteins lack well-characterized corresponding E1, E2, and E3 enzymes, making 
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in vitro assembly challenging. To overcome this, enzymatic, native chemical ligation, and 

bioorthogonal protein labeling strategies have been developed for site-specific ubiquitination 

of substrate proteins.193 Since the isopeptide bond is relevant for recognition by ubiquitin-

binding proteins and DUBs, it is essential to generate bonds that closely resemble the native 

linkages. Site-specific native ubiquitination can be achieved by incorporating specific unnatural 

amino acids into the substrate protein, followed by native chemical ligation and 

desulfurization.194 The generation of an isopeptide bond under native conditions, thus obviating 

the need for refolding, is possible by sortylation. This chemoenzymatic approach relies on the 

genetic incorporation of the unnatural amino acid GGK into the substrate protein, which is then 

labeled by sortase with a ubiquitin that contains a C-terminal sortase recognition motif that is 

similar but not identical to its native C-terminus.195 Consequently, the final ubiquitinated 

substrate contains two mutations (R72A, R74A) in the C-terminus of ubiquitin, which may 

hinder its recognition by DUBs. Further development of this method has allowed the generation 

of polyubiquitinated substrates, but with the same limitation.191 An alternative, lysine acylation 

using conjugating enzymes (LACE), enables site-specific monoubiquitination of substrates in 

a native manner without ubiquitin truncation. Here, Ub-sodium 2-mercaptoethanesulfonate 

(Ub-MesNa) serves as a SUMO1-E1 thioester mimic and can be conjugated to a LACE-tagged 

target protein by Ubc9, the E2 conjugation enzyme for sumoylation.196 The development of a 

chimeric E1-activating enzyme that cooperates with Ubc9 further improved this method and 

allows direct conjugation of ubiquitin and polyubiquitin chains to the LACE tag in purified 

proteins. Additionally, co-expression of all components in bacterial cells enables direct 

expression of monoubiquitinated proteins in cells.197 

1.6.2 Probes 

Activity-based probes (ABPs) have emerged as powerful tools for studying enzyme activities. 

Instead of serving as a substrate and being turned over, ABPs covalently react with the active 

site of enzymes.198,199 Typically, ABPs consist of three key components: 1) a recognition 

module that is specific for the target enzyme, 2) a reactive group, also termed warhead, that 

covalently reacts with the catalytic active residue, and 3) an optional reporter tag such as HA, 

biotin, or a fluorophore for detection (Figure 11A).199 Since most DUBs are cysteine proteases, 

they can be selectively targeted by probes that contain ubiquitin as the recognition module and 

an electrophilic warhead that covalently reacts with the catalytic cysteine. Importantly, to 

ensure effective enzyme labeling, the warhead replaces the C-terminal glycine of ubiquitin, 

positioning the electrophile precisely where the carbonyl C-atom of the isopeptide bond would 

normally reside (Figure 12). Applications of Ub probes include the discovery and cellular 

profiling of DUB activities as the formed covalent complexes can be enriched and detected by 
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the reporter tag, allowing their identification as well as the differentiation between expression 

levels and the activity of DUBs.114,200 Additionally, Ub-based probes have been instrumental in 

determining DUB structures, performing in vitro activity assays with purified DUBs, and 

developing DUB inhibitors.122,124,175  

Semi-synthesis and total synthesis approaches have been developed to generate ubiquitin 

with functionalized C-termini.184,201,202 A common semi-synthesis approach is intein-based 

chemical ligation. Taking advantage of the ability of protein splicing elements (inteins) to self-

splice and to form a thioester as an intermediate by N-S acyl shift, first reactive Ub-thioesters 

are generated (Figure 14).203 During splicing, the N-terminal and C-terminal peptides upstream 

and downstream of the intein are normally linked.204 However, expression of ubiquitin fused 

N-terminally to an intein in which the C-terminal Asp is mutated to Ala allows the cleavage of 

the thioester intermediate by transthioesterification upon addition of thiol-containing 

nucleophiles, such as DTT or MesNa, resulting in a thioester bond at the C-terminus of 

ubiquitin and release of the intein with a free N-terminus. The Ub-thioester can then be 

efficiently lysed by the addition of high concentrations of small molecule amines to form a 

stable amide bond. As a result, a variety of electrophiles that differ in chemical structure and 

reactivity can be incorporated into Ub probes.184 Depending on their reaction with the catalytic 

cysteine of DUBs, these electrophiles can be classified into three distinct mechanisms: direct 

addition, conjugate addition, and nucleophilic substitution (Figure 11B).205 

Direct addition mechanism (1,2 addition) 

The earliest developed probes ubiquitin-aldehyde (UbaI) and Ub-nitrile (Ub-CN) react with 

DUBs via direct addition, forming unstable complexes through hemithioacetal and thioimidate 

bonds, respectively.206 Among these, UbaI has been widely used in structural studies, with 

USP7~UbaI being the first resolved human DUB structure.124 A more recently developed and 

now in Ub probes widely used warhead, propargylamide (PA), contains an alkyne group that 

reacts covalently with DUBs to form a stable vinyl thioether bond (Figure 11B).166 This probe 

led to the discovery of two new DUB families.115,181,207 

Conjugate addition mechanism (1,4 addition) 

Ub probes with Michael acceptors as electrophiles react with DUBs via conjugate addition. 

Ub-vinyl methyl sulfone (Ub-VS) (Figure 11B) and Ub-vinyl methyl ester (Ub-VME) fall into this 

category and have been used in proteomics, structural and activity-based studies.202,203,208,209 

Notably, Ub-VS was the first developed probe to form a stable complex with DUBs.198 

Nucleophilic substitution mechanism 

Ub probes featuring alkyl halides, such as Ub-2Br (Figure 11B) and Ub-Cl, react with DUBs 

via nucleophilic substitution. This reaction results in a stable thioester bond while releasing the 
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halogen as a leaving group. Their use has contributed to the discovery of members of the OTU 

DUB family.203 Acycloxymethyl ketones as highly reactive warheads are suitable for capturing 

not only DUBs but also many E1, E2, and E3 enzymes.210 

 
Figure 11: Composition and reaction mechanisms of Ub-based probes. A) Activity-based probes consist of 
three elements: the reactive group, also called the warhead (blue triangle), the recognition module (grey) and the 
reporter tag (purple). B) Different electrophiles used as warheads in Ub-based probes react by three different 
mechanisms with the catalytic cysteine of DUBs. 

In general, ubiquitin-based probes are unselective and react with a variety of DUBs. However, 

different warheads show different engagement profiles during DUB profiling. Consequently, for 

individual warheads, different sets of DUBs are detected after enrichment and mass 

spectrometry detection after cell lysate probe treatment of cell lysate.203,211 A method to 

generate more selective Ub-based probes is to engineer ubiquitin to contain unnatural amino 

acids, especially located at the C-terminus.212 

Monoubiquitin probes provide insights into ubiquitin binding in the S1 site of DUBs, but offer 

limited information on specificity for ubiquitin chain linkage and length (Figure 12A). To address 

this, more complex ubiquitin-based probes have been developed to characterize DUB activity 

and obtain structural information about ubiquitin interactions at multiple binding sites.199,213-216 

Diubiquitin-based probes, in which two ubiquitin moieties are linked by a molecule containing 

an electrophilic warhead, allow for studying DUB linkage specificity by engaging both the S1 

and S1’ sites (Figure 12B). While the alkyne warhead used in Ub-PA is unsuitable for internal 

use, Michael acceptors (MA) serve as effective electrophiles between ubiquitin moieties. 

Specifically-linked diUb probes with Michael acceptor-based internal warheads, that differ in 

the chemistry and length of the linker have been generated by semi-synthesis and total 

synthesis approaches (Figure 12B). Generally, their generation follows a step-wise strategy: 

1) Generation of a modified proximal ubiquitin whose relevant lysine is replaced with a reactive 

group that serves as an anchor for linkage formation. 2) Functionalization of the C-terminus of 

the distal ubiquitin with a linker that incorporates the reactive group and a handle for 
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conjugation. 3) Ligation of the two ubiquitin moieties and if needed further reactions (e.g. thiol 

elimination) to obtain the Michael acceptor electrophile.214,215,217 Exemplary, a K11 linkage 

mimicking covalent amide-linked diUb probe has been used to resolve the structure of 

Cezanne with occupied S1 and S1’ sites, informing on its mechanism of linkage 

specificity.215,218 An alternative warhead is incorporated in the dehydroalanine (Dha)-based 

diUb probe.219 

To investigate DUBs that recognize polyubiquitin via additional S2 binding sites, such as 

OTUD2 and the SARS-CoV-1 protease PLpro, diUb probes have been designed with 

warheads at the C-terminus of the proximal ubiquitin (Figure 12C). Consequently, interaction 

with both the S1 and S2 sites, but not with the S1 and S1’ sites, enable the reaction with 

DUBs.120,208,213 One approach utilized a linear diubiquitin aldehyde probe, while another 

generated and employed non-hydrolyzable triazole-linked diUb probes, applicable to all 

linkages (Figure 12C).98,213 The structural characterization of SARS-CoV-1 PLpro in complex 

with such a triazole-linked K48 linkage mimicking diUb probe revealed the molecular basis of 

ubiquitin recognition in the S1 and S2 sites.122 

 
Figure 12: Overview of ubiquitin-based probes. A) Probes featuring a single ubiquitin moiety with a C-terminal 
warhead reacting with the catalytic cysteine of DUBs upon interacting with the S1 binding site of DUBs. 
B) Diubiquitin-based probes with an in-between warhead to probe for DUB activity upon binding of the S1 and S1’ 
sites of DUBs. C) Diubiquitin-based probes with a C-terminal warhead on the proximal ubiquitin moiety. Binding in 
the S1 and S2 sites of DUBs leads to DUB~probe complex formation. The figure is adapted from Mulder et al.184  
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2 Aim 

Dysregulation of deubiquitinating enzymes (DUBs) has been implicated in a variety of 

diseases, including cancer and developmental disorders.220,221 A prerequisite for the 

development of novel therapeutic approaches is to investigate the biochemical activities of 

DUBs at the molecular level and to understand their cellular functions and roles.94 This work 

focuses on two DUBs: USP53 and USP54. Although mutations in USP53 have been 

associated with pediatric cholestasis, and both proteins have been implicated in different 

cancer types, their cellular and pathophysiological functions remain largely unexplored as both 

enzymes are assumed to be catalytically inactive.128,131,132,136,149,160 Strikingly, a conclusive 

analysis of their activities remains elusive to date. 

 

The aim of this work is to characterize the potential catalytic activities of USP53 and USP54 

by analyzing their substrate specificity, possibly for ubiquitin and/or another Ubl. An in vitro 

approach will be used to achieve this goal. Generation of a panel of ubiquitin- and Ubl-based 

probes and substrates will allow the specificity analysis of bacterially expressed and purified 

catalytic constructs. Once established, the substrate specificity will be further explored to 

uncover the mechanisms and molecular details of substrate recognition of USP53 and USP54. 

To this end, a suite of specifically designed substrates and ubiquitin-based probes will be 

generated and used in in vitro DUB assays and structural studies. 

Finally, to bridge the gap between the activity of USP53 and the observed cholestasis 

phenotype, identified mutations in USP53 in patients, will be tested at the protein level with in 

vitro DUB activity assays. 

 

The collective impact of this work has the potential to change the way we think about USP53 

and USP54 and facilitate a mechanistic understanding of their catalytic activities. This, in turn, 

will pave the way to uncovering their cellular roles and the mechanistic basis of their 

involvement in disease pathogenesis. 
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3 Material and Methods 

3.1 Material 

3.1.1 Commercially available material, enzymes and kits 

Table 1: Commercially available material, enzymes and kits 

Name Source 

Cloning  

10x HF Phusion polymerase buffer NEB 

10x T4 DNA ligase buffer NEB 

Deoxynucleotide solution mix (dNTPs) NEB 

In-Fusion cloning mix  TaKaRa 

Phusion HF DNA polymerase NEB 

QIAprep Spin Miniprep Kit Qiagen 

QIAquick Gel Extraction Kit Qiagen 

QIAquick PCR Purification Kit Qiagen 

     Restriction enzymes  

     DpnI NEB 

     HindIII-HF NEB 

     KpnI-HF NEB 

     NdeI NEB 

     SapI NEB 

T4 DNA ligase NEB 

DUB substrates  

Ubiquitin-Rhodamine110Gly UbiQ 

SUMO1-Rhodamine110Gly UbiQ 

SUMO2-Rhodamine110Gly UbiQ 

NEDD8-Rhodamine110Gly UbiQ 

ISG15-Rhodamine110Gly UbiQ 

Diubiquitin panel of all 8 linkages UbiQ 

K29-linked tetraubiquitin Bio-techne 

K33-linked tetraubiquitin Bio-techne 
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Name Source 

Protein purification  

20x NuPAGE MES SDS Running Buffer Thermo Fisher Scientific  

4x NuPAGE LDS Sample Buffer Thermo Fisher Scientific  

Chitin resin NEB 

Complete, EDTA-free Protease inhibitor cocktail tablets (PIC) Roche Diagnostics 

DnaseI AppliChem 

Glutathione Sepharose 4B GE Healthcare 

InstantBlueTM Abcam 

Lysozyme Roth 

NuPAGE 4-12%, Bis-Tris Gels, 15 well/26 well Thermo Fisher Scientific 

NuPAGE 3-8% Tris-Acetate Gels Thermo Fisher Scientific 

SeeBlueTM Plus2 Pre-stained Protein Standard Thermo Fisher Scientific  

Silver Stain Plus kit BioRad 

SYPRO Orange protein gel stain Sigma-Aldrich 

Screening plates  

Core I, II, III, IV, Classics I, PEGs I, II, JCSG+, PACT, Cryos Qiagen 

Memgold I & II, Morpheus screening plates Molecular Dimensions 

3.1.2 Laboratory equipment and consumables 

Table 2: Laboratory equipment 

Name Manufacturer 

Agilent 1260 II Infinity system Agilent 

Äkta pure protein purification system GE Healthcare 

Cell density meter, Biowave, CO 8000 Biochrom 

CFX Connect Real-Time PCR System Bio-Rad 

Chemidoc MP Imaging System Bio-Rad 

Centrifuges  

   Avanti J-25 Beckman Coulter 

   Avanti J-26 XP Beckman Coulter 

   5415R, 5417, 5415D, 5804R Eppendorf 

Crystallization  

   Mosquito LCP robot TTP Labtech 

   DragonFly TTP Labtech 

   RockImager Formulatrix 

Drying and heating chamber ED53 BINDER 
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Name Manufacturer 

Econo-Column Chromatography Columns Bio-Rad 

Heating and stirring plate IKA RCT classic IKA 

Incubator shaker Innova 42, Innova 4430 New Brunswick Scientific 

Isotemp water bath, GPD 02 Fisher scientific 

PCR Thermal Cycler BioRad 

Peristaltic pump LA-900 Landgraf Laborsysteme 

Pipettes (2 µl, 10 µl, 20 µl, 100 µl 200 µl, 1000 µl) Gilson 

Power Supply (Power PacTM HC, Power PacTM Basic) Bio-Rad 

Thermomixer compact Eppendorf 

Sonicator with probe, 700 W Fisherbrand 

Spectrophotometer, NanoDrop 2000c Peqlab 

SureLock Tandem Midi Gel Tank Thermo Fisher Scientific 

XCell SureLock Mini-Cell Thermo Fisher Scientific 

Table 3: Consumables 

Name Manufacturer 

96 deepwell blocks Greiner 

96-well PCR plates (white) Bio-Rad 

384-well assay plates (black) Greiner 

Amicon Ultra-15 (MWCO 3kDa, MWCO 10 kDa) Merck 

Amicon Ultra-4 (MWCO 3kDa, MWCO 10 kDA) Merck 

CryoPure tubes (1.8 ml) Sarstedt 

Microcentrifuge tubes (1.5 ml, 2 ml) Sarstedt 

MRC 96-well crystallization plates (2-Drop, 3-Drop) Molecular Dimensions 

PCR tubes, PCR 8-well strip tubes & lids Axygen 

Pipette tips (10 µL, 20 µL, 200 µl, 1000 µL) Sarstedt 

Serological pipettes (2 mL, 5 mL, 10 ml, 25 ml, 50 ml) Sarstedt 

Snake Skin Dialysis Tubing (MWCO 3.5 kDa) Thermo Scientific 

Sticky aluminium seals Thermo Fisher Scientific 

Syringe filter, Filtropur S, pore size: 0.2 µm/0.45 µm Sarstedt 

Transparent sealing films Bio-Rad 

Tubes (15 ml, 50 ml) Sarstedt 
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3.1.3 Buffers  

Table 4: Buffers 

Name Composition 

Buffer D 20 mM Na2HPO4, 100 mM NaCl, pH 6.0 

Buffer M 20 mM 2-(N-morpholino)ethanesulfonic acid (MES) pH 8.0 

Buffer N 50 mM NaH2PO4, 300 mM NaCl, 20 mM imidazole, 
4 mM 2-mercaptoethanol (ß-ME), pH 8.0 

Buffer S 50 mM NaOAc, pH 4.5 

Buffer T 20 mM tris(hydroxymethyl)-aminomethane (Tris), 100 mM NaCl, 
5 mM dithiothreitol (DTT), pH 8.0 

Cleavage buffer 20 mM Tris, 100 mM NaCl, 5 mM DTT, 0.5 mg/ml bovine serum 
albumin (BSA), pH 8.0 

Conjugation buffer 40 mM Tris, 10 mM MgCl2, 10 mM adenosine triphosphate (ATP), 
pH 8.5 

DUB buffer 20 mM Tris, 100 mM NaCl, 4 mM ß-ME, 5% (v/v) glycerol, pH 8.0 

GST HS buffer 20 mM Tris, 500 mM NaCl, 10 mM ß-ME, pH 8.0 

GST LS buffer 20 mM Tris, 150 mM NaCl, 10 mM ß-ME, pH 8.0 

GST lysis buffer 50 mM Tris, 500 mM NaCl, 1 mM ethylenediaminetetraacetic acid 
(EDTA), 10% (v/v) glycerol,10 mM ß-ME, pH 8.0 

K48 linkage 
assembly buffer 

40 mM Tris, 10 mM MgCl2, 10 mM ATP, 1 µM E1, 25 µM Ube2R, 
pH 8.5 

K63 linkage 
assembly buffer 

40 mM Tris, 10 mM MgCl2, 10 mM ATP, 1 µM E1, 8 µM Ube2N, 
8 µM Ube2V, pH 8.5 

Labeling buffer 1x PBS,1 mM tris(2-carboxyethyl)phosphine (TCEP) 

LACE reaction buffer 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES), 50 mM KCl, pH 7.6 

Low salt (LS) buffer 25 mM Tris, 50 mM NaCl, 4 mM ß-ME, pH 8.5 

Lysis buffer 50 mM Tris, 1 mM EDTA, pH 7.4 

Phosphate-buffered 
saline (PBS) 

0.137 M NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, 
pH 7.4 

Reaction buffer 20 mM Tris, 100 mM NaCl, 5 mM DTT, pH 7.7 

Storage buffer 20 mM Tris, 100 mM NaCl, 4 mM DTT, 5% (v/v) glycerol, pH 8.0 

Tris-acetate running 
buffer 

50 mM N-(tris-hydroxymethyl)methylglycine (Tricine), 50 mM Tris, 
0.1% (w/v) sodium dodecyl sulfate (SDS), pH 8.24 

TSA buffer 20 mM HEPES, 100 mM NaCl, 5 mM DTT, pH 7.5 

Ubiquitin lysis buffer 20 mM Tris, 2 mM EDTA, pH 7.4 
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3.1.4 Cultivation media 

The ingredients for media used for Escherichia coli (E. coli) cultivation are listed in Table 5. All 

media were autoclaved. For plasmid selection and amplification, ampicillin was added to a final 

concentration of 100 µg/ml, kanamycin to a final concentration of 50 µg/ml and 

chloramphenicol to a final concentration of 34 µg/ml to LB agar plates, LB medium or 2YT 

medium. 

Table 5: Ingredients of media for the cultivation of E. coli. 

Name Composition 

Lysogeny broth (LB) medium  10 g/l tryptone/peptone 5 g/l yeast extract, 

10 g/l NaCl, pH 7.4 

LB agar plates 1.5 % (w/v) bacto agar in LB medium 

2x yeast extract-tryptone medium (2YT) 16 g/l tryptone, 10 g/l yeast extract, 

5 g/l NaCl, pH 7.4 

3.1.5 Organisms 

Two E. coli strains were used in this study and are listed with their genotypes in Table 6. The 

Top10F’ strain was used for the amplification and selection of plasmids, the Rosetta 2 strain 

for protein expression. 

Table 6: Used E. coli strains 

Name Genotype 

Top10F’ F'mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 recA1 

araD139 Δ(ara-leu) 7697 galU galK rpsL endA1 nupG 

Rosetta 2 (DE3)pLacI F- ompT hsdSB(rB
- mB

-) gal dcm (DE3) pLacIRARE2 (CamR) 

3.1.6 Oligonucleotides 

Oligonucleotides used in this work are listed in Table 7. They were ordered from Sigma-Aldrich 

and were used for insert amplification, InFusion cloning, SOE-PCR or site-directed 

mutagenesis. 
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Table 7: List of oligonucleotides used in this study 

Name Sequence (5' --> 3') Purpose 

K123 TGAACCGGGTCAGAATAGCTCGTTTCTGAA 
TAGCGCAGTT 

Introduction of C41S into 
USP53 (fwd) 

K124 AACTGCGCTATTCAGAAACGAGCTATTCTG 
ACCCGGTTCA 

Introduction of C41S into 
USP53 (rev) 

K125 CCGAGCGATAATATTTCTCATGCACTGGCA 
G 

Introduction of R99S into 
USP53 (fwd) 

K126 CTGCCAGTGCATGAGAAATATTATCGCTCG 
G 

Introduction of R99S into 
USP53 (rev) 

K129 TGAACCGGGTCAGAATAGCTCGTTTCTGAA 
TAGCGCACTG 

Introduction of C42S into 
USP54 (fwd) 

K130 CAGTGCGCTATTCAGAAACGAGCTATTCTG 
ACCCGGTTCA 

Introduction of C42S into 
USP54 (rev) 

K168 GGTTGATCTTTGCTGGGAGGCAGCTGGAA 
GATGGACGC 

Introduction of K48R into 
Ubiquitin (fwd) 

K169 GCGTCCATCTTCCAGCTGCCTCCCAGCAAA 
GATCAACC 

Introduction of K48R into 
ubiquitin (rev) 

K178 CTGACTACAACATCCAGAGGGAGTCCACCC 
TGCACCTG 

Introduction of K63R into 
Ubiquitin (fwd) 

K179 CAGGTGCAGGGTGGACTCCCTCTGGATGT 
TGTAGTCAG 

Introduction of K63R into 
Ubiquitin (rev) 

K180 AAGTTCTGTTTCAGGGCCCGGGATCCGCC 
GGGCTGC 

Amplification of UBE2N for 
pOPINK from aa 1 (fwd) 

K181 ATGGTCTAGAAAGCTTTAAATATTATTCATG 
GCATATAGCCTAGTCCATGCTC 

Amplification of UBE2N for 
pOPINK from aa 252 (rev) 

K192 ATGGTCTAGAAAGCTTTATGACCAGCTGAT 
GACCTGCCTG 

Amplification of USP53 for 
pOPINK from aa 368 (rev) 

K193 ATGGTCTAGAAAGCTTTACTGAAATTCGGC 
CTGCGGAGG 

Amplification of USP54 for 
pOPINK from aa 369 (rev) 

K204 GAAGGAGATATACATATGCAGATCTTCGTG 
AAGAC 

Amplification of Ubiquitin for 
pET17b from aa 1 (for) 

K206 TAAGAATTCTGCAGATATCCATCACACTGG 
C 

Amplification of pET17B 
backbone (fwd) 

K207 ATGTATATCTCCTTCTTAAAGTTAAACAAAA 
TTATTTCTAGAGGGAAACC 

Amplification of pET17B 
backbone (rev) 

K208 TCTGCAGAATTCTTATCAAGCGCAACCTCT 
GAGACGGAGGACCAG 

Amplification of Ubiquitin for 
pET17b from aa 75 with a C- 
terminal CA extension (rev) 
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Name Sequence (5' --> 3') Purpose 

K209 TCTGCAGAATTCTTATTAGCAACAGCCAGG 
ACAACAGGACCAACCTCTGAGACGGAGGA 
CCAG 

Amplification of Ubiquitin for 
pET17b from aa 75 with 
C-terminal WSCCPGCC 
extension (rev) 

K213 GTCTGACTACAACATCCAGTGCGAGTCCAC 
CCTGCACCTGG 

Introduction of K63C into 
Ubiquitin (fwd) 

K214 CCAGGTGCAGGGTGGACTCGCACTGGATG 
TTGTAGTCAGAC 

Introduction of K63C into 
Ubiquitin (rev) 

K215 GAGGTTGATCTTTGCTGGGTGCCAGCTGG 
AAGATGGACGCA 

Introduction of K48C into 
Ubiquitin (fwd) 

K216 TGCGTCCATCTTCCAGCTGGCACCCAGCAA 
AGATCAACCTC 

Introduction of K48C into 
Ubiquitin (rev) 

K221 AAGTTCTGTTTCAGGGCCCGATGAACTCCA 
ACGTGGAGAACCTACCC 

Amplification of UBE2S for 
pOPINK from aa 2 (fwd) 

K222 ATGGTCTAGAAAGCTTTAAGCCATGGGACC 
CTCAGCCCC 

Amplification of UBE2S for 
pOPINK from aa 196 (rev) 

K225 AAGTTCTGTTTCAGGGCCCGCTGGGATCCA 
TGTCGGGGATCG 

Amplification of UBC9 for 
pOPINB from aa 1 (fwd) 

K226 ATGGTCTAGAAAGCTTTATGAGGGCGCAAA 
CTTCTTGGCTTG 

Amplification of UBC9 for 
pOPINB from aa 158 (rev) 

K227 AAGTTCTGTTTCAGGGCCCGATGAGCAAAG 
GTGAAGAACTGTTTACCG 

Amplification of emGFP for 
pOPINB from aa 1 (fwd) 

K230 ATGGTCTAGAAAGCTTTATTCTTCGCTTTCC 
ATTTTAATCACTTTGCGCGGGCCGCTGCCT 
TTGTACAGTTCATCCATACCATGGGTAATAC 
C 

Amplification of emGFP for 
pOPINB from aa 238 with C- 
terminal LACEtag 
GSGPRKVIKMESEE (rev) 

K247 CTGAGCAATCTGGGCAATACCTGTTTTCTG 
AATAGCGCACTGCAGG 

Amplification of USP54 for 
pOPINK with internal LGNT 
sequence (fwd) 

K248 CAGAAAACAGGTATTGCCCAGATTGCTCAG 
ACCTTTGCTCGGTG 

Amplification of USP54 for 
pOPINK with internal LGNT 
sequence (rev) 

K253 CTGCTGAATCTGGGCAATACCTGTTTTCTG 
AATAGCGCAGTTCAGGTTC 

Amplification of USP53 for 
pOPINK with internal LGNT 
sequence (fwd) 

K254 CAGAAAACAGGTATTGCCCAGATTCAGCAG 
ACCTTTGGTCGGTG 

Amplification of USP53 for 
pOPINK with internal LGNT 
sequence (rev) 

K257 CATGCTATATACTTGCTGGATTTCAAGTACT 
TATCAATTTG 

Amplification of pOPINK 
backbone (rev) 
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Name Sequence (5' --> 3') Purpose 

K258 AGCTTTCTAGACCATTTAAACACCACCAC Amplification of pOPINK 
backbone (fwd) 

K259 CAAGTATATAGCATGGCCTTTGCAGGG Amplification of any pOPINK 
insert compatible with 
amplified pOPINK backbone 
(fwd) 

K260 TGGTATGATTTGCTATTACGGCAAACGCGA 
TAGCACCTTTTTCTTTCAGACCAAG 

Introduction of H302A into 
USP54 (fwd) 

K261 CTTGGTCTGAAAGAAAAAGGTGCTATCGCG 
TTTGCCGTAATAGCAAATCATACCA 

Introduction of H302A into 
USP54 (rev) 

K264 TGCCGAGCGATACCCTGGCGAGTGCACTG 
GCAAAAAC 

Introduction of R100A into 
USP54 (fwd) 

K265 GTTTTTGCCAGTGCACTCGCCAGGGTATCG 
CTCGGCA 

Introduction of R100A into 
USP54 (rev) 

K266 GCATGATTTGTTATACCAGCCAGGCGTATT 
GTGCCTTTGCCTTTCATAC 

Introduction of H301A into 
USP53 (fwd) 

K267 GTATGAAAGGCAAAGGCACAATACGCCTG 
GCTGGTATAACAAATCATGC 

Introduction of H301A into 
USP53 (rev) 

K274 TGTCTGACTACAACATCGCGAAAGCGTCCA 
CCCTGCACCTGG 

Introduction of Q62A and 
E64A into Ubiquitin (fwd) 

K275 CCAGGTGCAGGGTGGACGCTTTCGCGATG 
TTGTAGTCAGACA 

Introduction of Q62A and  
E64A into Ubiquitin (rev) 

M#1-A1 AAGTTCTGTTTCAGGGCCCGGGTAGCATGC 
TGAGCCTGGC 

Amplification of USP53 for 
pOPINK from aa 20 (fwd) 

M#1-A4 ATGGTCTAGAAAGCTTTACGGTTTTTCACAA 
CCCATGTTTTCGG 

Amplification of USP53 for 
pOPINK from aa 383 (rev) 

M#1-A5 AAGTTCTGTTTCAGGGCCCGCGTAGCAGCA 
CCAGCATTGCAC 

Amplification of USP54 for 
pOPINK from aa 21 (fwd) 

M#1-E12 GGTGGTCATATGTACCCATACGATGTTCCA 
GATTACGCTGGATCCATGGCCAATGAAAAA 
CCGACCGAAGAAG 

Amplification of SUMO4 for 
pTXB1 from aa 1 with N- 
terminal HA tag (fwd) 

M#1-F1 GGTGGTTGCTCTTCCGCAACCGGTCGGCT 
GCTGAAAAACATC 

Amplification of SUMO4 for 
pTXB1 from aa 92 (rev) 

M#1-F3 GGTGGTCATATGTACCCATACGATGTTCCA 
GATTACGCTGGATCCATGAGCGATCTGGAA 
GCAAAACCGAGC 

Amplification of SUMO5 for 
pTXB1 from aa 1 with N- 
terminal HA tag (fwd) 

M#1-F4 GGTGGTTGCTCTTCCGCAACCAATCTGCTC 
TTGATAAACTTCGATAACG 

Amplification of SUMO5 for 
pTXB1 from aa 96 (rev) 

M#1-F6 GGTGGTCATATGTACCCATACGATGTTCCA 
GATTACGCTGGATCCATGGCAGCACCGCT 
GTCAGTTGAAG 

Amplification of URM1 for 
pTXB1 from aa 1 with N-
terminal HA tag (fwd) 
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Name Sequence (5' --> 3') Purpose 

M#1-F7 GGTGGTTGCTCTTCCGCAACCATGCAGGG 
TGCTAATAAACAGAACG 

Amplification of URM1 for 
pTXB1 from aa 100 (rev) 

M#1-F9 GGTGGTCATATGTACCCATACGATGTTCCA 
GATTACGCTGGATCCATGAGCAAAGTTAGC 
TTCAAAATTACCCTGAC 

Amplification of UFM1 for 
pTXB1 from aa 1 with N- 
terminal HA tag (fwd) 

M#1-F10 GGTGGTTGCTCTTCCGCAAACACGATCACG 
CGGAATAATACGCAG 

Amplification of UFM1 for 
pTXB1 from aa 82 (rev) 

M#2-A8 GGTGGTCATATGTACCCATACGATGTTCCA 
GATTACGCTGGATCCATGAGCTGTGTTCAT 
TACAAATTCAGCAGC 

Amplification of DWNN for 
pTXB1 from aa 1 with N- 
terminal HA tag (fwd) 

M#2-A9 GGTGGTTGCTCTTCCGCAACCAATCGGAAT 
ACGACGAACAATAACGC 

Amplification of DWNN for 
pTXB1 from aa 78 (rev) 
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3.1.7 Plasmids 

Table 8: List of plasmids used in this study 

Identifier Insert Backbone Source 

MG1-6 Ub1-74-CCPGCC pET17b Komander lab 

MG1-7 2xUb1-76 (M1) pET17b Komander lab 

MG1-11 Ub1-75 intein pTXB1 Komander lab 

MG1-13 Mouse E1, UBA1 pET21d Addgene #34965 

MG1-18 UBE2S-UBD pGEX-6P1 Komander lab 

MG1-19 AREL1 pOPINS Komander lab 

MG1-20 UBE3C pOPINS Komander lab 

MG1-24 OTUB1*, UBE2D2 fused to an inactive E2 pOPINB Komander lab 

MG1-28 OTULIN pOPINB Komander lab 

MG1-31 AMSH*, mSTAM2 VHS-UIM pOPINB Komander lab 

MG1-77 UBE2L3 pGEX-6P1 Dundee 

MG1-78 UBE2N pGEX-6P1 Dundee 

MG1-79 UBE2R1 pGEX-6P1 Dundee 

MG1-80 UBE2V1A pGEX-6P1 Dundee 

MG1-81 UBE2I, UBC9 pGEX-6P1 Dundee 

MG1-82 Ub1-75 pET17b Komander lab 

MG2-45 Ub K48R pET17b Komander lab 

MG2-46 Ub K63R pET17b Komander lab 

MG2-50 Ub WT pET17b MG lab 

MG2-53 HA-SUMO11-96 intein pTXB1 MG lab 

MG2-54 HA-SUMO21-92 intein pTXB1 MG lab 

MG2-56 HA-ISG151-156 intein pTXB1 MG lab 

MG3-2 USP5320-383 pOPINK MG lab 

MG3-6 USP5421-385 pOPINK MG lab 

MG3-27 USP5320-383 C41A pOPINK MG lab 

MG3-29 USP5421-283 C42A pOPINK MG lab 

MG3-41 HA-SUMO41-92 intein pTXB1 This study 

MG3-43 HA-SUMO51-96 intein pTXB1 This study 

MG3-45 HA-URM11-100 intein pTXB1 This study 

MG3-47 HA-UFM11-82 intein pTXB1 This study 

MG3-75 HA-DWNN1-78 intein pTXB1 This study 

MG5-12 Ub1-76 intein pTXB1 MG lab 

MG6-23 His-GST-3C-HA-FUBI1-73 C57L intein pTXB1 MG lab 
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Identifier Insert Backbone Source 

MG7-2 USP5320-383 C41S pOPINK This study 

MG7-3 USP5320-383 R99S pOPINK This study 

MG7-5 USP5421-283 C42S pOPINK This study 

MG7-44 Ub1-75-CA pET17b This study 

MG7-45 Ub1-75-WSCCPGCC pET17b This study 

MG7-48 Ub K63C pET17b This study 

MG7-49 Ub K48C pET17b This study 

MG7-54 USP5421-369 pOPINK This study 

MG7-55 Ub K63R I44A pET17b MG lab 

MG7-56 Ub K63R F4R pET17b MG lab 

MG7-57 Ub K63R V70A pET17b MG lab 

MG7-58 Ub K63R R42E pET17b MG lab 

MG7-59 Ub K63R H68R pET17b MG lab 

MG7-60 Ub I44A pET17b MG lab 

MG7-61 Ub K6E pET17b MG lab 

MG7-62 Ub1-75 I44A pET17b MG lab 

MG7-63 Ub1-75 F4R pET17b MG lab 

MG7-64 Ub1-75 F4A pET17b MG lab 

MG7-65 USP5421-369 F161K pOPINK MG lab 

MG7-75 UBE2S pOPINK This study 

MG7-77 UBE2I, Ubc9 pOPINB This study 

MG7-81 GFP-C-LACEtag pOPINB This study 

MG7-84 USP5421-35-LGNT-42-369 pOPINK This study 

MG7-87 USP5320-34-LGNT-41-383 pOPINK This study 

MG7-89 USP5421-369 H302A pOPINK This study 

MG7-91 USP5421-369 R100A pOPINK This study 

MG7-92 USP5320-383 H301A pOPINK This study 

MG11-3 Ub1-75 Q62A E64A pET17b This study 

MG11-4 USP5320-383 Y160K pOPINK MG lab 

MG11-11 USP5320-368 pOPINK This study 

MG11-16 USP5320-383 N34A pOPINK This study 

MG11-17 USP5421-369 N35A pOPINK This study 

MG11-22 Ub1-75 K48R pET17b This study 

MG11-23 Ub1-75 K63R pET17b This study 
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3.1.8 Software 

Table 9: List of software used in this study 

Name Description Supplier 

Adobe Illustrator 2023 Vector graphics Adobe 

Aimless 1.12.10 Data analysis Bio-Rad 

ASTRA 7.3.2.21 Data collection and analysis Wyatt Technology 

CFX Maestro 4.1.2433.1219 Data collection and analysis Bio-Rad 

ChemDraw Chemical structure visualization PerkinElmer Inc. 

Coot 0.7.1 Protein modelling 222 

CRANK2 2.9.281 X-ray structure solution 223 

Dials 3.5.0 Data analysis 224 

Excel Data analysis  Microsoft Corporation 

ImageJ 1.53 Image analysis 225 

ImageLab 2.4.0.03 Imaging Bio-Rad 

MR Phaser 2.8.3 Data analysis 226 

OpenLab CDS 2.4  Data collection and analysis Agilent 

Origin 2019b Data analysis and visualization OriginLab Corporation 

Phenix.Refine 1.19.2 Protein structure refinement 227 

PISA webserver Interface are calculation 228 

Prism 9 Data analysis and visualization GraphPad Software 

Promass 3.Orev12 Mass spectra deconvolution Enovatia 

PyMOL 2.5.5 Protein structure analysis and 

visualization 

Schrödinger LLC 

Rock Maker 3.10 Protein crystallization Formulatrix 

SparkControl 2.3 Data collection and analysis Tecan 

SwissModel webserver 4.0 Homology model building 229 
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3.2 Methods 

3.2.1 General procedures 

3.2.1.1 Restriction/ligation cloning 

Restriction/ligation cloning was used to integrate ubiquitin or ubiquitin like protein encoding 

DNA fragments into the pTXB1 vector in front of the intein and the chitin binding domain 

encoding sequences. 

Inserts were amplified by polymerase chain reaction (PCR) in a solution containing 1 µl of a 

1:1000 dilution of template DNA (50-100 ng/µl), 1x HF Phusion polymerase buffer (NEB), 

200 nM dNTPs (NEB), 5 nM of the forward and reverse primers, 0.5 µl Phusion polymerase 

(NEB) and ddH2O in a reaction volume of 50 µl according to Table 10. Purification of the PCR 

reactions was conducted in two ways: directly using the QIAquick PCR Purification Kit (Qiagen) 

and after agarose gel electrophoresis by using the QIAquick Gel Extraction Kit (Qiagen). 

Table 10: Temperature cycling PCR program for insert amplification 

Step Temperature Duration 

Initial denaturation 98 °C 60 s 

Denaturation 98 °C 10 s 

Primer annealing 55-58 °C 20 s 

Elongation 72 °C 30 s per 1 kbp 

Elongation 72 °C 360 s 

 12 °C ∞ 

 

The purified amplified inserts and the pTXB1 expression vector were cleaved with the 

restriction enzymes SapI and NdeI and then purified using the QIAquick PCR Purification Kit 

(Quiagen). Importantly, water was used for elution. The ligation reaction was performed using 

100 ng of the cut vector and 50 ng of the insert, 1x T4 DNA ligase buffer (NEB), and 1 µl T4 

DNA ligase (NEB) in a total volume of 20 µl in ddH2O for 20 min at room temperature. 

Subsequently, the mixture was used for bacterial transformation (3.2.1.5). 

3.2.1.2 In-Fusion cloning 

In-Fusion reactions were conducted with amplified inserts and linearized vectors exhibiting a 

15-base pair (bp) overlap at their ends. Generally, KpnI-HF and HindIII-HF linearized pOPINB 

and pOPINK vectors were used as backbones. The inserts were first amplified by PCR using 

primers that contained 15 bp extensions that were complementary to the linearized pOPINB 

and pOPINK vectors and then purified as detailed in section 3.2.1.1. 50-100 ng of linearized 

35x 
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vector and 50-100 ng of inserts were combined with 0.5 µl of In-Fusion cloning mix (TaKaRa) 

and ddH20 in 5 µl reactions. These were then incubated at 50 °C for 15 min and subsequently 

then used for bacterial transformation (3.2.1.5). 

3.2.1.3 Splicing by overlap extension-PCR 

Splicing by overlap extension (SOE)-PCR enables the combination of two DNA fragments into 

one fragment and the introduction of additional DNA base pairs into an existing DNA sequence. 

Here, SOE-PCR was employed to replace the DNA sequence coding for EPGQNS with LGNT 

in USP53 and USP54. Two DNA fragments were amplified as described in section 3.2.1.1. 

Fragment 1 corresponded to USP5320-34 or USP5421-35, while fragment 2 corresponded to 

USP5341-383 or USP5442-369. The reverse primer for fragment 1 and the forward primer for 

fragment 2 were designed to encode the LGNT sequence and also to create an overlap 

between the two DNA fragments. Following agarose gel purification, 1 µl of each 1:200 dilution 

of fragment 1 and fragment 2, were used as templates in the same PCR, which was performed 

as described in section 3.2.1.1 using the forward primer for fragment 1 and the reverse primer 

for fragment 2. The resulting combined DNA insert was purified by agarose gel electrophoresis 

and by using the QIAquick Gel Extraction Kit (Qiagen), and subsequently used for InFusion 

cloning (3.2.1.2). 

3.2.1.4 Site-directed mutagenesis 

The QuikChange method was used for site-directed mutagenesis. The reverse and forward 

primers (Table 7) were complementary to opposite strands of the template plasmid, and 

contained the desired mutations. The primers were designed using the QuikChange Primer 

Design webtool from Agilent. A total of 50 ng of template plasmid DNA was combined with 1x 

HF Phusion polymerase buffer, 200 nM deoxynucleotides, 5 nM of the reverse and forward 

primers and ddH2O in a reaction volume of 20 µl. Lastly, 0.2 µl of Phusion polymerase was 

added to the mixture, which was subjected to a three-set temperature cycling program (Table 

11). 

Table 11: Temperature cycling PCR program for site-directed mutagenesis 

Step Temperature Duration 

Initial denaturation 95 °C 30 s 

Denaturation 95 °C 10 s 

Primer Annealing 55 °C 20 s 

Elongation 72 °C 30 s per 1 kbp 

 12 °C ∞ 

 

18x 



METHODS 

39 

Following PCR, 1 µl DpnI was added to digest the methylated template DNA. After incubation 

for 3 h at 37 °C or overnight at 22 °C, the reaction mixtures were used for the transformation 

of competent E. coli cells (3.2.1.5). 

3.2.1.5 Transformation of chemically competent E. coli and plasmid isolation 

A volume of 50-100 µl of chemically competent TOP10 cells was transformed with 1-3 µl of 

DNA or plasmids obtained by cloning methods described in sections 3.2.1.1-3.2.1.4. The 

mixture was incubated for 30 minutes on ice, subjected to a heat shock at 42 °C for 45 seconds. 

and cooled down on ice for 2 min. Subsequently, 1 ml LB medium was added, and the cells 

were incubated at 37 °C for 45 min while shaking at 800 rpm. Following centrifugation 

(10,000xg, 1min, room temperature), the supernatant was discarded, and the cells were 

resuspended in approximately 50 µl residual liquid. The suspension was then spread out on a 

selective LB agar plate and incubated overnight at 37 °C. Single clones were picked and 

cultivated overnight at 37 °C in 5 ml of LB medium containing the respective antibiotic. Plasmid 

DNA was extracted from TOP10 cells using the QIAprep Spin Miniprep Kit (Qiagen). 

Successful cloning or the correct insertion of the mutation was verified by Sanger sequencing 

by Eurofins or Seqlab. 

3.2.1.6 Sodium dodecylsulphate polyacrylamide gel electrophoresis (SDS-PAGE)  

SDS-PAGE was used to separate proteins according to their respective molecular weights. 

Samples were prepared by the addition of 1.3x NuPAGE LDS sample buffer to protein 

solutions which served to denature the proteins. The protein samples were loaded onto 

NuPAGE Bis-Tris or Tris-Acetate gradient gels (Invitrogen) and proteins were separated at a 

constant voltage of 160 V for ~40 min – in NuPAGE MES SDS running buffer or Tris-acetate 

running buffer, respectively. For protein band detection, the gels were either imaged directly, 

stained with InstantBlue solution while gently shaking and then washed with deionized water, 

or silver stained using the Silver Stain Plus kit (Bio-Rad) according to the instructions provided. 

Imaging was done using a Chemidoc MP Imaging System (BioRad).  

3.2.1.7 Heterologous protein expression in E. coli 

Proteins were expressed using Rosetta 2(DE3)pLacI cells. The main expression cultures were 

inoculated in a 1:100 ratio from an overnight preculture of E. coli cells, transformed with the 

appropriate plasmid encoding the protein of interest in 2YT medium, and cultured at 37 °C with 

constant shaking (180 rpm). Upon reaching an OD600
 of approximately 0.8, the cultures were 

cooled at 18 °C for a period of 30 min. Protein expression was then induced by the addition of 

0.5 mM IPTG and conducted at 18 °C overnight. Bacterial cells were harvested by 

centrifugation and the cell pellets were stored at -80 °C until further use. 
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3.2.1.8 DNA and protein concentration determination 

The concentrations of DNA and proteins were determined by absorbance measurements with 

a NanoDrop 2000 spectrophotometer. Protein concentrations were determined by absorbance 

measurements at 280 nm, while plasmid DNA concentration was determined at 260 nm. The 

extinction coefficient and the molecular weight of proteins were determined from their 

sequence using the program Protparam on the Expasy server.230 

3.2.1.9 Thermal shift assay 

Thermal shift assays (TSA) were employed to determine the stabilities of proteins and protein 

complexes. In general, protein samples were assayed at a concentration of 3 µM in TSA buffer 

(20 mM HEPES pH 7.5, 100 mM NaCl, 5 mM DTT) with 3x SYPRO Orange dye. To obtain 

probe-labeled samples for TSA measurement, 6 µM apo protein solutions were incubated with 

18 µM probe solutions overnight at 4 °C. Prior to measurement, the protein-probe mixture was 

mixed in a 1:1 ratio with SYPRO Orange dye solution (6x SYPRO Orange dye in TSA buffer). 

For the comparative measurement of USP54 F161K, USP54 F161K~Ub-PA and USP54 

F161K~diUb-PA, samples underwent purification and were assayed in a PBS/Tris pH 8.0 

buffer solution. Samples were added to white, 96 well PCR plates and measured in triplicate 

or in quadruplicate. A temperature gradient was applied, ranging from 20 to 90 °C, with an 

increment 0.3 °C and a hold time of 5 s before reading. Following each incremental 

temperature change, the fluorescence intensity was measured in the FRET channel 

(excitation: 450-490 nm, emission: 560-580 nm) using a CFX connect Real-Time PCR System 

(Bio-Rad). The data were analyzed automatically by the software CFX Maestro (Bio-Rad), 

which yielded the first derivative and the melting temperature as the inflection point of the 

melting curve. 

3.2.1.10 SEC-MALS 

Size exclusion chromatography with multi-angle light scattering (SEC-MALS) was conducted 

using an Agilent Infinity II HPLC system. This system was equipped with a Wyatt DAWN NEON 

8 angle detector, an Optilab online refractive index detector, and an Agilent VWD UV detector. 

Protein solutions (60 µl at a concentration of 2 mg/ml) were injected and separated on a 

Superdex 75 Increase 10/300 column (Cytiva) with a flow rate of 0.5 mL/min in 20 mM Tris 

pH 8.0, 100 mM NaCl. Masses were determined using the Astra software (Wyatt Technology), 

which was calibrated with bovine serum albumin (BSA). 

3.2.1.11 Intact protein mass spectrometry 

For protein mass determination, protein samples were diluted to approximately 0.5-1 mg/ml in 

PBS and desalted on an AdvanceBioDesaltingRP 2.1x12.5 mm cartridge (Agilent) using a 
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gradient of 5-80% solvent B (solvent A = HPLC-grade water + 0.1% trifluoracetic acid; solvent 

B = HPLC-grade acetonitrile + 0.1% trifluoracetic acid). The desalting process was conducted 

at a flow rate of 0.4 ml/min, a runtime of 6 min, and a column temperature of 32 °C. The 

analysis was performed on an Agilent 1260 II Infinity system (Agilent), which was equipped 

with an electrospray ion source in positive mode. The capillary voltage was set at 4 kV, the 

desolvation gas flow was 80 L/min, and the temperature was 350 °C. The ProMass program 

(Enovatia) was used to deconvolute mass spectra. 

3.2.2 Protein purification 

Protein solutions were maintained at a temperature of 4 °C and all protein purification steps 

were conducted at this temperature unless otherwise specified. Following purification, 

concentrated protein samples were aliquoted, snap frozen in liquid nitrogen, and stored 

at -80 °C. The purity and identity of proteins were assessed by intact protein mass 

spectrometry (3.2.1.11). His-3C, GST-3C and His-TEV proteases used for tag cleavage during 

protein purification were obtained from Dortmund Protein Facility. If not indicated otherwise, 

all purification steps were performed on an ÄKTA pure protein purification system (GE 

Healthcare/Cytiva). 

3.2.2.1 Ubiquitin and ubiquitin variants 

Acidic precipitation, cation exchange chromatography and size exclusion chromatography 

were employed to obtain pure ubiquitin species.231 These included ubiquitin, M1-linked 

diubiquitin, M1-linked tetraubiquitin and ubiquitin variants, including Ub1-74-CCPGCC, 

Ub1-75-CA, Ub K63R, Ub K6E, Ub I44A, Ub K63R/R42A, Ub K63R/I44A, Ub K63R/H68R, 

Ub K63R/V70A, Ub K63R/F4R, Ub1-75, Ub1-75 F4A, Ub1-75 F4R, Ub1-75 I44A and 

Ub1-75 Q62A/E64A. Following protein expression, the cell pellets were resuspended in ubiquitin 

lysis buffer (20 mM Tris pH 7.4, 2 mM EDTA) supplemented with lysozyme and DNAseI, and 

lysed by sonication (55% amplitude, 10’’on/10’’off) on ice. The lysate was then clarified by 

centrifugation, after which the supernatant was brought to 0.5% (v/v) perchloric acid, while 

being cooled on ice. The remaining soluble protein was subsequently dialyzed against buffer 

S (50 mM NaOAc, pH 4.5). Cation exchange chromatography using a HiPrep SP FF 16/10 

column (GE Healthcare), with an elution gradient ranging from 0 to 1000 mM NaCl in buffer S 

and SEC using a HiLoad 16/600 Superdex 75 pg column in phosphate buffered saline (PBS) 

resulted in the isolation of pure ubiquitin species. 

3.2.2.2 Purification of ubiquitin or ubiquitin-like protein (Ubl)-thioesters 

To obtain ubiquitin or Ubl species with a thioester functionalized C-terminus as precursors for 

probe generation, their DNA sequences were cloned from codon-optimized gene strings into 
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the pTXB1 vector upstream of the intein and chitin-binding domain sequence. The purification 

procedure was conducted as reported previously, with intein-mediated cleavage induction by 

the addition of MesNa.109 The Ub1-76-MesNa as building block for ubiquitinating GFP was 

generated in an identical procedure to that used for Ub1-75-MesNa. 

3.2.2.3 Purification of the catalytic domains of USP53 and USP54 

The catalytic domains of USP53 and USP54 were expressed as fusion proteins with N-terminal 

polyhistidine-GST tags. Their purification process involved multiple steps, including nickel NTA 

affinity purification (Ni-NTA), reverse Ni-NTA, anion exchange chromatography and size 

exclusion chromatography (SEC). The same purification procedure was performed for all 

variants including USP53 C41A, USP54 C42A, USP53 C41S, USP54 C42S, USP53 H301A, 

USP54 H302A, USP54 LGNT, USP53 LGNT, USP53 N34A, USP54 N35A, USP53 Y160K, 

USP54 F161K, USP53 R99S, and USP54 R100A. First, the corresponding bacterial cells were 

resuspended in buffer N (20 mM NaH2PO4 pH 8.0, 300 mM NaCl, 20 mM imidazole, 

4 mM ß-ME) supplemented with DNAseI, lysozyme, EDTA-free protease inhibitor cocktail 

(1 tablet/100 mL, Roche) and 1 mM phenylmethylsulfonyl fluoride (PMSF). The cell 

suspension was subjected to sonication (55% amplitude, 5’’on/10’’off) while being kept cool in 

a water-ice bath. Following sonification, the mixture was centrifuged, and the cleared lysate 

was filtered through a 45 µm filter. Next, the filtered lysate was applied to a Ni-NTA FF column 

(Cytiva) preequilibrated with buffer N. Bound proteins were eluted using buffer N supplemented 

with 500 mM imidazole. Elution fractions containing USP53 or USP54 were combined. After 

addition of His-3C protease to cleave off the 6x-GST tag, the protein solution was dialyzed 

overnight against buffer N supplemented with 4 mM ß-ME. The subsequent purification step 

involved a reverse Ni-NTA. For this, the protein solution was manually passed through a 

preequilibrated Ni-NTA FF column (Cytiva) using a peristaltic pump (Bio-Rad). The flow-

through was dialyzed against low salt (LS) buffer (25 mM Tris pH 8.5, 50 mM NaCl, 

4 mM ß-ME). Subsequently, the sample was subjected to anion exchange chromatography on 

a Resource Q (ResQ) column (GE Healthcare). After column loading and washing using LS 

buffer, bound proteins were eluted with a salt gradient ranging from 50 to 500 mM NaCl in LS 

buffer. Fractions containing the target protein were combined, concentrated, and subjected to 

SEC using DUB buffer (20 mM Tris pH 8.0, 100 mM NaCl, 4 mM ß-ME, 5 % glycerol) or storage 

buffer (20 mM Tris pH 8.0, 100 mM NaCl, 4 mM DTT, 5% glycerol) on a HiLoad 16/600 

Superdex 75 pg column (GE Healthcare). Alternatively, the anion-exchange chromatography 

fractions were buffer exchanged into storage buffer.  
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3.2.2.4 Ubiquitin chain conjugating enzymes 

The mouse E1 enzyme was purified by Ni-NTA and ResQ as described for USP53 and USP54 

(3.2.2.3). Subsequent SEC was performed on a HiLoad 16/600 Superdex 200 pg column (GE 

Healthcare) in storage buffer. UBE2N and UBE2S were purified by Ni-NTA, reverse Ni-NTA 

and SEC as described for USP53 and USP54 (3.2.2.3), except that SEC was performed in 

storage buffer. 

UBE2R, UBE2V, UBE2S-UBD and UBE2L were expressed as GST fusion proteins and 

purified by the Dortmund Protein Facility using GST affinity chromatography, on-column 

cleavage with GST-3C and SEC on a HiLoad 16/600 Superdex 75 pg column in storage buffer 

that contained 1mM TCEP instead of 4 mM DTT as reducing agent. The DUBs OTUB1* and 

AMSH* were expressed as polyhistidine tag fusion proteins and purified by the Dortmund 

Protein Facility using Ni-NTA, on-column cleavage with His-3C protease and SEC on a HiLoad 

16/600 Superdex 75 pg column in storage buffer that contained 1mM TCEP instead of 

4 mM DTT as reducing agent.  

NleL was expressed as GST fusion protein and purified by GST affinity purification. After cell 

resuspension in GST lysis buffer (50 mM Tris pH 8.0, 500 mM NaCl, 1 mM EDTA, 

10% glycerol, 10 mM ß-ME) and lysis by sonication, the cleared lysate was filtered and 

incubated for 1 h at 4 °C with GSH beads equilibrated in lysis buffer. The GSH beads with 

bound protein were first washed with GST high salt (HS) buffer (50 mM Tris pH 8.0, 

500 mM NaCl, 10 mM ß-ME) and then with GST LS buffer (50 mM Tris pH 8.0, 150 mM NaCl, 

10 mM ß-ME) in a gravity flow column. On-bead cleavage was performed with His-TEV 

protease overnight at 4 °C. The flow-through and the wash with GST LS buffer of the beads 

containing the protein of interest were combined, concentrated, aliquoted, and directly snap-

frozen in liquid nitrogen. 

3.2.2.5 Additional proteins 

ULP1 was obtained from the Dortmund protein facility. USP2 and USP8 were purified by Dr. 

Malte Gersch. GFP-C-LACE-tag was expressed with a cleavable N-terminal polyhistidine tag. 

The used GFP sequence has been reported previously232 and the sequence of the C-terminal 

LACE tag was adopted from the literature.196 

Ubc9 was expressed with an N-terminal polyhistidine tag that was not cleaved during 

purification. Pure His-Ubc9 was obtained by Ni-NTA and SEC as described for USP53 and 

USP54 (3.2.2.3) except that SEC was performed in storage buffer. 
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3.2.3 DUB substrate generation 

3.2.3.1 Generation of di, tri, tetra, and polyubiquitin chains of specific linkages 

Ubiquitin chains of defined linkages were enzymatically generated at 37 °C from single 

ubiquitin moieties using specific E1, E2, E3 and DUB combinations in conjugation buffer 

(40 mM Tris pH 8.5, 10 mM MgCl2, 10 mM ATP). Assembly reactions were conducted at 37 °C, 

the progress was monitored by intact protein mass spectrometry (3.2.1.11), and the reactions 

were stopped by the addition of 10 mM DTT. Concentrations and identities of the used 

enzymes and assembly reactions times are given in Table 12 and were used based on 

reported conditions.183 K11-linked diubiquitin chains were obtained by using the E2 fusion 

protein UBE2S-UBD. To obtain K11-linked tetraubiquitin chains, UBE2S was used instead as 

the E2 enzyme and K11-linked diubiquitin chains were used as building blocks. 

Table 12: Combinations and concentrations of enzymes to assemble specifically linked ubiquitin chains 

 K6 K11 K48 K63 

Ubiquitin 2.5 mM 2.5 mM/0.5 mM 2.5 mM 1.5 mM 

mE1 200 nM 250 nM 1 µM 1 µM 

E2 600 nM UBE2L3 20 µM UBE2S-

UBD/ 10 µM 

UBE2S 

25 µM UBE2R 8 µM UBE2V2 

8 µM UBE2N 

E3 10 µM NleL - - - 

Reaction time 3 h 8 h/48 h 3 h 3 h 

DUB 2 µM OTUB1*, 

16 h 

2 µM AMSH*, 

16 h 

- - 

 

The reaction mixtures containing specifically linked chains of different lengths were first diluted 

in buffer S, then subjected to cation exchange chromatography on a ResS column, and eluted 

with a gradient of 0 to 1000 mM NaCl in buffer S to separate the ubiquitin chains according to 

their length. Fractions containing diubiquitin, triubiquitin, tetraubiquitin, or polyubiquitin with 

chains of at least five ubiquitins were individually combined. Subsequently, the chains of a 

specific length were further purified by SEC using a HiLoad 16/600 Superdex 75 pg column in 

PBS. 

M1-linked diubiquitin and tetraubiquitin chains were expressed in E. coli and purified as 

described for ubiquitin (3.2.2.1). 

Enzymatically assembled K29- and K33-linked tetraubiquitin chains were obtained from 

commercial sources. 



METHODS 

45 

3.2.3.2 Ub-KG-TAMRA 

Ub-KG-TAMRA was prepared using a methodology developed by Dr. Zhou Zhao.99 However, 

slightly modified reactions times, a higher concentration of KG-TAMRA and a streamlined 

purification procedure were used. Ub1-76-hydrazide was obtained from Ub-MesNa as 

described.99 To a precooled solution of 250 µl of 1.8 mM Ub1-76-hydrazide, precooled solutions 

of 125 µl of 1 M NaNO2 and 125 µl of 200 mM citric acid were added and incubated in a sodium 

chloride-ice-water bath at -10 °C for 20 min. Then, 500 µl of 20 mM KG-TAMRA (molecule 

provided by Dr. Zhou Zhao) in 1.5 M HEPES pH 8.0 was added and incubated at 30 °C for 1 

hour. Unreacted KG-TAMRA and diubiquitin by-products were removed by SEC in buffer M 

(20 mM MES pH 8.0). Ub-KG-TAMRA containing fractions were combined, diluted in buffer S 

and subjected to cation exchange chromatography on a ResS column. Elution was performed 

with a gradient ranging from 0 to 300 mM NaCl in buffer S and pure Ub-KG-TAMRA was 

obtained by combining fractions containing the correct protein species. 

3.2.3.3 Generation of TAMRA-maleimide labeled K63-linked ubiquitin chains 

The introduction of a C-terminal cysteine and alanine to a truncated ubiquitin (Ub1-75-CA) 

allowed fluorescent labeling of the proximal ubiquitin in polyubiquitin chains with 

tetramethylrhodamine (TAMRA)-maleimide. All samples were protected from light during and 

after the labeling reactions. 

K63-linked diubiquitin chains containing Ub1-75-CA as proximal ubiquitin (Ub K63R-Ub1-75-CA) 

were generated enzymatically by incubating 900 µM Ub K63R with 1.3 mM Ub1-75-CA in K63 

linkage assembly buffer (40 mM Tris, pH 8.5, 10 mM MgCl2, 1 µM E1, 8 µM UbeV1, 8 µM 

Ube2N, 10 mM ATP) for 3 h at 37 °C. 

K63-linked triubiquitin chains containing Ub1-75-CA as proximal ubiquitin (Ub2-Ub1-75-CA) were 

generated by incubating 180 µM K63-linked diubiquitin with 1800 µM Ub1-75-CA in K63 linkage 

assembly buffer at 37 °C until all diubiquitin was consumed. The 1:10 ratio was used to favor 

formation of triubiquitin over tetraubiquitin species.  

K63-linked tetraubiquitin chains containing Ub1-75-CA as proximal ubiquitin (Ub3-Ub1-75-CA) 

were generated by incubating 80 µM Ub2-Ub1-75-CA with 500 µM Ub K63R in K63 linkage 

assembly buffer for 2 h at 37 °C.  

The protein mixtures were diluted in buffer S, loaded on a ResS column, and eluted with a 

gradient ranging from 0 to 1000 mM NaCl in buffer S. The purified products Ub K63R-Ub1-75-

CA, Ub2-Ub1-75-CA and Ub K63R-Ub2-Ub1-75-CA were then buffer exchanged into labeling 

buffer (1xPBS, 1 mM TCEP) and labeled with a 1.1 molar equivalent of TAMRA maleimide. 

The reaction was terminated after 1 h incubation at RT and stopped by the addition of 5 mM 

DTT. Extensive dialysis against PBS removed excess dye and subsequent SEC on a HiLoad 

16/600 Superdex 75 pg column in PBS provided pure labeled K63-linked ubiquitin chains.  
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3.2.3.4 Generation of monoubiquitinated GFP 

The model substrate GFP-C-LACE-tag (GFP-LT) was monoubiquitinated via lysine acylation 

using conjugating enzymes (LACE) adapted from Hofmann et al.196 For this, 60 µM GFP-LT, 

60 µM His-Ubc9, 150 µM Ub1-76-MesNa and 1 mM Ac-Cys-NHMe (generated by Dr. Christian 

Grethe, CG263) were combined in LACE reaction buffer (50 mM HEPES pH 7.6, 50 mM KCl) 

and incubated for 24 h at 30 °C. After dilution in buffer N, reverse Ni-NTA was performed on a 

Ni-NTA FF column (Cytiva) equilibrated in binding buffer. The flow-through was dialyzed into 

LS buffer and anion exchange chromatography was performed using a ResQ column. Proteins 

were eluted with a gradient from 50 to 125 mM NaCl in LS buffer. Fractions containing GFP-

LT monoubiquitinated at its LACE-tag (GFP-mUb) were combined and further purified by SEC 

on a HiLoad 16/600 Superdex 75 pg column in PBS. 

3.2.3.5 Generation of ubiquitin building blocks 

K63-linked Ub K63R – Ub and Ub K63R – Ub – Ub were generated by setting up 0.6 mM Ub 

with 3 mM Ub K63R or 160 µM K63-linked diUb with 1.2 mM Ub K63R in K63 linkage assembly 

buffer (40 mM Tris, pH 8.5, 10 mM MgCl2, 1 µM mE1, 8 µM UbeV1, 8 µM Ube2N, 10 mM ATP), 

respectively. 

K48-linked Ub K48R – Ub was generated by mixing 2.5 mM Ub K48R with 250 µM Ub 

(10:1 ratio) in K48 linkage assembly buffer (40 mM Tris, pH 8.5, 10 mM MgCl2, 1 µM mE1, 

25 µM Ube2R, 10 mM ATP).  

Assembly reactions were monitored by intact protein LC-MS and stopped after 6-16 h 

incubation at 37 °C by addition of 10 mM DTT. For purification, reaction mixtures were diluted 

in buffer S and subjected to cation exchange chromatography on a ResS column (GE 

Healthcare) with a gradient ranging from 0 to 1000 mM NaCl in buffer S, followed by SEC on 

a HiLoad 16/600 Superdex 75 pg column in PBS. 

3.2.3.6 Generation of polyubiquitinated GFP 

GFP-mUb was further ubiquitinated by enzymatic assembly reactions at 37 °C for 6-16 h using 

ubiquitin variants or previously assembled and purified ubiquitin building blocks. Samples were 

protected from light during the reactions and subsequent purification steps. 

To obtain GFP-LT modified with K63-linked diubiquitin, triubiquitin or tetraubiquitin, 50 µM 

GFP-mUb was mixed with either 200 µM Ub K63R or 100 µM K63-linked diUb (Ub K63R – Ub) 

or 100 µM K63-linked triUb (Ub K63R – Ub – Ub), respectively. All reactions were set up in 

K63 linkage assembly buffer. 

GFP-LT modified with K48-linked diubiquitin and triubiquitin was obtained by combining 50 µM 

GFP-mUb with 200 µM Ub K48R or 100 µM K48-linked diUb (Ub K48R – Ub) in K48 linkage 

assembly buffer. 
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GFP-Ubn containing reaction mixtures were diluted in LS buffer (20 mM Tris pH 8.5, 50 mM 

NaCl), loaded onto a ResQ column (GE Healthcare) and eluted by a gradient of 50 to 500 mM 

NaCl in LS buffer. Protein fractions containing pure K63-linked polyubiquitinated GFP species 

were combined and buffer exchanged into PBS. Fractions containing K48-linked 

polyubiquitinated GFP species were further purified by SEC on a HiLoad 16/600 Superdex 

75 pg column in PBS. 

3.2.3.7 Generation of triubiquitin chains of mixed linkages  

Triubiquitin chains containing mixed K48 and K63 linkages were generated by two consecutive 

conjugation reactions from specific ubiquitin moieties to ensure that only defined linkages can 

be generated. This also meant that each ubiquitin building block had a different mass enabling 

the differentiation of cleavage products in mass spectrometry-based cleavage assays. For the 

comparison of cleavage of mixed triubiquitin chains with homotypic triubiquitin chains, 

additionally K63-linked and K48-linked triubiquitin chains of the same ubiquitin moieties as 

building blocks were generated. The annotation K63-K48-linked triubiquitin chains labels a K63 

linkage between the distal and middle ubiquitin and a K48 linkage between the middle and 

proximal ubiquitin in the triubiquitin chain. The same notation was applied to all generated 

mixed triubiquitin chains. Triubiquitin chains containing mixed M1 and K63 linkages were 

generated by a single conjugation reaction using M1-linked diubiquitin chains and either 

Ub K63R or Ub1-75 as building blocks. All reactions were performed at 37 °C, progress was 

monitored by intact protein mass spectrometry (3.2.1.11), and reactions were stopped after 

3-12 h incubation by addition of 10 mM DTT. Each conjugation reaction product was purified 

as described for wild-type ubiquitin chains (3.2.2.1) prior to use in another assembly reaction 

or in cleavage assays. The used ubiquitin variants and their concentrations are detailed in 

Table 13. K63 linkage assembly buffer included 40 mM Tris pH 8.5, 10 mM MgCl2, 1 µM mE1, 

8 µM UbeV1, 8 µM Ube2N and 10 mM ATP, while K48 linkage assembly buffer included 

40 mM Tris pH 8.5, 10 mM MgCl2, 1 µM mE1, 25 µM Ube2R and 10 mM ATP. The homotypic 

K63-linked triubiquitin chains generated in this way were also used for the co-crystallization 

attempt with USP53 C41S and USP54 C42S (4.3.2). 
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Table 13: Concentrations of ubiquitin building blocks used in assembly reactions to generate mixed 
triubiquitin chains 

Reaction product Reaction 1 Reaction 2 

K63-K48 mixed triUb: 

Ub K63R – Ub – Ub1-75 K63R 

0.5 mM Ub,  

3 mM Ub1-75 K63R, 

K48 linkage assembly buffer 

440 µM Ub K63R,  

220 µM reaction 1 product,  

K63 linkage assembly buffer 

K48-K63 mixed triUb: 

Ub K48R – Ub – Ub1-75 K48R 

0.5 mM Ub,  

3 mM Ub1-75 K48R, 

K63 linkage assembly buffer 

550 µM Ub K48R,  

275 µM reaction 1 product,  

K48 linkage assembly buffer 

K63-K63 triUb: 

Ub K63R – Ub – Ub1-75 

0.6 mM Ub, 

3 mM Ub1-75 

K63 linkage assembly buffer 

5 mM Ub K63R, 

528 µM reaction 1 product, 

K63 linkage assembly buffer 

K48-K48 triUb: 

Ub K48R – Ub – Ub1-75 

0.5 mM Ub, 

3 mM Ub1-75 

K48 linkage assembly buffer 

450 µM Ub K48R, 

204 µM reaction 1 product 

K48 linkage assembly buffer 

M1-K63 mixed triUb: 

Ub – Ub – Ub1-75 

500 µM M1-linked diUb, 

3 mM Ub1-75, 

K63 linkage assembly buffer 

 

K63-M1 mixed triUb: 

Ub K63R – Ub – Ub 

150 µM M1-linked diUb, 

1.5 mM Ub K63R, 

K63 linkage assembly buffer 

 

 

3.2.3.8 Generation of K63-linked triubiquitin chains with mutations in specific ubiquitin 
moieties 

Similar to the generation of mixed-linked triubiquitin chains, K63-linked triubiquitin chains with 

mutations in specific ubiquitin moieties were generated by two consecutive conjugation 

reactions from specific ubiquitin moieties as building blocks. In general, shortened Ub1-75 was 

used as the building block for the proximal ubiquitin in the chain, wild-type ubiquitin as the 

middle ubiquitin and Ub K63R as the distal ubiquitin. To test the effect of mutations at specific 

positions in the K63-linked triubiquitin chain on the cleavage activity of DUBs, these were 

introduced only into the respective ubiquitin building block according to the intended position 

of the mutation. The mutations are indicated by an X. Reactions were performed at 37 °C in 

K63 linkage assembly buffer, progress was monitored by intact protein mass spectrometry 

(3.2.1.11), and reactions were stopped after between 3 h up to 3 days of incubation by addition 

of 10 mM DTT. Purification was performed after each conjugation reaction as previously 

described for wild-type ubiquitin chains (3.2.3.1). The purified diubiquitin species obtained after 
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the first reaction step served as one building block in the second conjugation reaction. The 

concentrations of the ubiquitin building blocks for each conjugation step are detailed in Table 

14. 

Table 14: Concentrations of ubiquitin building blocks used in K63 linkage assembly reactions 

Position of additional mutation Reaction 1 Reaction 2 

Distal ubiquitin 0.6 mM Ub,  

3 mM Ub1-75 

0.5 mM Ub K63R/X,  

180 mM reaction 1 product 

Middle ubiquitin 0.6 mM Ub X,  

3 mM Ub1-75 

1 mM Ub K63R, 

250-300 µM reaction 1 product 

Proximal ubiquitin 3 mM Ub K63R,  

0.6 mM Ub 

175 µM reaction 1 product, 

175 µM Ub1-75 X 

3.2.4 Generation of ubiquitin- and ubiquitin like protein-based probes 

3.2.4.1 Ubiquitin or Ubl with a propargylamide warhead or a VS warhead 

Ub/Ubl probes with C-terminal propargylamine (PA) and vinyl sulfone (VS) warheads were 

prepared as previously described through direct conversion of C-terminal protein thioesters 

with small molecule amines.99,109 The vinyl sulfone-containing molecule was provided by Dr. 

Zhou Zhao. 

3.2.4.2 K63-linked diUb-PA 

High amounts of K63-linked diubiquitin-PA were obtained by combining 750 µM Ub-PA with 

800 µM Ub K63R for 16 hours at room temperature in K63 linkage assembly buffer. After 

stopping the reaction by adding 10 mM DTT, the reaction mixture was diluted in buffer S, 

loaded onto a ResS column, and eluted with a gradient from 0 to 1000 mM NaCl in buffer S. 

Subsequent SEC using a HiLoad 16/600 Superdex 75 pg column in reaction buffer 

(20 mM Tris pH 7.7, 100 mM NaCl, 5 mM DTT) yielded pure diUb(K63)-PA. 

3.2.4.3 Diubiquitin probes with in-between warheads 

K48 and K63 linkage mimicking diUb probes with an in-between Michael acceptor warhead 

were generated according to reported methodology217 with slight variations. 

350 µM of Ub1-75-MesNa, 40 mM N-hydroxysuccinimide, and 30 mM compound ZH107 were 

mixed, titrated to a pH of ~7-7.3 with 4 M NaOH and incubated for 24 h at room temperature 

to yield C-terminal modified ubiquitin. Deprotection was performed at a low pH of 1.3-1.6 

reached by stepwise addition of 10% perchloric acid solution. Upon completion of deprotection 

after 7 days of incubation at room temperature, the protein mixture was extensively dialyzed 

against buffer D (20 mM Na2HPO4, 100 mM NaCl, pH 6.0). Coupling reactions were performed 

by mixing 1900 µl of the reaction mixture with a concentration of approximately 1.5 mg/ml with 
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either 408 µl of 10.1 mg/ml Ub K48C to obtain a K48 linkage mimicking diUb probe or with 

594 µl of 14.7 mg/ml Ub K63C to obtain a K63 linkage mimicking diUb probe. Both diUb probes 

were purified by cation-exchange chromatography using a ResS column and a gradient from 

0 to 1000 mM NaCl in buffer S and a subsequent SEC using a HiLoad 16/600 Superdex 75 pg 

column in buffer containing 20 mM MES pH 6.0 and 1 mM TCEP. 

The diUb(K63)-2Br probe was generated by Dr. Zhou Zhao. 

3.2.5 Crystallization 

3.2.5.1 Generation of protein complexes used for crystallization 

Purification of probe-labeled USP54 and USP53 complexes was performed as described in 

the protocol for the apo proteins, with the exception of an additional labeling step incorporated 

after reverse Ni-NTA chromatography. For this, the flow-through solution after reverse Ni-NTA 

chromatography containing USP53 or USP54 was buffer exchanged into buffer T (20 mM Tris 

pH 8.0, 100 mM NaCl, 5 mM DTT) using Amicons with a cutoff of 10 kDa and then concentrated 

to approximately 3-5 mg/ml total protein concentration, including any remaining impurities. 

Then, Ub-PA or diUb(K63)-PA probes were added in a 1.5-fold excess to the total DUB 

amount, and labeling was conducted overnight at 4 °C. Subsequent purification by anion 

exchange chromatography and SEC in buffer T was performed as described for unlabeled 

USP53 and USP53 (3.2.2.3), yielding the protein complexes used for crystallization (3.2.5.2). 

The following complexes were generated for coarse screening: USP5421-385~mUb-PA at a 

concentration of 6.5 mg/ml, USP5421-369~diUb(K63)-PA at a concentration of 13.4 mg/ml, 

USP5320-383~mUb-PA at a concentration of 6 mg/ml, a mixture of USP5320-383~diUb(K63)-PA 

and USP5320-383 (70%/30%) at a concentration of 5 mg/ml, and USP5320-368~diUb(K63)-PA at 

a concentration of 2.8 mg/ml. Two samples were prepared for finescreening of crystallization 

conditions for USP54 in complex with diUb(K63)-PA. The USP5421-369~diUb(K63)-PA sample 

for finescreening of the initial K/Na-tartrate condition was concentrated to 11.8 mg/ml. 

Finescreening of the initial PeG400 condition was performed with a sample of a concentration 

of 13 mg/ml. 

USP5320-385 C41S and USP5421-369 C42S used for co-crystallization with K63-linked triUb 

chains were purified as described above (3.2.2.3). K63-linked triUb chains were added in a 

molar ratio of 1.1:1 to not yet concentrated USP53 and USP54 solutions, obtained after SEC. 

Subsequently, both protein mixtures were concentrated to a final concentration of 8 mg/ml. 

3.2.5.2 Crystallization conditions 

Crystallization screens were set up using a Mosquito LCP robot (TTP Labtech) in 96 well sitting 

drop vapor diffusion plates (MRC format, Molecular Dimensions), incubated at 20 °C and 
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imaged according to a Fibonacci imaging schedule using a RockImager (Formulatrix). Coarse 

screening of prepared protein complexes (3.2.5.1) was performed with commercially available 

screening plates to identify initial crystallization conditions. Generally, crystallization drops for 

coarse screening were set up in a 1:1 ratio of protein solution to reservoir solution (200+200 µl 

or 150+150 µl). Fine screening plates were prepared with a Dragonfly robot (TTP Labtech) 

based on two initial conditions for which crystal growth of USP54~diUb(K63)-PA was observed. 

Based on the PEG400 condition, plates were prepared in which the concentration of CaCl2 in 

the reservoir solutions was kept constant at 200 µM, while PEG400 was varied from 20% to 

35% (w/v) and the pH of the HEPES buffer was varied from 6.8 to 8.0. Furthermore, a 

K/Na-tartrate-based fine screening plate was prepared in which the K/Na-tartrate concentration 

was varied from 0.6 to 1.1 M and the HEPES buffer was varied in pH from 6.8 to 8.0. 100 mM 

NaCl was added as a salt component to half of the plate. Drop ratios of 1:1, 1:2 and 2:1 were 

tested for the fine screening of USP54~diUb(K63)-PA. The crystal used for structure 

determination was obtained from a 500 + 500 nl drop of a 13 mg/ml USP54~diUb(K63)-PA 

solution in 20 mM Tris pH 8.0, 100 mM NaCl and 4 mM DTT and a reservoir solution containing 

100 mM HEPES pH 6.8, 27.2% (v/v) PEG400 and 200 mM of CaCl2. After fishing, the crystal 

was cryoprotected by soaking it briefly in a solution of 100 mM HEPES pH 7.3, 

30% (v/v) PEG400 and 200 mM CaCl2. Subsequently, the loop was immersed in liquid 

nitrogen, resulting in vitrification of the crystal. 

3.2.5.3 Data collection, structure solution and refinement 

Data on USP54~diUb(K63)-PA crystals were collected at 100 K at the Swiss Light Source 

(SLS, Villingen PSI, Switzerland) on beamline PX2. Anomalous datasets (collected at a 

wavelength of 1.2823 Å) and native datasets (collected at a wavelength of 1.000 Å) were 

obtained. The software DIALS224 and AIMLESS233 were used to integrate and scale the 

obtained diffraction data, respectively. The anomalous dataset of a well-diffracting 

USP54~diUb(K63)-PA crystal and the CRANK2 software223 were employed to determine the 

positions and identities of the zinc atoms along with all protein chains. This information was 

used to generate a search model containing four truncated Alphafold models of USP54 

(AF-Q70EL1-F1) and eight times the structure of free free ubiquitin (PDB: 1UBQ) in the correct 

orientation. Molecular replacement was performed with MR Phaser226 on the native dataset 

using the search model, which solved the structure. Subsequent performance of multiple 

cycles of structure building in Coot234 and refinement with Phenix.Refine235 yielded the final 

USP54~diUb-PA model. The data collection and refinement statistics are presented in Table 

15, and the data are available in the protein data bank under accession number 8C61. The 

PISA webserver was employed to calculate values characterizing the interfaces between 

USP54 and the ubiquitin moieties (https://www.ebi.ac.uk/pdbe/pisa/).  
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3.2.6 DUB reactivity and cleavage assays 

3.2.6.1 Probe reactivity assay 

To assess the reactivity of DUB and Ubl proteases with probes, the enzymes and probes were 

typically mixed in a 1:3 ratio in either PBS (pH 7.7) or in reaction buffer (20 mM Tris pH 7.7, 

100 mM NaCl, 5 mM DTT). The final concentrations of DUBs ranged from 2 to 3.5 µM, while 

probe concentrations varied from 6 to 10.5 µM. Following a 60 min incubation at room 

temperature, the protein mixtures were subjected to SDS-PAGE and Coomassie-staining 

(3.2.1.6) to analyze labeling. 

3.2.6.2 Ub/Ubl-RhodamineG cleavage assay 

Fluorogenic Ub/Ubl-RhodamineG (Ub/Ubl-RhoG) substrate cleavage assays were performed 

in black 384 well low volume non-binding surface plates (Greiner). All samples were measured 

in triplicate and protein solutions were prepared in cleavage buffer (20 mM Tris pH 7.7, 100 mM 

NaCl, 5 mM DTT, 0.5 mg/ml BSA). Immediately following the addition of 10 µl of 2x Ub/Ubl-

RhoG solution (final concentration of 50 nM) to 10 µl of 2x enzyme solution (final 

concentrations of 2 nM-4 µM), the fluorescence measurement (excitation: 492 nm, 

emission: 525 nm) was initiated and monitored for 1 h at 25 °C using a TECAN Spark plate 

reader. 

3.2.6.3 Fluorescence polarization cleavage assay 

Fluorescence polarization measurements were performed to monitor the cleavage of 

fluorescent Ub-KG-TAMRA, K63-linked diUb-TAMRA, and K63-linked triUb-TAMRA. All 

samples were measured in triplicate in black 384-well low volume non-binding surface plates 

(Greiner). Protein solutions were prepared in cleavage buffer (20 mM Tris pH 7.7, 

100 mM NaCl, 5 mM DTT, 0.5 mg/ml BSA). 10 µl of the 2x substrate solution (final 

concentration of 50 nM) were added to the plates and incubated for 10 min. Subsequently, 

10 µl of 2x enzyme solution (final concentrations of 0.0625 µM to 4 µM) were added to each 

well, and the fluorescence measurement (monochromator mode, 50 flashes, excitation 

wavelength: 533 nm, excitation bandwidth: 25 nm, emission wavelength: 595 nm, emission 

bandwidth: 20 nm) was initiated and monitored for 2 h at 25 °C using a TECAN Spark plate 

reader. The average anisotropy of technical triplicates was plotted against the reaction time in 

Prism, and the function ‘Plateau followed by one phase decay’ was applied to determine 

observed rate constants (kobs) for each enzyme concentration. The catalytic efficiencies for 

each substrate were calculated as the slope of the linear fit of kobs plotted against the respective 

enzyme concentration. 
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3.2.6.4 Fluorescence polarization binding assay 

The binding of K63-linked triUb-TAMRA to inactive USP53 and USP54 variants was assessed 

by fluorescence polarization measurements in black 384 well low volume non-binding surface 

plates (Greiner) on a TECAN Spark plate reader at 25 °C (excitation: 535 nm, emission: 

595 nm). Solutions of 2x triUb-TAMRA (final concentration of 50 nM) and 2x dilution series of 

USP53 C41A, USP53 C41S, USP54 C42A and USP54 C42S (final concentrations of 

0.3125 µM to 40 µM) were prepared in cleavage buffer and mixed in a 1:1 ratio. 20 µl of the 

mixtures were added to each well in triplicate. Following a 15 min incubation in the dark for 

equilibration, the static fluorescence polarization values were measured. 

3.2.6.5 Gel-based cleavage assays 

Gel-based cleavage assays were performed using diubiquitin, triubiquitin, tetraubiquitin, 

polyubiquitin chains as well as ubiquitin chain variants as substrates. For these experiments, 

2x substrate dilutions (final concentration: 2 – 4 µM) and 2x enzyme solutions (final 

concentration: 0.3 µM for USP54, 2-3 µM for USP53) were prepared in either PBS or in 

reaction buffer (20 mM Tris pH 7.7, 100 mM NaCl, 5 mM DTT). The substrate and enzyme 

solutions were brought to reaction temperature and subsequently combined in a 1:1 ratio, 

initiating the reaction. Following the designated incubation periods at either 37 °C or at room 

temperature, samples were collected and analyzed for substrate cleavage via SDS-PAGE on 

NuPAGE Bis-Tris gradient gels (4-12%, Invitrogen). Protein bands were typically visualized by 

Coomassie-staining. In the case of fluorescent TAMRA-labeled ubiquitin chain substrates, 

additionally, in-gel fluorescence was visualized using the Alexa546 channel (602/50 emission 

filter) on a Chemidoc MP Imaging System (Bio-Rad). 

Protein levels were quantified by densitometry using the ImageJ software. To assess DUB 

cleavage activity in a quantitative manner, the intensities of the remaining substrate protein 

bands were normalized to initial substrate protein bands. The mean ratios and standard 

deviations were calculated from three to four independent cleavage assays. 

Gel-based cleavage assays were also conducted with purified GFP-species modified with 

K48- or K63-linked ubiquitin chains of specific length as substrates in the same way as 

described above, with the exception of the following details. The final concentration of the GFP 

substrates was 1 µM. The final concentration of USP54 was 0.3 µM. The final concentration of 

USP53 was varied, with 0.5 µM and 2 µM being assayed. Samples were analyzed by SDS-

PAGE with NuPAGE Bis-tris gradient gels (4-12%) and with NuPAGE Tris-acetate gels (3-8%). 

Proteins bands were visualized by in-gel fluorescence using the Alexa 488 channel (532/28 

emission filter) and by Coomassie-staining. In the gel-based stability assay of the GFP 

substrates, no enzymes were added prior to incubation at 37 °C and analysis. 
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Gel-based cleavage assays were also performed for triubiquitin chains of mixed linkages. In 

addition to SDS-PAGE analysis of the cleavage activity (3.2.6.5), 15 µl of the same sample 

were mixed with 2 µl of 2 M HCl instead of LDS sample buffer to stop the cleavage reaction. 

Subsequently, the masses of the obtained cleavage products were determined by intact 

protein mass spectrometry (3.2.1.11). 
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4 Results 

USP53 and USP54 have widely been presumed to be catalytically inactive based on sequence 

considerations as both proteins lack glycine and histidine residues in front of the catalytic 

histidine, which are otherwise highly conserved in the USP family (Table S2).123 Within the 

phylogenetic tree of the catalytic domains of USP DUBs, USP53 and USP54 are most closely 

related to one another and, beyond that, to the deSUMOylase USPL1 (Figure 13A).23 In 

addition, the aforementioned conserved histidine and glycine residues are also absent in 

CYLD, an active USP DUB with a specificity for K63- and M1-linked ubiquitin chains refuting 

the necessity of these residues for cleavage activity.117,123 These two observations, together 

with the clustering of cholestasis-causing mutations in USP53 in its catalytic domain, led to the 

hypothesis that both proteins are active enzymes, either for one of the many Ubls or for a 

specific ubiquitin chain type. 

In order to directly test USP53 and USP54 activity in vitro, catalytic domain constructs of 

USP53 (20-383) and USP54 (21-385) were expressed with an N-terminal 6xHis-GST tag in 

E. coli (Figure 13B). Their purifications included multiple steps including nickel-nitrilotriacetic 

acid (Ni-NTA) affinity chromatography, reverse Ni-NTA chromatography after tag removal, 

anion-exchange chromatography, and, for most purifications, size exclusion chromatography 

(SEC). One expression and a representative purification, performed by Jan André Hane, are 

shown for USP5320-383 (Figure 13C-D). Addition of IPTG induced USP53 expression, as 

evidenced by the appearance of an additional strong protein band after 18 hours of incubation 

(Figure 13C). The supernatant of the pelleted cell lysate was subjected to Ni-NTA 

chromatography, resulting in a strong enrichment of His6-GST-USP53 in the elution fractions. 

After addition of His-3C protease, partial tag cleavage was observed after 10 min and complete 

tag cleavage after overnight incubation. The His3C-protease and the cleaved His6-GST-tag 

were removed by reverse Ni-NTA chromatography. Remaining impurities were further 

removed by ion-exchange chromatography (IEX) (Figure 13D). In general, pure USP53 and 

USP54 proteins were obtained in rather low yields of ~0.1-0.6 mg per liter of expression culture 

(Figure 13E). During lysis, USP5421-385 was partly C-terminally truncated yielding two proteins 

of different mass separable by IEX (Figure 13F). One protein corresponded to amino acids 

21-385 and the other to amino acids 21-369 (Figure 13G). Subsequently, USP53 and USP54 

were also directly expressed as shorter versions. Information on the used construct is given in 

the figure captions for each experiment. USP5320-383 and USP5421-369 were used in most of the 

experiments. An attempt to obtain the full-length proteins by expression in insect cells did not 

yield any soluble protein, as all the protein was found in the pellet fraction after cell lysis. 
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Figure 13: Expression and purification of USP53 and USP54. A) Phylogenetic tree of the catalytic domains of 
members of the USP DUB family.23 B) Schematic representation of the full-length amino acid sequence of USP53 
and USP54 and the catalytic domain constructs used in the experiments presented in this work. C) SDS-PAGE and 
Coomassie-staining of E. coli lysate before and 18 h after IPTG induced protein expression of USP5320-383. 
D) Representative purification of USP5320-383 using Ni-NTA, reverse Ni-NTA and IEX. Samples were taken 
throughout the purification and analyzed by SDS-PAGE and Coomassie-staining (left). The chromatograms of the 
Ni-NTA and IEX chromatography are shown (right). The purification shown in panels C and D was performed by 
Jan André Hane as part of his bachelor’s thesis. E) The purity of USP5421-369 and USP5320-383 was assessed by 
SDS-PAGE and Coomassie-staining. F) Separation of USP5421-369 and USP5421-385 by IEX. G) Deconvoluted mass 
spectra of USP5421-369 and USP5421-385. 

The results obtained in this thesis on USP53 and USP54 are presented in three parts including 

i) the functional analysis of USP53 and USP54 ii) the structural analysis of USP53 and USP54 

and iii) the analysis of the effect of cholestasis mutations in USP53 on its activity. 

4.1 Discovery of USP53 and USP54 activity 

The first results chapter of this thesis focuses on the biochemical characterization and the 

understanding of the catalytic activity of USP53 and USP54 by performing various activity 

assays. Many of the used substrates were specifically designed and generated to allow 

analysis of linkage and length specificity in both DUBs. 

4.1.1 Ub/Ubl specificity analysis 

USP53 and USP54 are closest related to USPL1, a protease for the Ubl SUMO.236 To test for 

potential cross-reactivity of USP53 and USP54, a panel of HA-tagged probes was generated 
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containing ubiquitin or one of the Ubls (SUMO1/2/4/5, ISG15, UFM1, FUBI, URM1, DWNN) as 

recognition modules.237 After expression of the Ubl proteins as intein fusion proteins and their 

immobilization on chitin beads through the C-terminal chitin-binding domain (CBD), cleavage 

was induced by addition of MesNa. Obtained Ub/Ubl-MesNa species were purified by size 

exclusion purification and then functionalized with propargylamine (PA) yielding a panel of pure 

Ub-PA/Ubl-PA probes (Figure 14A-B). The panel was created in collaboration with Dr. Rachel 

O’Dea. The corresponding masses can be found in the appendix (Figure S1). The C-terminal 

PA warhead reacts via a direct addition mechanism with catalytic cysteines of active enzymes 

, to form a vinyl thioether bond (Figure 14C).205 Notably, labeling of USP53 and USP54, visible 

by the appearance of a higher molecular weight band, was observed with HA-Ub-PA but not 

with any other Ubl-based probe (Figure 14D-E). The reactivity depended on the presence of 

the catalytic cysteines, as catalytically inactive USP53 C41S and USP54 C42S did not react 

with HA-Ub-PA (Figure 14D-E).  

 
Figure 14: Probe panel and probe reactivity assays. A) All probes of the panel were generated using the IMPACT 
(Intein Mediated Purification with an Affinity Chitin-binding TAG) system as illustrated for ubiquitin. After expression 
as an HA-tagged intein fusion protein, addition of the thiol reagent MesNa leads to self-cleavage of the intein tag 
and release of ubiquitin with a C-terminal thioester. The thioester can then be lysed by primary amines. 
Propargylamine (PA) was used to obtain probes with a C-terminal PA warhead. HA-tag: hemagglutinin-tag. B) The 
purity of the probe panel of HA- tagged probes was analyzed by SDS-PAGE and Coomassie-staining. The probe 
panel was generated in collaboration with Dr. Rachel O’Dea. C) Schematic of the addition of the PA warhead to a 
cysteine DUB, forming a covalent vinyl thioether bond. D) Probe reactivity assays with USP53. The probe panel 
was incubated with USP5320-383. HA-Ub-PA was additionally incubated with USP5320-383 and the catalytically 
inactive USP5320-383 C41S. Labeling was analyzed by SDS-PAGE and Coomassie-staining. E) Probe reactivity 
assays with USP54. The same assays as described in panel D were performed for USP5421-369 and USP5421-385 
C42S. 
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Having demonstrated the recognition of a ubiquitin-based probe by USP53 and USP54, the 

next step was to directly assess their hydrolase activities using a commercially available 

fluorogenic substrate panel consisting of ubiquitin-RhodamineG (Ub-RhoG), SUMO1-RhoG, 

SUMO2-RhoG, NEDD8-RhoG and ISG15-RhoG. When conjugated to Ub/Ubl, the 

fluorescence of RhoG is quenched. The respective hydrolases bind these substrates with their 

S1 binding sites and cleave the amide bond between ubiquitin/Ubl and RhoG. The cleavage 

activity can be quantified by fluorescence measurements as the released RhoG exhibits 

strongly increased fluorescence (Figure 15A). Incubation of the substrate panel with USP53 

and USP54 revealed specific hydrolase activity towards ubiquitin since an increase in 

fluorescence was detected for Ub-RhoG, but not for any other substrate (Figure 15B). Testing 

a range of concentrations of USP53 and USP54 showed that the turnover of Ub-RhoG 

increased for higher enzyme concentrations (Figure 15C). No increase in fluorescence was 

observed when no enzyme was added or when the corresponding catalytic cysteine mutants 

were added at a high concentration showing that the turnover was indeed facilitated by the 

enzyme activity mediated by the catalytic cysteine (Figure 15C). ULP1 and USP2 were used 

as control enzymes for the substrate panel. As expected, ULP1, a yeast deSUMOylase with a 

preference for Sumo199,238, cleaved S1-RhoG and S2-RhoG substrates and the DUB USP2 

efficiently cleaved Ub-RhoG but not the Ubl-RhoG substrates (Figure 15D).  

 
Figure 15: Fluorescence-based cleavage assays. A) Upon cleavage of Ub-RhodamineG (Ub-RhoG) by DUBs, 
free ubiquitin and fluorescent RhoG are released. B) A panel of Ub/Ubl-RhoG substrates was incubated with 
USP5320-383 and USP5421-369. The fluorescence intensity was measured over time. C) Concentration-dependent 
cleavage of Ub-RhoG by USP5320-383 and USP5421-369 and corresponding catalytically inactive mutants. D) The 
same assay as in panel B was performed with ULP1 and USP2. 

4.1.2 Analysis of linkage and length specificity 

So far, the probe reactivity and fluorescence intensity assays revealed that USP53 and USP54 

recognize ubiquitin and cleave a ubiquitin-based activated substrate. For both activities, the 

catalytic cysteines were essential and cross-reactivity on tested Ubls could be excluded. 

Typically, USP DUBs show limited selectivity and can cleave ubiquitin chains of different 
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lengths and linkages.110 An exception is the USP DUB CYLD, which is specific for M1 and K63 

linkages.117 In order to test the activity of USP53 and USP54 on isopeptide linkages, a 

commercially available panel of diubiquitin (diUb) chains (UbiQ) covering all possible linkages 

was used. USP53 and USP54 cleaved K11-, K48- and K63-linked diUb chains to a limited 

extent at very high concentrations of 10 µM (Figure 16). While the highest activity for USP53 

was detected on K48-linked diUb chains, a preferential cleavage of K63-linked diUb chains 

was observed for USP54.  

 
Figure 16: Gel-based cleavage assays of a diubiquitin chain panel. A/B) A panel of eight differently linked and 
synthetically generated diUb chains were incubated with USP5320-383 (A) or USP5421-369 (B) for 120 min. Samples 
were analyzed by SDS-PAGE and protein bands visualized by silver staining. 

High concentrations of USP53 and USP54 were required to detect diUb chain processing 

(Figure 16). To further test the linkage and length specificity of USP53 and USP54, an 

enzymatically assembled tetraubiquitin (tetraUb) panel was compiled, rather than the 

previously used synthetically generated diUb panel. The advantage of the enzymatic approach 

is the improved substrate quality due to the absence of harsh conditions during substrate 

generation and purification making refolding unnecessary. TetraUb chains of four different 

linkages (K48, K63, K11, K6) were generated in vitro using single ubiquitin moieties as building 

blocks and the required conjugating and deubiquitinating enzymes according to reported 

methodology.183 M1-linked tetraUb chains were directly expressed as tetramers. To extend the 

panel, enzymatically assembled K29- and K33-linked tetraUb chains were obtained 

commercially. K27-linked tetraUb chains are not included in the panel because they cannot 

yet be generated enzymatically in vitro. 

In a first step, the protein levels of the differently linked tetraUb chains were equalized and 

then used in a gel-based cleavage assay with USP53 and USP54. Notably, both enzymes 

specifically cleaved K63-linked tetraUb chains (Figure 17). USP53 concentrations of 2 µM were 

required for efficient K63-linked cleavage. At this concentration, slight cleavage of K11- and 

K48-linked tetraUb chains was observed. On the other hand, USP54 exclusively cleaved K63-

linked tetraUb chains at the used concentration of 300 nM. Another striking observation was 

the accumulation of K63-linked diUb chains suggesting a preferential cleavage of longer K63-

linked chains by USP53 and USP54 (Figure 17). 
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Figure 17. Gel-based cleavage assay of a tetraubiquitin chain panel. A panel of seven differently linked and 
enzymatically assembled tetraUb chains were incubated with USP5320-383 and USP5421-369 for annotated time 
points. Samples were analyzed by SDS-PAGE and Coomassie-staining. 

To further assess the length preference, K63-linked diUb, triubiquitin (triUb) or tetraUb chains 

were incubated with USP53 and USP54. K63-linked diUb chains were not a good substrate 

for USP53 and significant cleavage activity was only observed for longer K63-linked triUb and 

tetraUb chains (Figure 18A). As with the diUb panel, USP54 cleaved K63-linked diUb chains. 

However, a preference for triUb and tetraUb chains was observed, as both were efficiently 

cleaved, whereas K63-linked diUb chains accumulated as cleavage products (Figure 18B). In 

time-resolved cleavage assays with enzymatically assembled K48-linked diUb, triUb or tetraUb 

chains, these were not cleaved by either USP53 or USP54 (Figure 18C-D). Next, a mixture of 

longer K63- or K48-linked polyubiquitin chains of at least five ubiquitin moieties was tested in 

the gel-based cleavage assays with USP53 and USP54. USP53 efficiently cleaved K63-linked 

polyubiquitin, as evidenced by the formation of shorter ubiquitin chains. These were further 

processed with the exception of K63-linked diUb (Figure 18E). Longer K48-linked polyubiquitin 

was processed by USP53, but to a lesser extent than K63-linked polyubiquitin, suggesting a 

selectivity but not a specificity of USP53 for K63 linkages in longer ubiquitin chains (Figure 

18E). In the case of USP54, the polyubiquitin smear corresponding to longer K63-linked 

ubiquitin chains rapidly collapsed, nascent shorter cleavage products were further cleaved to 

mUb species, and only diUb chains accumulated (Figure 18F). In contrast to USP53, USP54 

barely cleaved K48-linked polyubiquitin, underlining its specificity for K63 linkages also in 

longer ubiquitin chains (Figure 18F). 
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Figure 18: Time-resolved cleavage assays of K48- and K63-linked polyubiquitin chains. A) K63-linked di-, tri- 
and tetraUb chains were incubated with USP5320-383 for indicated time points. B) The same assay as in panel A 
was performed for USP5421-369. C) K48-linked di-, tri- or tetraUb chains were incubated with USP5320-383 for 
indicated time points. D) The same assay as in panel C was performed for USP5421-369 E) USP5320-383 was 
incubated with K63- (left) or K48- (right) linked polyubiquitin for indicated time points. F) The same assays as in 
panel E were performed for USP5421-269. All samples were analyzed by SDS-PAGE and Coomassie-staining.  

The linkage-specific cleavage of diUb chains is mediated by ubiquitin binding in the S1 and 

S1’ sites of DUBs. For USP53 and USP54, however, their preferential cleavage of K63-linked 

ubiquitin chains of at least three ubiquitin suggests that both proteins contain an additional 

third ubiquitin-binding site. This could either be an S2 or an S2’ site. Fluorescent labeling of 

ubiquitin chains at one end allows the study of where exactly the ubiquitin chain is cleaved. 

Therefore, K63-linked triUb chains with a labeled proximal ubiquitin were used to identify the 

nature of the third ubiquitin-binding site of USP53 and USP54 depending on the cleavage 

products. The generation of fluorescent monoUb would indicate an S2 site, while fluorescent 

diUb would indicate an S2’ site (Figure 19A). In line with previously used diUb-FlAsH 

substrates,98,116,239 a K63-linked triUb-FlAsH substrate was generated by conjugating K63-

linked diUb to ubiquitin with a C-terminal FlAsH tag. By-products were removed by cation 

exchange chromatography. The FlAsH tag was subsequently fluorescently labeled by adding 

FlAsH-EDT2 (Figure 19B). However, the triUb-FlAsH substrate was not further used because 

the FlAsH dye interfered with USP54 activity (Figure 19C). This interference fits the 
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observation that ubiquitin probes with the fluorophores Cy5 or fluorescein at the C-terminus 

are less reactive than the unmodified probe.240 Instead, a K63-linked triUb-TAMRA was 

generated from K63-linked diUb and a truncated ubiquitin containing a single cysteine at the 

C-terminus (Ub1-75-CA), which was labeled with maleimide-TAMRA in a second step (Figure 

19D). Possible by-products such as tetraUb or pentaUb were removed by cation-exchange 

chromatography. The corresponding deconvoluted mass spectrum of the final substrate 

proved its purity (Figure S2). USP54 cleaved K63-linked triUb-TAMRA and wild-type K63-

linked triUb equally demonstrating that TAMRA as fluorescent label did not affect cleavage 

(Figure 19E). Addition of USP53 and USP54 to the triUb-TAMRA reagent resulted in the 

appearance of fluorescent Ub-TAMRA and non-fluorescent diUb, suggesting the presence of 

an S2 ubiquitin binding site in both enzymes (Figure 19F-G). 

 
Figure 19: Generation of fluorescent K63-linked triUb chains and cleavage assays with USP53 and USP54. 
A) Illustration of the possible cleavage events of labeled triUb chains depending on the nature of the third ubiquitin 
binding site in DUBs. The presence of an S2 site would preferentially lead to fluorescent monoUb, whereas the 
presence of an S2’ site would lead to fluorescent diUb species. B) Schematic of the assembly and labeling reactions 
to generate K63-linked triUb-FlAsH. C) Test cleavage assay of WT triUb, tetracysteine-tagged triUb (triUb-TC), or 
FlAsH labeled triUb by USP54. D) Schematic of the assembly and labeling reactions to obtain K63-linked triUb-
TAMRA. E) Cleavage assay of wild-type K63-linked triUb, K63-linked triUb containing a CA truncation at the C-
terminus of the proximal Ub and K63-linked and TAMRA-labeled triUb-TAMRA. F-G) Cleavage of K63-linked triUb-
TAMRA by USP5320-383 (F) or USP5421-369 (G). Samples were collected at the indicated time points and analyzed 
by SDS-PAGE, fluorescence scanning and Coomassie-staining. TMR, TAMRA 

To test for an additional fourth ubiquitin binding site, a K63-linked tetraUb-TAMRA reagent was 

assembled from ubiquitin containing a K63R mutation (UbK63R) and unlabeled K63-linked triUb-

CA generated as described above (Figure 19D and Figure 20A). After purification and 

maleimide-TAMRA coupling to the cysteine, the substrate identity and purity were verified with 

mass spectrometry (Figure S2) and then the substrate was incubated with USP53 and USP54. 
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At the earliest time points, K63-linked tetraUb-TAMRA was cleaved by USP53 and USP54 into 

equal amounts of fluorescent Ub-TAMRA and diUb-TAMRA (Figure 20B-C). These results 

suggest that both enzymes contain S1, S1’ and S2 sites without an additional fourth ubiquitin 

binding site. 

 
Figure 20: Generation and cleavage of fluorescent K63-linked tetraUb chains. A) Schematic depiction of the 
assembly and labeling steps to obtain K63-linked tetraUb-TAMRA. B-C) K63-linked tetraUb-TAMRA was incubated 
with USP5320-383 (B) and USP5421-369 (C) for indicated time points. Samples were analyzed by SDS-PAGE and 
visualized by fluorescence scanning and Coomassie-staining. TMR, TAMRA 

4.1.3 Effect of ubiquitin binding in S1, S1’ and S2 sites of USP53 and USP54 

Having determined the nature of the third ubiquitin site in USP53 and USP54, the contribution 

of each of their ubiquitin binding sites to cleavage activity was quantified using fluorescence 

polarization assays with a substrate panel consisting of Ub-KG-TAMRA, K63-linked diUb-

TAMRA and K63-linked triUb-TAMRA (Figure 21A). Measurement of the decrease in 

anisotropy over time after addition of DUBs allows quantification of their cleavage activity 

(Figure 21B). Ub-KG-TAMRA was generated using a semi-synthetic method developed by Dr. 

Zhou Zhao in the lab who also provided the KG-TAMRA molecule.99 Briefly, Ub-hydrazide was 

first activated to an acyl azide, followed by functionalization with KG-TAMRA. Pure Ub-KG-

TAMRA was obtained by cation exchange chromatography and its mass was verified by mass 

spectrometry (Figure 21C, Figure S2). In contrast to the Ub-RhoG substrate, in Ub-KG-TAMRA 

the C-terminus of ubiquitin is conjugated via an isopeptide bond to a dipeptide consisting of 

lysine and glycine. The lysine is further conjugated to a fluorescent TAMRA. Ub-KG-TAMRA 

is cleaved upon binding to the S1 site of DUBs (Figure 21A). K63-linked diUb-TAMRA was 

generated similarly to triUb- and tetraUb-TAMRA by an in vitro enzymatic assembly reaction. 

UbK63R was conjugated to K63 of ubiquitin containing a C-terminal cysteine, which was then 

fluorescently labeled (Figure 21D). In order for the isopeptide bond in K63-linked diUb-TAMRA 

to be cleaved, it must be bound by the S1 and S1’ ubiquitin binding sites of DUBs (Figure 21A). 

The third substrate, K63-linked triUb-TAMRA, contained two cleavable isopeptide bonds. 

However, as previously tested, USP53 and USP54 cleave preferentially between the middle 

and proximal ubiquitin (Figure 21A). Therefore triUb-TAMRA allowed quantification of the 
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contribution of additional binding in the S2 sites of USP53 and USP54 in addition to the S1 

and S1’ binding sites. 

 
Figure 21: Substrate panel generation for a fluorescence polarization assay. A) Schematic depiction of the 
three used substrates Ub-KG-TAMRA, diUb-TAMRA (K63) and triUb-TAMRA (K63). Possible cleavage events are 
illustrated with black arrows and recognition of the ubiquitin species by the different ubiquitin binding sites in USP53 
and USP54 is indicated. B) Assay principle of the fluorescence polarization assay. C) Schematic depiction of the 
generation of Ub-KG-TAMRA by the semi-synthetic method developed by Zhou Zhao. The chromatogram of the 
purification by cation exchange chromatography is shown. D) Schematic of the assembly and labeling steps to 
obtain K63-linked diUb-TAMRA. 

All three substrates were incubated with USP53 or USP54 and fitting of the measured 

decrease in anisotropy over time yielded rate constants for each tested enzyme concentration 

(Figure 22A, C). Subsequently, the rate constants were plotted against the corresponding 

enzyme concentrations to obtain the catalytic efficiencies for the different substrates as the 

slopes of the linear regression lines (Figure 22B, D). USP53 poorly cleaved Ub-KG-TAMRA 

and a further decrease in the catalytic efficiency was observed for diUb-TAMRA. However, 

USP53 cleaved triUb-TAMRA with a 6-fold increase in the catalytic efficiency compared to Ub-

KG-TAMRA (Figure 22B). USP54 showed similarly low catalytic efficiencies for Ub-KG-

TAMRA. In contrast to USP53, the catalytic efficiency of USP54 for diUb-TAMRA increased 

20-fold relative to Ub-KG-TAMRA, highlighting the importance of the S1’ site in USP54. 

Additional binding of ubiquitin to the S2 site of USP54 by triUb-TAMRA resulted in a further 

3-fold increase in catalytic efficiency compared to diUb-TAMRA (Figure 22D). These results 

suggest two distinct cleavage mechanisms for USP53 and USP54. USP54 was highly 

dependent on its S1’ ubiquitin-binding site for enhanced cleavage activity and the S2 ubiquitin-
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binding site further increased efficiency. On the other hand, USP53 contains a strong S2 

ubiquitin binding site, which enhanced cleavage activity and probably sequestered K63-linked 

diUb-TMR away from the catalytic active site by unproductive binding in its S1 and S2 ubiquitin 

binding sites.  

 
Figure 22: Quantification of the contribution of the S1, S1’ and S2 ubiquitin binding sites in USP53 and 
USP54 to their cleavage activity A/C) Fluorescence polarization assays. The anisotropy of each the three 
substrates upon addition of USP5421-369 (C) or USP5320-383 (A) was measured over time. B/D): Observed rate 
constants (kobs) were calculated using the function ‘Plateau followed by one-phase decay’ in GraphPad Prism for 
different concentration of USP53 and USP54. kobs values were then plotted against the corresponding enzyme 
concentration and the catalytic efficiencies for each substrate were obtained as the slope of the linear regression 
line after linear fitting. 

4.1.4 Generation and cleavage of ubiquitinated GFP 

DUBs can either cleave isopeptide bonds at the distal end of ubiquitin chains, in between 

ubiquitin chains or directly between ubiquitin and the lysine of a substrate protein. These 

activities are referred to as exo-, endo- and en bloc cleavage activity, respectively.94 So far, 

USP53 and USP54 have only been tested for their activity on ubiquitin chains. Given the 

differences in the ubiquitin binding between USP53 and USP54, the next step was to test their 

activity on protein-bound ubiquitin chains. To produce a model substrate modified with 

specifically linked ubiquitin chains of a given length, all necessary building blocks were first 

prepared (Figure 23). Monoubiquitinated GFP was used as the base for further attachment of 

ubiquitin moieties and was generated with a recently published method called lysine acylation 

using conjugating enzymes (LACE).196 In this method, a specificity tag, derived from the 

consensus SUMOylation motif (LACE tag: PRKVIKMESEE) is incorporated into the substrate 

protein. In a first step, Ub-MesNa is activated by the small molecule Ac-Cys-NHMe to form an 

E1 thioester mimic. The SUMO-conjugating enzyme Ubc9 then catalyzes the site-specific 

attachment of the activated Ub-MesNa to the lysine in the tag through the formation of an 

isopeptide bond.196 Here, the previously reported LACE reaction for the production of 

monoubiquitinated GFP was scaled up and the native purification of GFP-mUb established. 
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The small molecule Ac-Cys-NHMe was provided by Dr. Christian Grethe. The required proteins 

including Ub1-76-MesNa, His-Ubc9 and GFP with a C-terminal LACE tag, were expressed and 

successfully purified (Figure 23A, Figure S3). In a large-scale LACE reaction with optimized 

protein concentrations, approximately half of the initial GFP was ubiquitinated after 24 hours 

(Figure 23B). The first step in the purification process included the removal of His-Ubc9 from 

the reaction mixture by reverse Ni-NTA affinity chromatography. The flow-through was then 

subjected to anion-exchange chromatography to separate free and monoubiquitinated GFP. 

The separation worked and pure GFP-mUb was obtained as shown by the uniformity of the 

SEC elution peak and the corresponding Coomassie-stained gel (Figure 23C-D). Accordingly, 

the measured mass of GFP-mUb matched the calculated mass (Figure S3). Next, K63-linked 

or K48-linked ubiquitin chains were generated as secondary building blocks. These chains 

contained a distal ubiquitin with a K63R or a K48R mutation, respectively (Figure 23E). Thus, 

they can only act as donors, but not as acceptors, in respective K63 or K48 linkage assembly 

reactions with GFP-mUb. 

 
Figure 23: Generation of building blocks for the generation of specifically ubiquitinated GFP-species. 
A) Purified proteins to be used in the LACE reaction were analyzed by SDS-PAGE and Coomassie-staining. B) 
Large scale LACE reaction. The small molecule Ac-Cys-NHMe was synthesized by Dr. Christian Grethe. Samples 
were taken immediately after the start of the reaction and after 24h incubation at 37 °C and analyzed by SDS-PAGE 
and Coomassie-staining C) Purification of GFP-mUb obtained after the LACE reaction shown in panel B. His-Ubc9 
was removed by reverse Ni-NTA. GFP and GFP-mUb were separated by anion-exchange chromatography. SEC 
was performed as the final purification step. D) The purity of GFP-mUb was verified by SDS-PAGE and Coomassie-
staining. E) Schematic of the enzymatic assembly of K63-linked (left) or K48-linked (right) ubiquitin chains in which 
the distal ubiquitin contains a K63R (left) or a K48R (right) mutation, respectively. 

To obtain ubiquitinated GFP modified with chains of a specific length and linkage, Ub K63R, 

Ub K48R and each of the premade K63-linked or K48-linked ubiquitin chains with a mutated 
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distal ubiquitin were conjugated to GFP-mUb in respective K63- (Figure 24A) and K48- (Figure 

24B) linkage assembly reactions. These combinations allow for exactly one possible 

conjugation reaction and thus the exact length of the ubiquitin chains was obtained.  

 
Figure 24: In vitro assembly reactions for GFP modified with K48- or K63-linked ubiquitin chains of a 
specific length. A) K63 linkage assembly reactions for the conjugation of GFP-mUb with Ub K63R or K63-linked 
diUb or K63-linked triUb chains. B) K48 linkage assembly reactions for the conjugation of GFP-mUb with Ub K48R 
or K48-linked diUb or K48-linked triUb chains. 

To monitor reaction progress, protein mixtures after in vitro K63 linkage assembly reactions, 

performed as shown in Figure 24A, were separated by SDS-PAGE and visualized by 

Coomassie-staining. Ub K63R, diUb (K63) and triUb (K63) were used in excess of GFP-mUb 

and were therefore still detected (Figure 25A). Limited amounts of residual GFP-mUb and 

strong protein bands corresponding to K63-linked polyubiquitinated GFP species were visible, 

indicating that GFP-mUb was efficiently further ubiquitinated (Figure 25A). K63 linkage 

assembly enzymes, unconjugated ubiquitin or ubiquitin chains and incompletely transformed 

GFP-mUb were separated by IEC to yield GFP-diub (K63), GFP-triUb (K63) and GFP-tetraUb 

(K63) (Figure 25B). The K48 linkage assembly reactions were not as efficient as the reactions 

for K63 linkage assembly (Figure 25C). The remaining GFP-mUb was not separated from 

GFP-diUb (K48) or GFP-triUb (K48) by IEC as GFP-mUb eluted together with GFP-diUb (K48) 

or GFP-triUb (K48) in single elution peaks (Figure 25C). Therefore, SEC was performed as a 

second purification step and fractions containing only polyubiquitinated GFP were combined 

as indicated by the dashed lines (Figure 25C). Masses of all created ubiquitinated GFP-species 

were verified by mass spectrometry (Figure S3). To test whether the differently ubiquitinated 

GFP species can be distinguished by SDS-PAGE, two different gel systems were tested. On 

Bis-Tris gradient gels (4-12%), GFP and GFP-mUb ran at different heights, while GFP-diUb 

(K63) and GFP-triUb (K63) ran close together (Figure 25D). Using Tris-acetate gradient gels 

(3-8%) gave very good separation of GFPs modified with ubiquitin chains of different lengths 

but GFP and GFP-mUb ran at similar heights. (Figure 25D). The Coomassie-stained Bis-Tris 

gel showed the high purity of all substrates, with only the GFP-triUb (K48) preparation 

containing low levels of unmodified GFP (Figure 25D). Generally, the fluorescence of GFP 

survived the conditions of sample preparation and SDS-PAGE-based separation (Figure 25D) 

enabling reaction analysis by in-gel fluorescence measurement. 
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Figure 25: Generation of GFP modified with K48-linked or K63-linked ubiquitin chains of a specific length. 
A) Samples of K63 linkage assembly reactions were taken and analyzed by SDS-PAGE and Coomassie-staining. 
B) GFP-diUb (K63), GFP-triUb (K63) and GFP-tetraUb (K63) obtained by assembly reactions shown in panel A 
were purified by IEX and the corresponding chromatograms are shown. Absorption at 280 nm was shown in blue, 
the gradient of buffer B as the elution buffer is shown in green. C) GFP-diUb (K48) and GFP-triUb (K48) were 
purified after the assembly reaction by IEX and SEC. The dashed lines illustrate the combined elution fractions after 
SEC. D) GFP and GFP-Ubn-species were analyzed by SDS-PAGE using two different gel system and protein bands 
were visualized by Coomassie-staining and fluorescence scanning. 

The stability of the GFP substrates modified with ubiquitin chains of different linkage and length 

(GFP-Ubn) was assessed by gel-based visualization after incubation at the reaction 

temperature of 37 °C. While 30 min incubation was well tolerated, longer incubation times of 

120 min resulted in some loss of detected fluorescence after SDS-PAGE and separation of the 

GFP-Ubn bands into two distinct bands, presumably corresponding to different folding states 

of GFP or the attached ubiquitin moieties (Figure 26A). Even after 120 min incubation, no free 

ubiquitin species appeared, indicating that no arbitrary cleavage of the isopeptide bonds was 

taking place (Figure 26A). Concluding, the appearance of cleaved ubiquitin or ubiquitin chains 

is easier to interpret than the disappearance of GFP fluorescence at longer incubation times. 

To avoid this, superfolder GFP, a robust and stable GFP variant, could be used to generate 

future ubiquitinated GFP species.  
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Figure 26: Quality control of GFP-Ubn substrates. A) The substrates were incubated at 37 °C. Samples taken at 
indicated time points were analyzed by SDS-PAGE, fluorescence-scanning and Coomassie-staining. B-C) GFP 
substrates were incubated with 80 nM USP8 (B) or 200 nM AMSH* (C). Samples taken at indicated time-points 
were analyzed by SDS-PAGE, followed by fluorescence-scanning and Coomassie-staining. 

To verify the linkage type, the correct folding of the ubiquitin chains and the accessibility of the 

isopeptide bonds for DUB cleavage, the non-specific DUB USP8 and the K63 linkage-specific 

DUB AMSH* were incubated with the ubiquitinated GFP substrates. USP8 completely cleaved 

all isopeptide bonds including K63-, K48- and ubiquitin substrate bonds. After 30 min 

incubation, only GFP and monoubiquitin were detected (Figure 26B). AMSH* rapidly cleaved 

all K63-linked isopeptide bonds but not those directly between ubiquitin and GFP, as only 

monoubiquitin species and GFP-mUb were detected after 5 min incubation of AMSH* with 

GFPs modified with K63-linked ubiquitin chains. GFP-mUb or GFP modified with K48-linked 
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ubiquitin chains were not processed by AMSH*. For these substrates, no ubiquitin bands or a 

very weak monoubiquitin band for the GFP-triUb (K48) substrate appeared on the gel after 

Coomassie-staining (Figure 26C). These experiments proved the cleavability of all isopeptide 

bonds present in the GFP-Ubn substrates, as well as the composition of the K63-linked 

ubiquitin chains conjugated to GFP. 

Following substrate verification, the activity of USP53 and USP54 was tested on the differently 

polyubiquitinated GFP substrates to learn about their cleavage preferences in a more complex 

substrate setting. Here, isopeptide bonds between ubiquitin moieties compete for cleavage 

with isopeptide bonds between ubiquitin and the model substrate GFP. Surprisingly, USP53 

preferentially cleaved K63-linked ubiquitin chains en bloc from GFP at both tested 

concentrations of 0.5 µM and 2 µM, as shown by the preferential release of unprocessed 

substrate-free ubiquitin chains, especially at early timepoints (Figure 27A-B). At the higher 

concentration, USP53 also cleaved K48-linked ubiquitin chains attached to GFP as well as 

monoubiquitin from GFP, albeit less efficiently than the GFP substrates modified with K63-

linked ubiquitin chains and without preferential cleavage of the isopeptide bond between 

ubiquitin and GFP (Figure 27A). At a lower concentration of 500 nM, USP53 specifically 

recognized and cleaved K63-linked ubiquitin chains on GFP whereas K48-linked ubiquitin 

chains and monoubiquitin were not removed from GFP (Figure 27B). In contrast to USP53, 

USP54 showed a different cleavage pattern. K63-linked ubiquitin chains were efficiently 

cleaved by USP54, with the efficiency increasing with the length of the ubiquitin chain (Figure 

27C). However, like for AMSH*, a monoubiquitin residue remained attached to GFP in the 

cleavage reactions with GFP modified with K63-linked ubiquitin chains. Consequently, USP54 

also did not cleave GFP-mUb illustrating the importance of the S1’ ubiquitin binding site of 

USP54 for its cleavage activity (Figure 27C). GFP modified with K48-linked ubiquitin chains 

was not cleaved by USP54, demonstrating its specificity for K63-linked ubiquitin chains (Figure 

27C). 
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Figure 27: Gel-based cleavage assays of GFP-Ubn substrates. Differently ubiquitinated GFP species were 
incubated with specified concentrations of USP5320-383 (A-B) or USP5421-369(C). Samples taken at the indicated time 
points were analyzed by SDS-PAGE, fluorescence scanning and Coomassie-staining. (*): Likely K48-linked triUb 
contaminant present in the GFP-triUb (K48) preparation. 

4.1.5 Generation and cleavage of heterotypic triUb chain substrates 

To further analyze the different cleavage mechanisms of USP53 and USP54, homotypic triUb 

chains and heterotypic triUb chains containing mixed K63/K48 linkages were generated 

(Figure 28). In these chains, each ubiquitin moiety contained a different mass allowing the 

differential analysis of the two possible cleavage events in a triUb chain by mass analysis. 

Thus, the linkage dependence of the cleavage between the middle and proximal ubiquitin 

bound in the S1 and S1’ binding sites of USP53 and USP54 can be analyzed with the 

heterotypic chains. In order to generate K48 and K63 linkages at the specific positions between 

the ubiquitin moieties, the known in vitro methodology for the assembly of K63 and K48 chain 

linkages was refined (Figure 28): A ubiquitin with a truncated C-terminus (Ub1-75) and, for the 
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heterotypic triUb substrates, either a K48R or K63R mutation, was used as the proximal 

ubiquitin because it cannot be conjugated via its C-terminus and serves only as an acceptor 

ubiquitin. In assembly reactions with wild-type ubiquitin, the truncated ubiquitin species were 

used in a tenfold excess to strongly favor the formation of non-conjugatable K48- or K63-linked 

diUb over wild-type diUb. In the secondary reaction steps, the distal ubiquitin containing a 

K48R mutation for K48 linkage assembly or a K63R mutation for K63 linkage assembly was 

conjugated to the respective K48- or K63-linked diUb species yielding homotypic or mixed 

K63/K48 triUb chains. To illustrate the chain compositions, the proximal ubiquitin with the free 

C-terminus is shown as grey sphere, ubiquitin moieties conjugated to K48 as red spheres and 

ubiquitin moieties conjugated to K63 as yellow spheres. The deconvoluted mass spectra of the 

generated homotypic and heterotypic triUb chains showed both their purity and composition, 

as the identified masses correlated with the calculated masses (Figure 28). 

 
Figure 28: Assembly of homotypic and mixed K63/K48-linked triUb chains. A-D) Schematic depiction of the 
building blocks and the enzymatic assembly steps to generate K63-linked triUb (A), K48-linked triUb (B), 
heterotypically linked triUb (K63-K48) (C) or triUb (K48-K63) (D). Each assembly step was performed using the 
mE1 enzyme and the specific E2 enzymes annotated for each reaction step. Ubiquitin with a free C-terminus is 
depicted in white, ubiquitin conjugated to K48 in red and ubiquitin conjugated to K63 in yellow. Deconvoluted mass 
spectra are shown for each of the final triUb chain substrates. 

After generation of the homotypic and heterotypic K63/K48-linked triUb substrates, these were 

used in cleavage assays with USP53 and USP54 (Figure 29, Figure 30). SDS-PAGE analysis 

and Coomassie-staining revealed efficient cleavage of K63-linked triUb and of mixed K63-K48-

linked triUb chains into mUb and diUb species by USP53 (Figure 29A). In contrast, the 

inversely mixed K48-K63-linked triUb chains were significantly less cleaved, comparable to 
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K63-linked diUb chains (Figure 29A). USP53 slightly cleaved K48-linked diUb and triUb chains 

(Figure 29A). To identify the cleavage position and thus the cleaved linkage, the mass of the 

mUb and diUb species formed after incubation of the triUb substrates with USP53 was 

determined by intact mass spectrometry. Identified cleavage products of K63-linked triUb and 

of mixed K63-K48-linked triUb chains corresponded to cleavage between the proximal and 

middle ubiquitin consistent with occupancy of the S1 and S2 sites by two ubiquitin moieties 

linked by a K63 isopeptide bond (Figure 29B). The cleaved linkage type varied between the 

two substrates, implying that USP53 activity is primarily based on S1 and S2 site occupancy 

and that then different isopeptide linkages between ubiquitin chains can be cleaved. For the 

mixed K48-K63-linked triUb substrate, the masses of cleavage products determined after 

incubation with USP53 corresponded to the proximal ubiquitin and the diUb species consisting 

of the middle and distal ubiquitin (Figure 29B). In conclusion, the K63 linkage was cleaved 

preferentially over the K48 linkage, demonstrating that K48-linked distal and middle ubiquitin, 

which are unlikely to bind to the S1 and S2 sites, did not enhance USP53 activity on the K63 

linkage between the middle and proximal ubiquitin. 

 
Figure 29: Mass- and gel-based cleavage assay of differently linked diUb and triUb substrates by USP53. 
A) The diUb and triUb substrates were incubated with USP5320-368. Samples were taken at indicated time points 
and analyzed by SDS-PAGE and Coomassie-staining. B) Samples corresponding to the 120 min time point in 
panel A were further analyzed by intact mass spectrometry and the corresponding deconvoluted mass spectra are 
shown for the triUb substrates. Major cleavage events are shown schematically and the cleavage sites are indicated 
by black arrows. Dashed arrows indicate limited cleavage events. The same color code as in Figure 28 was used 
to illustrate linkages in the ubiquitin chains. 
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Performing the same triUb cleavage assays with USP54 gave a different result. Homotypic 

K63-linked triUb chains were rapidly cleaved into their three monoubiquitin species and all 

three masses were identified by mass spectrometry (Figure 30A and B). The mixed K48/K63-

linked triUb substrates were completely cleaved into diUb chains and monoubiquitin, 

comparably efficient as the cleavage of K63-linked diUb chains (Figure 30A). Identification of 

the resulting masses of the mUb and diUb species showed that specifically K63 linkages were 

cleaved by USP54 while the K48 linkages were retained, irrespective of their position in the 

triUb chains (Figure 30B). For K48-linked substrates minimal cleavage was detected at longer 

time points (Figure 30A). 

 

Figure 30: Mass and gel-based cleavage assay of differently linked diUb and triUb substrates by USP54. 
A) The diUb and triUb substrates were incubated with USP5421-369. Samples were taken at indicated time points 
and analyzed by SDS-PAGE and Coomassie-staining. B) Samples corresponding to the 120 min time point in 
panel A were further analyzed by intact mass spectrometry and the corresponding deconvoluted mass spectra are 
shown for the triUb substrates. Major cleavage events are shown schematically and the cleavage sites are indicated 
by black arrows. Dashes arrows indicate limited cleavage events. The same color code as in Figure 28 was used 
to illustrate linkages in the ubiquitin chains. 

USP DUBs are most often non-specific.110 However, several USP DUBs show some selectivity 

between ubiquitin linkages and often no or little activity on M1-linked ubiquitin chains.110,116,241 

In ubiquitin, the N-terminus and K63 are in close proximity and both, M1 and K63 linkages 

result in extended ubiquitin chains with similar surfaces being assessible for protein 

interactions.242 However, M1 linkages are formed by peptide bonds connecting ubiquitin 

molecules head to tail, whereas K63 linkages are formed by isopeptide bonds between the C-

terminus of one ubiquitin molecule and the epsilon amino group of the lysine side chain of 
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another ubiquitin. This leads to different degrees of flexibility which affect binding by DUBs.214 

To test for the ability of USP54 and especially of USP53 to cleave M1 linkages in mixed chains, 

heterotypic triUb chains containing mixed K63/M1 linkages were generated in one-step in vitro 

assembly reactions. 

 
Figure 31: Generation and cleavage assay of heterotypic triUb chains containing M1 and K63 linkages. 
A-B) Schematic depiction of the building blocks and enzymatic assembly steps for triUb (M1-K63) (A) or triUb (K63-
M1 (B). Ubiquitin with a free C-terminus is depicted in white, ubiquitin conjugated to the N-terminus (M1 linkage) in 
green and ubiquitin conjugated to K63 in yellow. Deconvoluted mass spectra are shown for both final triUb chain 
substrates. C) Differently linked diUb and triUb chain substrates were incubated with USP5320-368 or USP5421-369. 
Samples were taken at indicated time points and analyzed by SDS-PAGE and Coomassie-staining. D) Samples 
corresponding to the 120 min time point in panel C were further analyzed by intact mass spectrometry and the 
corresponding deconvoluted mass spectra are shown for the heterotypic triUb substrates. Major cleavage events 
are shown schematically and the cleavage sites are indicated by black arrows. 

M1-linked diUb was conjugated to K63 of ubiquitin with a truncated C-terminus (Ub1-75) (Figure 

31A). Ub1-75 cannot be further conjugated and was used in excess to favor the formation of 

mixed M1-K63-linked triUb chains over the formation of potential by-products. After 

purification, pure mixed M1-K63-linked triUb chains were obtained (Figure 31A). To generate 
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mixed K63-M1-linked triUb chains, Ub K63R was assembled to M1-linked diUb (Figure 31B). 

The purified substrate mixture may contain branched M1/K63-linked triUb chains, as these can 

be formed with the used building blocks and are indistinguishable from mixed K63-M1-linked 

triUb chains by mass spectrometry (Figure 31B). 

Cleavage assays with the mixed M1/K63-linked triUb chains showed that both heterotypic 

substrates were cleaved as efficiently as K63-linked diUb chains and less efficiently than K63-

linked triUb chains by USP53 and USP54 (Figure 31C). The masses of the cleavage products 

indicated that both enzymes cleaved only the K63 linkages, while the M1 linkages were not 

cleaved (Figure 31D).  

In conclusion, the functional analysis revealed USP53 and USP54 to be active DUBs. A 

specificity for K63 linkages with a preference for longer chains, which is unusual for USP DUBs, 

has been observed for USP54. USP53, on the other hand, depends on the recognition of K63-

linked diUb in its S1 and S2 sites for efficient cleavage of isopeptide bonds in ubiquitin chains 

or between ubiquitin and substrate proteins.  
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4.2 Structural characterization of USP53 and USP54 

To understand the molecular basis of the two distinct cleavage mechanisms of USP53 and 

USP54 and to visualize ubiquitin recognition, the second aim of this work was the structural 

elucidation of USP53 and USP54 in complex with ubiquitin using crystallography. There are 

several strategies to help crystallize the catalytic domains of DUBs.116,218,243 Many USP DUBs 

contain large insertions or extended loops between the six main boxes that form the common 

catalytic core consisting of the fingers, palm and thumb domains. Trimming these extensions 

or replacing them with crystallization tags makes crystallization more likely.243 Catalytic 

inactivation of DUBs can convert them into ubiquitin traps, allowing co-crystallization with 

ubiquitin or substrate mimetics.244 This strategy has proven useful for linkage-specific DUBs. 

Their co-crystallization with the corresponding linked polyubiquitin substrates allowed the 

visualization of their additional ubiquitin binding sites.113,116,118,119 A common strategy for the 

crystallization of DUBs is the use of ubiquitin-based probes with different warheads. Upon 

covalent bond formation, DUBs are stabilized and for USP DUBs, the stabilization of the 

flexible fingers domains makes crystallization more likely.115,116 Another strategy involves 

crystallization of DUBs in complex with stabilizing cellular binding partners, for example of 

USP1 in complex with its cofactor UAF1.245 

As part of the work for her bachelor’s thesis in 2020, Lucia-Maria Kaps purified catalytic domain 

constructs of USP53 and USP54. However, both apo forms were resistant to crystallization, 

which may in part be due to the low enzyme concentration, as both enzymes tend to aggregate 

at concentrations above 3 mg/ml and low temperatures.  

The second part of the results section describes the structural characterization of USP53 and 

USP54 by X-ray crystallography. Many of the approaches summarized above have been 

attempted to obtain crystals for USP53 and USP54. Crystallization studies of USP53 and 

USP54 were carried out for both enzymes in complex with mUb-PA and K63-linked diUb-PA. 

Additionally, crystallization trials were performed with catalytically inactive USP53 and USP54 

with K63-linked-triUb chains.  

4.2.1 Crystallization trials of USP53 and USP54 with Ub-PA or diUb(K63)-PA 

In order to obtain USP53 and USP54 in complex with Ub-PA or K63-linked diUb-PA, the first 

objective was to generate large quantities of the probes. Ub-PA was generated using the intein-

chemistry method described above (Figure 14A, Figure 32D). Previously, a protease-resistant 

triazole-based K48-linked diUb probe was used to label the SARS-CoV-1 enzyme PLpro. 

Structure determination of the complex allowed the visualization of the PLpro S2 site.122 

However, instead of using the triazole linkage, a simple way to produce large quantities of K63-

linked diUb-PA was to enzymatically assemble the second ubiquitin moiety to Ub-PA. This 
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approach depended on the compatibility of Ub-PA or its precursor Ub-MesNa with the enzymes 

required for in vitro synthesis of K63-linked ubiquitin chains and was tested by co-incubation 

and SDS-PAGE analysis. While Ub-MesNa formed covalent adducts with the assembly 

enzymes, Ub-PA did not react with mE1, UBE2R and UBE2V, suggesting that Ub-PA does not 

interfere with their enzymatic activity and can be used as acceptor ubiquitin in K63 and K48 

linkage conjugation reactions (Figure 32A). In a test assembly, a diubiquitin species formed 

upon incubation of Ub-PA and Ub K63R with mE1, UBE2V and UBE2V (Figure 32B). Adding 

the complete reaction mixture to USP53 and USP54 resulted in them being labeled by Ub-PA 

but also by diUb-PA, demonstrating that a diUb probe with a functional PA warhead was 

produced (Figure 32B).  

Large quantities of K63-linked diUb-PA were obtained by a large-scale assembly reaction in 

which Ub K63R was conjugated to K63 of Ub-PA (Figure 32C). The use of Ub K63R prevented 

side reactions, as it cannot be conjugated to itself in K63 linkage assembly reactions. 

Conjugating enzymes and unreacted mUb species were removed by IEX and SEC, yielding 

pure K63-linked diUb-PA (Figure 32D, Figure S4). The effect of Ub-PA or diUb-PA labeling, 

and thus occupancy of the S1 or S1 and S2 ubiquitin binding sites of USP53 and USP54 

(Figure 32E), was then tested by thermal stability assays to determine the melting 

temperatures of the resulting complexes. USP53 and USP54 were stabilized by Ub-PA 

labeling and a further increase in melting temperatures was observed upon binding of 

diUb(K63)-PA (Figure 32F-G). USP54~diUb-PA was the most stable complex with a melting 

temperature of 65 °C (Figure 32G). 
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Figure 32: Effect of diUb(K63)-PA labeling on USP53 and USP54 stability. A) Ub-PA and Ub1-75-MesNa were 
each incubated with ubiquitin chain assembly enzymes mE1, UBE2R or UBE2V. Their compatibilities were analyzed 
by SDS-PAGE and Coomassie-staining. B) The assembly of K63-linked diUb-PA was tested by mixing mE1, 
UBE2N, UBE2V and ATP with Ub-PA and Ub K63R as building blocks. Afterwards the complete reaction mixture 
was incubated with USP5320-383 and USP5421-369. Samples were analyzed by SDS-PAGE and Coomassie-staining. 
C) Scheme for the generation of diUb(K63)-PA using mE1 and the E2 enzymes UBE2N and UBE2V. D) Purified 
Ub-PA and diUb(K63)-PA were analyzed by SDS-PAGE and Coomassie-staining. E) Schematic for the binding 
modes of Ub-PA and diUb-PA to DUBs. E) USP5320-368 was incubated with buffer, Ub-PA or diUb-PA. After the 
labeling reaction, the stability of USP53 was tested by thermal shift assay. F) The same assay as described in panel 
E was performed with USP5421-369. 

To obtain pure USP53 and USP54 in complex with Ub-PA or diUb-PA for crystallization trials, 

the purification scheme for USP53 and USP54 alone was adjusted and a labeling step 

integrated after the reverse Ni-NTA (Figure 33A). As the diUb probe is linked via a cleavable 

isopeptide bond, protein labeling competes with cleavage of the probe, more so for USP54 

than USP53. To reduce this side-reaction, the effect of different temperatures and probe to 

DUB ratios was explored. Lowering the temperature to 4 °C minimized cleavage of diUb-PA 

and the subsequent formation of USP54~mUb-PA (Figure 33B). Additionally, a higher diUb-PA 

to DUB ratio led to less USP54~mUb-PA complex formation (Figure 33B). Having optimized 

the labeling conditions, a small-scale test purification according to the scheme in Figure 33A 

was performed for USP54. The flow-through of the reverse Ni-NTA purification was divided 

into three parts. One part was incubated with buffer, one with Ub-PA and one with 

diUb(K63)-PA. Partial labeling was visible after 10 min and labeling was almost complete after 

overnight incubation at 4 °C. Two protein bands were observed for USP54 alone as well as for 

the complexes due to the partial cleavage of USP54 during purification (Figure 33C). Impurities 

were removed and the respective proteins of different molecular weight were separated by 
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anion-exchange chromatography to give pure USP54 or USP54 complexes (Figure 33D). 

These results demonstrate that large amounts of Ub-PA and diUb(K63)-PA and subsequently 

also of the DUB complexes can be obtained in high purity. 

 
Figure 33: Complex purification for crystallization. A) Schematic depiction of the purification steps for USP53 
and USP54 in complex with ubiquitin probes for crystallization. B) Probe labeling assay. Different conditions for 
labeling of USP5421-369 with Ub-PA or diUb-PA were tested. Samples taken at indicated time points were analyzed 
by SDS-PAGE and Coomassie-staining. C) Test purification of USP54, USP54~Ub-PA and USP54~diUb-PA. The 
labeling efficiency and protein purity after ResQ purification were analyzed by SDS-PAGE and Coomassie-staining. 

In general, after protein purification and complex generation, the sitting drop method was used 

for all coarse and fine screenings and drops were set up using a crystallization robot. Coarse 

screening to identify starting crystallization conditions for the purified protein complexes was 

performed with commercially available screening plates at 20 °C. Obtained crystals were cryo-

protected when necessary, vitrified in liquid nitrogen and X-ray diffraction experiments were 

performed at 100 K. To obtain high amounts of USP53 and USP54, both proteins were 

expressed in large scale cultures of ~20-25 liters for each crystallization attempt. USP53 was 

purified and labeled according to the established protocol (Figure 33A). After labeling with Ub-

PA, pure USP5320-383~Ub-PA was obtained and concentrated to 6 mg/ml (Figure 34A). A 

T-shaped crystal grew from this protein solution at one condition, but resulted in poor diffraction 

quality when X-rayed (Figure 34A). The first large-scale attempt to purify 

USP5320-383~diUb(K63)-PA yielded a mixture of the complex and impurities, including 

unlabeled USP53 and GST (Figure 34B). No crystals grew from this sample at a concentration 

of 5 mg/ml. A second purification attempt using an optimized USP53 construct and improved 

labeling conditions yielded pure USP5320-368~diUb(K63)-PA (Figure 34B, Figure S4). The 

complex was only concentrated to 2.8 mg/ml due to incipient protein aggregation. However, 

as opposed to the apo-form of USP53, different crystallization conditions were identified for 

USP53~diUb(K63)-PA (Figure 34B, Figure S5). Fishing the resulting crystals for vitrification 

and X-ray crystallography proved difficult due to their small size and, in the case of some 

crystals, their soft surface. In order to obtain well diffracting crystals suitable for structure 
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determination, fine screening for USP53~mUb-PA and USP53~diUb-PA, which has not been 

carried out, will be necessary. 

A slightly different approach was taken for coarse screening of crystallization conditions for 

USP54. As USP5421-385 is partially C-terminally truncated during the first purification steps and 

to maximize final yields of uniform complexes with identical molecular weight, an additional 

IEX purification step was performed to separate the two USP54 proteins after the reverse Ni-

NTA chromatography. Then, USP5421-369 was labeled with diUb(K63)-PA and USP5421-385 was 

labeled with Ub-PA. After a second IEX and a final SEC, pure USP54~mUb at a concentration 

of 6.5 mg/ml and pure USP54-diUb(K63)-PA were obtained (Figure 34C-D, Figure S4). In 

contrast to USP53~diUb(K63)-PA and apo USP54, USP54-diUb(K63)-PA was concentrated 

to 13.4 mg/ml without any visible aggregation. While no crystallization condition could be 

identified for USP54~mUb, USP54~diUb(K63)-PA crystals grew for different conditions (Figure 

34D, Figure S5). X-ray diffraction of the crystals produced diffraction patterns varying between 

4 and 15 Å resolution and showed that crystals in two different space groups, P3 and P222, 

were obtained. These groups corresponded to slightly twisted triangular and hexagonal prism 

shaped crystals, respectively (Figure 34D). The most promising crystal, which belonged to the 

space group P222 and diffracted to 4-5 Å resolution, was grown in the presence of PEG400, 

CaCl2 and HEPES at pH 7.5. 

 
Figure 34. Differently ubiquitin-probe labeled USP53 and USP54 complexes used for crystallography. 
Samples of purified USP5320-383~Ub-PA (A), USP5320-383~diUb(K63)-PA, USP5320-368~diUb(K63)-PA (B), 
USP5421-385~Ub-PA (C) or USP5421-369~diUb(K63)-PA (D) were analyzed by SDS-PAGE and Coomassie staining 
and used for crystallizations trials. Images of the obtained crystals are shown and the crystallization conditions are 
annotated. E) SEC chromatogram of USP5421-369~diUb(K63)-PA. The dashed line indicates combined fractions 
which were analyzed by SDS-PAGE and Coomassie-staining and used for fine screening. F) An image of the 
USP5421-369~diUb(K63)-PA crystal in a fishing loop. The crystal was obtained from the protein sample in panel D, 
diffracted to 2.5 Å and was used for structure determination. 

For fine screening, USP5421-369~diUb(K63)-PA was freshly prepared according to the scheme 

in Figure 33A after direct expression of USP5421-369, a construct corresponding to the truncated 

USP54 species (Figure 34E). To improve the diffraction resolution, fine screening plates were 

prepared based on two initially identified conditions covering both space groups (Figure 34E). 
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Crystals from the fine screening plate based on the K/Na-tartrate condition showed improved 

diffraction patterns up to a resolution of 4 to 15 Å. However, crystals from the PEG400 fine 

screening plates generally diffracted better to resolutions in the range of 3 to 4 Å. Fortunately, 

one USP54~diUb(K63)-PA crystal, set up in a 1:1 drop ratio of a reservoir solution containing 

0.1 M HEPES pH 6.8, 0.2 M CaCl2 and 27.2 % (w/v) PEG400 and of the 13 mg/ml 

USP54~diUb(K63)-PA protein solution, gave a diffraction pattern extending to 2.5 Å resolution 

and was used for structure determination (Figure 34F). 

Diffraction experiments for the USP54~diUb(K63)-PA crystals obtained during coarse 

screening revealed that the complex contained zinc ions. Therefore, a native and an 

anomalous dataset were recorded for the well diffracting USP54~diUb(K63)-PA crystal and 

both were used to solve the structure to a resolution of 2.5 Å (Table 15). Four copies of 

USP54~diUb-PA made up the asymmetric unit and were well covered by electron density 

(Figure 35).  

 
Figure 35: Asymmetric unit of USP54~diUb-Pa. A) Cartoon representation of the cell unit containing four copies 
of USP54~diUb-PA separated into 2 packages. B) Stick representation with overlayed electron density of the 
asymmetric unit of USP54~diUb-PA. 
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Table 15. Data collection and refinement statistics. 

The dataset was collected from a single crystal. Values in parentheses are for highest-resolution shell. 
a.s.u., asymmetric unit. R.m.s.d., root mean square deviations. 

 USP54~diUb(K63)-PA 
(SAD data) 

USP54~diUb(K63)-PA 
(native data, PDB code: 8C61) 

Data collection   
Beamline SLS – PX2 SLS – PX2 
Wavelength 1.282 Å 1.000 Å 
Space group P 212121 P 212121 
Cell dimensions   
a, b, c (Å) 122.58, 126.59, 144.22 122.74, 126.56, 144.17 
 () 90, 90, 90 90, 90, 90 
Observed reflections 1,859,182 (122,127) 699,375 (71,819) 
Unique reflections 69,709 (4,449) 78,247 (7,759) 
Resolution (Å) 88.06 – 2.6 

(2.66 – 2.6) 
63.28 – 2.5 
(2.59 – 2.5) 

Rmerge 0.091 (2.410) 0.062 (1.239) 
Rmeas 0.094 (2.498) 0.066 (1.313) 
I/(I) 24.5 (2.2) 16.2 (1.7) 
CC1/2

 1.000 (0.789) 0.998 (0.682) 
Completeness (%) 100 (100) 100 (100) 
Redundancy 26.7 (27.5) 6.6 (6.3) 
Wilson B (Å2) 74.4 74.8 
   
Phasing   
Method SAD MR 
Resolution (Å) 2.6  
Anom. 
completeness (%) 

100 (100)  

Anom. multiplicity 13.8 (13.9)  
<FOM> 0.5179  
   
Refinement   
Copies / a.s.u.  4 
Resolution (Å)  2.5 Å 
No. reflections  78,226 
Rwork / Rfree (%)  20.0 / 24.3 
No. atoms  14,892 
Protein  14,647 
Ligand  32 
Water  213 
B factors (Å2)  95.9 
Protein (Å2)  96.2 
Ligand (Å2)  88.8 
Water (Å2)  79.5 
R.m.s.d.   
Bond lengths (Å)  0.004 
Bond angles ()  0.62 
Ramachandran 
(favored / allowed / 
outlier) (%) 

 96.8 / 3.2 / 0 

Clashscore  8.5 
Rotamer outliers (%)  2.8 
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Of the four copies in the asymmetric unit, two USP54~diUb-PA copies each arranged in a 

criss-cross formation and showed good alignment when superimposed (Figure S6, Figure 

36A). In the arrangement of the two copies, the two ubiquitin moieties containing the warhead 

were bound to the S1 binding sites of two USP54 molecules, while the distal ubiquitin moieties 

occupied the S2 sites of the respective other USP54 molecule (Figure 36A). This formation 

rigidified the fingers domain of USP54. Multi-angle light scattering (MALS) experiments were 

performed to test whether this was due to crystal packing or an orientation adopted in solution. 

The determined molecular weights agreed with the calculated values of the monomeric 

complexes of USP54, USP54~Ub-PA and USP54~diUb-PA (Figure 36B). Consequently, the 

SEC-MALS results show that the USP54~diUb-PA complex exists in solution as a monomer 

with one diUb-PA molecule covering the S1 and S2 sites (Figure 36C). 

 
Figure 36: USP54~diUb-PA is dimeric in the crystal and monomeric in solution. A) Cartoon representation of 
two intertwined USP54~diUb-PA molecules. One USP54 is shown in grey, the other USP54 molecule is shown in 
red and isopeptide-linked ubiquitin moieties are shown in the same color, one in wheat and one in yellow. B) SEC-
MALS measurement of USP54, USP54~Ub-PA and USP54~diUb-PA. C) Schematic representation of the ubiquitin 
binding modes of USP54 as found in the crystal structure and as assumed in solution. 

4.2.2 USP54~diUb(K63)-PA structure 

The USP54~diUb-PA structure in a matched topology illustrates that ubiquitin was bound to 

the S1 site formed by the front of the fingers and parts of the thumb and palm domains of 

USP54 (Figure 36A). The S2 site of USP54 is cryptically encoded at the backside of the fingers 

domain. Consistent with the binding of one diUb-PA molecule by USP54 in solution, the 

C-terminal residue of ubiquitin bound in the S2 site was in close proximity to the K63 side chain 

of the S1 ubiquitin in the USP54 crystal structure (Figure 37A). Superimposing the 

corresponding four copies of USP54~diUb~PA shows that they were oriented in the same way 

(Figure S6). USP54 shares the typical catalytic domain structure found in the USP family, 

which includes the palm, thumb and fingers domains, shown in red, grey and green, 

respectively (Figure 37B). In addition to the zinc atom coordinated at the tip of the fingers 

domain, which is present in many USP DUBs, the structure revealed two additional zinc finger 

motifs in the thumb domain of USP54 (Figure 37B). USP54 contains a canonical catalytic triad 

composed of cysteine, histidine and aspartate. In the structure, these residues were arranged 

in an active conformation and the warhead of the diUb-PA probe formed a covalent bond with 

the catalytic cysteine (Figure 37C). Mutation of the catalytic cysteine or histidine in USP54 and 
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in USP53 resulted in complete loss of their catalytic activities (Figure 37D-E). However, probe-

binding was only partially disrupted for the catalytic histidine mutants, demonstrating the 

importance of the catalytic histidines of USP53 and of USP54 for the polarization of the 

catalytic cysteines for cleavage activity, but less for ubiquitin binding and probe reactivity 

(Figure 37F, Figure S7A). 

 
Figure 37: Crystal structure of USP54~diUb(K63)-PA. A) Cartoon representation of the matched structure of the 
catalytic domain of USP54 (grey) with ubiquitin (yellow) bound in its S1 and S2 sites. Important features are 
annotated. B) Cartoon representation of the catalytic domain of USP54 from the USP54~diUb(K63)-PA structure. 
The thumb domain is colored in grey, the fingers domain in green and the palm domain in red. Enlargements 
highlight the three zinc ions, which are shown as grey spheres and are present in the finger and thumb subdomains 
C) Zoom-in into the catalytic triad of USP54 consisting of C42, H302 and D319. D) Gel-based cleavage assays. 
USP5320-383, USP5421-369 and the respective catalytic cysteine mutants USP5320-383 C41S and USP5421-385 C42S 
were incubated with K63-linked tetraUb chains. Samples were taken at 0 and 60 min and analyzed by SDS-PAGE 
and Coomassie-staining. E) Gel-based cleavage assays. USP5320-383, USP5421-369 and the respective catalytic 
histidine mutants USP5320-383 C41S and USP5421-385 C42S were incubated with K63-linked triUb chains. Samples 
were taken after indicated reaction times and analyzed by SDS-PAGE and Coomassie-staining. F) The same 
proteins as in panel E were incubated with Ub-PA and labeling was analyzed by SDS-PAGE and Coomassie-
staining. 

A closer look at the blocking loops 1 and 2 of USP54 revealed a completely different picture 

compared to other USP DUBs. Blocking loop 1 (BL1) was less extended and instead an 

additional alpha-helix was identified, termed α7.5 due to its intermediate position between the 

alpha helices 7 and 8 as annotated for other DUBs (Figure 38A).124 The blocking loop 2 (BL2), 

normally located just in front of the catalytic histidine and connecting two beta strands, was not 

present in USP54. Instead, the two beta strands were connected by a beta turn (Figure 38B). 

An overlay with USP2 and USP14 highlights these differences (Figure 38A), which are also 

reflected in the alignments of the corresponding sequences of USP54 and other USP DUBS 
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(Figure 38C-D). In particular, residues conserved in other USP DUBs are different in USP54 

and its close homologue USP53. Unique residues found only in USP53 and USP54 are marked 

with black boxes in the alignment (Figure 38C-D). The sequence encoding the BL1 in other 

USP DUBs can be split into two parts for the corresponding sequence of USP54. The first part 

encodes the specially shaped and truncated BL1 and the second part encodes the additional 

alpha-helix (Figure 38C). Almost the entire sequence encoding for BL2 in other USP DUBs is 

missing in USP54, leaving only two residues that form a beta turn (Figure 38D). The sequence 

of USP53 aligns well with USP54, suggesting that BL1 and BL2 of USP53 also adopt a 

structure similar to the one found in USP54. 

 
Figure 38: The blocking loops of USP54 have a unique architecture. A) Cartoon representation of USP54 in 
complex with diUb-PA for overview, with the additional alpha-helix and blocking loops annotated. Enlargement of 
the area of USP54 (grey) containing BL1 and BL2 (left). The same area is also shown overlaid with USP2 and 
USP14 (right). B-C) Alignment of the USP54 sequences encoding blocking loop 1 (B) and blocking loop 2 (C) with 
other USP DUB sequences. The structural annotation and amino acid numbers are from USP54. The BL1 and BL2 
annotations are fitted to USP2.  

Another unique feature found in USP54 was an elongated Cys-loop, here illustrated in 

comparison to USP2 and USP14 (Figure 39A). Generally, in USP DUBs, this Cys-loop is 

located before the catalytic cysteine in the S1’ site and is flanked by two asparagine 

residues.123 The positions of these asparagine residues in USP2 and USP12 align well with 

those in the USP54 structure (Figure 39A). The Cys-loop elongation is also reflected in the 

sequence of USP54 as well as of USP53, but not found for any other USP DUB (Figure 39B). 

Its importance for USP53 and USP54 activity was tested by exchanging their original loop 

sequence NEPGQNS with the sequence NLGNT which is found in many USP DUBs (Figure 

39B). Cleavage of K63-linked triUb chains was abolished for the LGNT variants, while probe 

binding was minimally retained for USP53 LGNT and completely for USP54 LGNT (Figure 

39C-D). One of the flanking asparagine residues in USP54 is positioned to act as an oxyanion 

hole, stabilizing the tetrahedral intermediates during isopeptide bond cleavage. Mutation of this 
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asparagine to alanine in USP54 and also in USP53 abolished catalytic activity while reactivity 

with ubiquitin probes was retained (Figure 39E-F, Figure S7B). These experiments 

demonstrated that the elongated Cys-loop is essential for the cleavage activity of USP53 and 

USP54. However, the mechanism for K63 linkage specificity could not be deduced from this 

experiment. 

 
Figure 39: Analysis of the Cys-loop of USP54 and USP53. A) Close-up of the Cys-loop of USP54, alone (left) 
and overlayed with the Cys-loops of USP2 and USP12 (right). B) Sequence alignment of the Cys-loop in USP54 
with its close homologue USP53 and other USP DUBs. LGNT constructs of USP53 and USP54 were generated to 
alter their loop sequences to match those in other USP DUBs. C) K63-linked triUb was incubated with USP5320-383, 
USP5421-369 and the respective LGNT mutants. Samples were taken at indicated time points and were analyzed by 
SDS-PAGE and Coomassie-staining. D) Ub-PA was incubated with the same proteins as in panel C and labeling 
was analyzed by SDS-PAGE and Coomassie staining. E) The same experiment as in panel C was performed with 
USP5320-383 WT and N34A as well as with USP5421-369 WT and N35A. F) The same experiment as in panel D was 
performed with the proteins used in panel E. 

4.2.3 Ubiquitin binding in the S1 site of USP54 

USP DUBs bind ubiquitin in their S1 sites through extensive interactions with the I44, I36 and 

F4 patches of ubiquitin and direct the scissile bond into the active site through recognition of 

the C-terminal tail of ubiquitin.94 The ubiquitin in the S1 site of USP54 binds to the anterior part 

of the fingers domain and its C-terminus extends into the catalytic cleft between the thumb and 

palm domains (Figure 40A). Using the PISA web server, an interface area of 1088 A² was 

calculated for the interface of ubiquitin and the S1 site of USP54.228 A closer look at interactions 

between ubiquitin and the S1 site of USP54 revealed a hydrogen bond between K6 of ubiquitin 

and D221 of USP54 as well as hydrophobic interactions between I44 of ubiquitin and Y184 of 

USP54 flanked by a hydrogen bond between R42 of ubiquitin and the hydroxy group of Y184 

of USP54 (Figure 40A). To test the importance of these two prominent interactions for the 

cleavage activity of USP54 and also of its homologue USP53, K63-linked triUb chains with 
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mutations only in the middle ubiquitin were generated by Sarah Recknagel as part of her 

master thesis. A similar approach as described for the mixed ubiquitin chains was used and 

pure triubiquitin species obtained (Figure S8C). Mutation of the positively charged K6 to a 

negatively charged aspartate or of I44 to the smaller residue alanine in the middle ubiquitin 

strongly disrupted cleavage activity of USP53 (Figure 40B). The I44A mutation in the middle 

ubiquitin affected the cleavage activity of USP54 in a comparable manner and the K6E 

mutation resulted in a limited reduction of triUb cleavage by USP54 (Figure 40C). These results 

indicate, that ubiquitin is bound to the S1 site of USP54 as seen in the crystal structure, that 

USP53 is likely to bind ubiquitin in the S1 site in a very similar manner, and that the common 

strong interaction mediated by I44 of ubiquitin is important for ubiquitin recognition in the S1 

sites of USP54 and USP53. 

 
Figure 40: Interactions of Ubiquitin with the S1 site of USP54. A) Zoom-in into the interactions of USP54 with 
K6 (left) and the I44 patch (right) of the ubiquitin bound in the S1 site. B) K63-linked triUb chains containing specific 
mutations in the middle ubiquitin were assembled and tested by Sarah Recknagel. After incubation of the annotated 
triUb chains with USP5320-383 for indicated time points, samples were taken and analyzed by SDS-PAGE and 
Coomassie-staining. Cleavage activity of USP53 for wild-type and mutant triUb chains was quantified for three 
independent experiments by densitometry. Remaining triUb was plotted against incubation time. C) The same assay 
and analysis as in panel B was performed for USP5421-369. 

Interestingly, ubiquitin bound in the S1 site of USP54 was shifted by ~30° compared to ubiquitin 

bound by other USP DUBs, including USP7 and USP14, due to several changes in the 

interactions with ubiquitin (Figure 41A). First, in the USP54 structure, the F4 patch of ubiquitin 

is largely solvent-exposed. In other DUBs, shown here for USP2, the F4 patch is covered by a 

hydrophobic residue located at the front of the fingers domain and two amino acids ahead of 

a zinc-coordinating cysteine (Figure 41B). Second, the I36 patch of ubiquitin is largely solvent-

exposed in USP54, as its BL1 assumes an unusual shape, orienting away from ubiquitin and 

forming the additional alpha-helix 7.5 (Figure 41C, Figure 38A). Normally, the I36 patch 

interacts with a hydrophobic residue in the BL1 of USP DUBs, for USP14 this is Y332 (Figure 

41C). Third, extensive hydrogen bonds are typically formed with the backbone of the C terminal 
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tail of ubiquitin. Two of these, formed between USP7 and ubiquitin, are not formed between 

USP54 and the backbone of R72 and R74 in ubiquitin due to the shortened BL2 and the 

differently shaped BL1. In conclusion, the crystal structure of USP54 in complex with diUb-PA 

revealed a weakened S1 ubiquitin binding site due to changes in the USP54 sequence and 

structure. 

 
Figure 41: Comparison of S1 ubiquitin interactions of USP54, USP7, USP14 and USP2. A) Cartoon 
representation of USP54~diUb(K63)-PA (grey, yellow), USP7~Ub-Ald (red, green), USP14~Ub-Ald (pink, purple) 
and a superposition of all three structures. The shift of the S1 ubiquitin in USP54 is highlighted. B) Close-up of the 
interactions of the F4 patch in the S1 ubiquitin with USP54 (left) and USP2 (pdb: 2IBI, middle). The different 
engagement is illustrated in the overlay (right). C) Close-up of the environment of the Ile36 patch in the S1 ubiquitin 
with USP54 (left) and USP14 (pdb: 2AYO, middle) and a superposition (right). D) Close-up of the interactions of the 
C-terminal tail of the S1 ubiquitin with USP54 (left), USP7 (1NBF, middle) and a superposition (right). Differences 
in the hydrogen bond network are indicated by black arrows. 
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4.2.4 Ubiquitin binding in the S2 site of USP54 

In vitro biochemical cleavage assays indicated the existence of an additional S2 binding site 

in USP54, which was then uncovered in the structure of USP54~diUb(K63)-PA (Figure 19, 

Figure 37). The interface area of the S2 site with ubiquitin was calculated by the PISA web 

server to be 840 A², comparable to the interface area of the S1 site with ubiquitin, indicating 

the importance of the S2 site for substrate recognition.228 The extended and tight interface of 

ubiquitin with the S2 site in USP54 is visible in the surface representation of the structure and 

can be separated into two parts (Figure 42A). One is located at the back of the fingers domain 

of USP54 and the other is mediated by a loop in the thumb domain of USP54, stabilized by the 

additional zinc fingers (Figure 42A, D). The interface between the back of the fingers domain 

and ubiquitin in the USP54 structure is dominated by hydrophobic interactions. On the ubiquitin 

side, the I44 patch including I44, L8, V70 and H63 is mainly involved. The most central and 

prominent residue in the hydrophobic patch of the USP54 S2 site is F161 (Figure 42B). In 

USP53, this central residue in the S2 site is Y160, which is likely to form similar hydrophobic 

interactions with ubiquitin, while polar residues are typically found for other USP DUBs at this 

position (Figure 42C). The hydrophobic interaction core is flanked by a hydrogen bond 

between D174 in USP54 and R42 of ubiquitin (Figure 42B). The aspartate residue is also 

present in USP53 but not in any other USP DUB, as indicated by the black box in the sequence 

alignment (Figure 42C). A close-up of the thumb loop as part of the interface revealed the 

presence of hydrogen bonds between ubiquitin and USP54 in addition to the hydrophobic 

interaction between I144 of USP54 and F45 of ubiquitin (Figure 42D). 

To validate the observed hydrophobic interactions between the S2 site and ubiquitin in the 

USP54 structure, the effect of mutating F161, as the central residue of the hydrophobic patch 

in USP54 to a potentially binding disruptive positively charged lysine, was tested. To this end, 

USP54 F161K alone and the corresponding Ub-PA and diUb(K63)~PA bound complexes were 

purified by Sarah Recknagel (Figure 42E). Stability measurements of USP54 F161K and the 

complexes showed that Ub-PA and diUb-PA binding stabilized USP54 F161K to the same 

extent (Figure 42F). These results suggest that the S1 site of USP54 F161K still binds Ub-PA 

and the proximal ubiquitin in diUb-PA, but that the F161K mutation prevents ubiquitin from 

binding to the S2 site as intended and hence no additional increase in melting temperature for 

diUb-PA binding compared to Ub-PA binding was observed (Figure 42G, Figure 32G). A Ub-

RhoG cleavage assay provided additional evidence for unimpaired ubiquitin binding in the S1 

site of USP54 F161K. A moderately increased catalytic efficiency for Ub-RhoG was determined 

for USP54 F161K compared to USP54 WT, probably due to prevention of unproductive binding 

of Ub-RhoG in the S2 site (Figure 42H).  
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Figure 42: Interactions between ubiquitin and the S2 site of USP54. A) Cartoon and surface representation of 
USP54 in complex with diUb-PA. B) Close-up of the interactions between ubiquitin and the backside of the fingers 
as part of the S2 site. The dashed black line represents a hydrogen bond. C). Alignment of the sequences of the 
backside of the fingers domain of USP54 with sequences of other USP DUBs. D) Close-up of the interface between 
the thumb of USP54 as part of the S2 site and ubiquitin. A surface and a cartoon representation are shown. 
Residues mediating interactions are shown as sticks and the hydrogen bond is indicated by a black dashed line. 
E) Purified USP54 F161K, USP54 F161K~Ub-PA and USP54 F161K~diUb(K63)-PA were analyzed by SDS-PAGE 
and Coomassie-staining. F) The stability of the purified complexes from panel E were analyzed by TSA. Obtained 
melting temperatures are shown. G) Schematic representation of the probable binding modes of Ub-PA and diUb-
PA by USP54 F161K. H) Ub-RhoG cleavage assay for different concentrations of USP54 and USP54 F161K. The 
obtained kobs were fitted against the corresponding concentration and the catalytic efficiencies for Ub-RhoG were 
obtained as the slope after linear fitting. The experiments shown in panels E and F were performed by Sarah 
Recknagel. 

Having shown that the F161K mutation in USP54 disrupts ubiquitin binding in the S2 site, its 

effect on the cleavage activity of USP54 on K63-linked polyubiquitin chains of different lengths 

was tested by quantitative gel-based cleavage assays. These assays were performed by 
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Sarah Recknagel as part of her master thesis. A decrease in cleavage activity on longer K63-

linked tri- and tetraUb chains was observed for USP54 F161K (Figure 43A). Importantly, both 

USP54 F161K and USP54 WT cleaved K63-linked diUb to the same extent, confirming that 

binding and subsequent cleavage of ubiquitin chains in the S1 and S1’ sites occur 

independently of binding events in the S2 site (Figure 43A). These findings indicate that 

hydrophobic interactions at the S2 site of USP54 are important for its increased cleavage 

activity on longer K63-linked ubiquitin chains. The picture was different for USP53. Mutation of 

the corresponding residue Y160 to a hydrophilic lysine reduced the cleavage activity of USP53 

on K63-linked di-, tri- and tetraUb to similar levels, thus a strong decrease was observed for 

tri- and tetraUb (Figure 43B). These results highlight the importance of hydrophobic 

interactions at the S2 site of USP53 for its cleavage activity. 

 
Figure 43: Effect of S2 site mutations on the cleavage activity on K63-linked polyubiquitin A) K63-linked 
di-, tri- and tetraUb were incubated with USP54 WT or USP54 F161K. Samples were taken at the indicated time 
points, separated by SDS-PAGE and protein bands visualized by Coomassie staining. Quantification of cleavage 
activity was performed for three replicates by densitometry of protein band intensities. The percentage of remaining 
initial substrate was plotted against the incubation time to visualize the cleavage activity. B) The same experiment 
and analysis as in panel A was performed with USP5320-383 WT and USP5320-383 Y160K. The substrates, assays 
and analysis presented in Figure 32 were performed by Sarah Recknagel as part of her master thesis in 2022. 

In addition to the quantitative gel-based cleavage assays, the fluorescence polarization assays 

used to quantify the contribution of each ubiquitin binding site in USP53 and USP54 were also 

performed for the respective S2 site mutants. While Ub-KG-TAMRA was still processed by 

USP53 Y160K, albeit to a slightly lesser extent than by USP53 WT, and diUb-TAMRA cleavage 
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activity was comparable, a strong decrease in catalytic efficiency of USP53 Y160K for K63-

linked triUb-TAMRA was observed compared to the wild-type protein (Figure 44A, C). These 

results support the notion that the S2 binding site is essential for efficient processing of longer 

K63-linked ubiquitin chains by USP53. The catalytic efficiencies of USP54 WT and USP54 

F161K for Ub-KG-TAMRA and diUb-TAMRA were comparable, consistent with undisturbed 

binding in the S1 and S1’ binding sites (Figure 44B-C). However, the catalytic efficiency of 

USP54 F161K for triUb-TAMRA did not show a 3-fold increase in comparison to diUb-TAMRA 

but rather a similar value (Figure 44B-C). Gel-based analysis of triUb-TAMRA cleavage by 

USP54 F161K revealed that this substrate was cleaved into equal proportions of fluorescent 

Ub-TAMRA and diUb-TAMRA at the first time points (Figure S9A). The results of both assays 

demonstrated that the F161K mutation in USP54 disrupts the binding of ubiquitin to the S2 site 

and thus also the preferential cleavage between the middle and proximal ubiquitin in triUb 

chains leading to a reduced cleavage activity on longer K63-linked ubiquitin chains. Based on 

the differential effect of the disruption of S2 site ubiquitin binding on USP53 and USP54 activity, 

these results again support the idea of two very distinct cleavage mechanisms for both proteins 

with different dependencies on their S2 sites. 

 
Figure 44: Fluorescence polarization assay for S2 site mutants. A-B) The fluorescence polarization was 
measured over time for each of the three substrates after addition of different concentrations of 
USP5320-383 Y160K (A) or USP5421-369 F161K (B). Observed rate constants (kobs) were calculated using the function 
‘Plateau followed by one-phase decay’ in GraphPad Prism and then plotted against the corresponding enzyme 
concentration. C) The catalytic efficiencies for each substrate were calculated as the slope of the linear regression 
line after linear fitting of kobs plotted against the enzyme concentrations. The values for wild-type USP53 and USP54 
were transferred from Figure 22 and displayed side by side with the calculated catalytic efficiencies of the S2 site 
mutants (left). Detailed values are given for each substrate in the table (right). 
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So far, the effect of mutations in the S2 site of USP54 on cleavage activity were tested. To 

validate the interface of ubiquitin with the S2 site in USP54 from the ubiquitin side as well, K63-

linked triUb chains with additional mutations only in the distal ubiquitin of the triUb chains were 

generated and tested by Sarah Recknagel. The mutations, derived from the interface of 

ubiquitin with the back of the fingers domain of USP54, were designed to disrupt binding 

(Figure 42B). Ubiquitin with R42 mutated to negatively charged glutamate or ubiquitin with an 

I44A mutation were incorporated as the distal ubiquitin moiety into the K63-linked triUb chain. 

In addition, K63-linked triUb with H68R, V70A or F4R mutations in the distal ubiquitin were 

generated and tested. The masses of the mutated triUb chain substrates were validated by 

intact mass spectrometry (Figure S8B). Testing of these substrates against wild-type K63-

linked triUb (Figure S8A), followed by quantification, revealed reduced cleavage activities of 

USP53 and of USP54, with the strongest effect for the R42E and I44A mutations and less 

pronounced for the H68R and V70A mutations (Figure 45A-B, Figure S9B). The F4R mutation 

served as a control and as expected had no effect on the cleavage activities of USP53 and 

USP54 (Figure S9B). Overall, these experiments demonstrate the importance of the I44 patch 

in ubiquitin for the interaction with the S2 sites of USP53 and USP54. 

 
Figure 45: Gel-based cleavage assay of triUb substrates with mutations in the distal ubiquitin. A) WT K63-
linked triUb or K63-linked triUb with an additional mutation in the distal ubiquitin moieties were incubated with 
USP53. Samples were taken after indicated time points and analyzed as described in Figure 32. B) The same assay 
as in panel A was performed for USP5421-369. Sarah Recknagel performed the experiments illustrated in this figure. 

In summary, the structure of USP54 in complex with diUb(K63)-PA revealed a fold that is 

characteristic for USP DUBs, but also many unique features. The biochemical characterization 

that followed the structural determination validated the quality of the USP54 structure and also 

the importance of the identified structural features including the S2 sites and the unique Cys-

loops of USP54 and of USP53. 
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4.3 Analysis of ubiquitin binding in the S1’ sites of USP53 and USP54 

The structure of USP54 in complex with diUb(K63)-PA revealed how ubiquitin is bound in the 

S1 and S2 sites but not in the S1’ site. This is particularly relevant for USP54, as ubiquitin 

binding in the S1’ site greatly enhances its cleavage activity. Therefore, the next aim of the 

structural characterization part, was to visualize the interfaces of the S1’ sites of USP53 and 

USP54 with ubiquitin using X-ray crystallography. In DUBs, the S1’ site can be part of the 

catalytic domain. Other options are that the S1’ site is formed by additional domains outside of 

the catalytic domain or by insertions into the catalytic domain.94 In USP54, the S1’ site is part 

of the catalytic domain as the functional experiments were performed with the catalytic domain 

that does not contain any insertions (4.1).123 With the ultimate goal of obtaining a crystal 

structure of either USP53 or USP54 with a ubiquitin bound in the S1’ site, several ubiquitin 

substrates and ubiquitin probes with different internal warheads were generated and tested 

(Figure 46). Following the reactivity tests, co-crystallization experiments were carried out using 

K63-linked triUb together with inactive USP53 and USP54 (Figure 46B). 

 
Figure 46: Overview of the used substrates and probes with in between warheads to analyze S1’ site 
interactions with ubiquitin. A) Representation of the wild-type isopeptide linkages connecting the three ubiquitin 
molecules. B) Representation of the used K63-linked triUb substrate for crystallization trials. C) Representation of 
a K63-linked triUb substrate containing a proximal ubiquitin with additional mutations illustrated by a red star D) 
Representation of two diUb probes with different in between warheads. The distal ubiquitin is shown in red, the 
middle ubiquitin in yellow and the proximal ubiquitin in green. These are designed to bind to the S2 site, S1 site and 
S1’ site of USP53 and USP54, respectively. The isopeptide bonds or the corresponding chemical structures in the 
probes that are positioned where the isopeptide bond would be are highlighted with a purple background.  

4.3.1 Exploratory cleavage assays to analyze ubiquitin binding in the S1’ sites 

In the absence of a structure for USP53 or USP54 with ubiquitin bound in their S1’ sites, 

information on ubiquitin binding in the S1’ site was first sought by using K63-linked triUb chains 

with additional mutations in the proximal ubiquitin (Figure 46C). The mutations were chosen 
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based on the two common interactions patches F4 and I44 of ubiquitin. K63-linked triUb chains, 

that contain a proximal ubiquitin with an F4A mutation, an F4R mutation to disrupt possible 

hydrophobic interactions or an I44A mutation were generated by Sarah Recknagel. However, 

when tested, these three K63-linked triUb substrates were cleaved by USP53 and USP54 to 

the same extent as wild-type triUb chains (Figure 47A-B). The K63 linkage-specific DUB 

AMSH* interacts with Q62 and E64 of ubiquitin in its S1’ site.118 Therefore, K63-linked triUb 

containing a proximal ubiquitin with Q62A and E64A mutations was generated by Jan André 

Hane, to test for the possibility of a similar interaction mode in USP54. However, no difference 

in USP54 cleavage activity was observed (Figure 47C). These experiments suggest that F4, 

I44, Q62 and E64 are unlikely to be the major residues in ubiquitin that interact with the S1’ 

sites of USP53 or USP54. However, they may still be important as part of an interaction 

network that is not addressed here, as it is not known yet how ubiquitin is bound in the S1’ 

sites of USP53 and USP54. 

 
Figure 47: Gel-based cleavage assays to assess S1’ site binding. A) Wild-type K63-linked triUb chains or K63-
linked triUb chains containing specific mutations in the proximal ubiquitin were incubated with USP5421-369 for 
indicated time points and analyzed by SDS-PAGE and Coomassie-staining. The cleavage activity was quantified 
by densitometry of protein band intensities for three independent experiments. To visualize the cleavage activities 
for each triUb substrate, the percentage of remaining triUb was plotted against the incubation time. B) The same 
assay and analysis as in panel A was performed for USP5320-383. C) The same assay as in panel A was performed 
but K63-linked triUb chains with a double mutation in the proximal ubiquitin were used as substrates to test cleavage 
activity of USP5421-369. The experiments in panel A and B were performed by Sarah Recknagel and the experiment 
in panel C was performed by Jan André Hane. 

4.3.2 Crystallization trial of inactive USP53 and USP54 with K63-linked triUb 

A common strategy for crystallizing linkage-specific DUBs is to use inactive enzymes that trap 

ubiquitin substrates instead of cleaving them. USP30, rendered inactive by mutation of the 

catalytic cysteine to alanine, was successfully co-crystallized with its substrate, K6-linked 

diubiquitin.116 To assess the binding of inactive USP54 and USP53 to ubiquitin, a fluorescence 



RESULTS 

97 

polarization binding assay was performed using Ub-KG-TAMRA and triUb-TAMRA (Figure 

48A). For both enzymes, two different constructs were tested in which the cysteine was 

mutated to either alanine or to serine. However, even at very high DUB concentrations of up 

to 100 µM, the binding affinities for Ub-KG-TAMRA as well as for the more suitable substrate 

K63-linked triUb-TAMRA could not be reliably determined as the binding curves did not reach 

a plateau indicating low ubiquitin binding affinities of inactive USP53 and USP54 (Figure 48A). 

An initial flattening of the binding curve was observed for USP53 C41S and USP54 C42S, in 

contrast to USP53 C41A and USP54 C42A for K63-linked triUb. On this basis, large scale 

purifications of USP5320-383 C41S and of USP5421-369 C42S were performed and used for co-

crystallization experiments. After SEC, pure proteins were obtained (Figure 48B). The 

substrate, K63-linked triUb, was generated as described for the mass-based cleavage assay 

substrates and then added in small excess to USP53 C41S and USP54 C42S (Figure 28B). 

The protein mixtures were concentrated to 8 mg/ml and then used to set up crystallization 

droplets in many different conditions. The achieved high concentration indicated the binding of 

triUb to the DUBs, as apo USP53 and USP54 cannot normally be concentrated to this level. 

However, no crystals of USP53 or USP54 in complex with K63-linked triUb were obtained. All 

grown crystals likely corresponded to K63-linked triUb crystals, as the conditions and crystal 

shapes matched those previously reported for ubiquitin chains.242 

 
Figure 48: Co-crystallization trial of inactive USP53 and USP54 with K63-linked triUb A) Fluorescence 
polarization binding assay. Ub-KG-TAMRA or K63-linked triUb-TAMRA were incubated with different concentrations 
of USP54 C42S, USP54 C41S, USP53 C41S and USP53 C41A. The anisotropy was measured and plotted against 
the corresponding enzyme concentration. B) The UV280nm chromatograph of the final SEC run of USP5320-383 C41S 
(left peak) and USP5421-385 C42S (right peak). The dashed lines indicate the combined fractions after SEC. After 
addition of K63-linked triUb chains, the protein mixtures used for crystallization trials were analyzed by SDS-PAGE 
and Coomassie-staining. 

4.3.3 Generation and testing of diUb probes 

Co-crystallization attempts of inactive USP53 and USP54 with K63-linked triUb failed to 

provide crystals with ubiquitin bound in the S1 and S1’ sites. Taking a different approach, 
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diubiquitin probes with in-between warheads were generated and tested for their ability to bind 

to USP53 and USP54 as a prerequisite for the generation of covalent complexes for purification 

and crystallization.  

In a first attempt, diubiquitin probes with a Michael acceptor (MA) incorporated into the linkage 

between the ubiquitin moieties (diUb-MA) were generated according to reported methodology 

(Figure 49A).217 In these probes, the length of the linker corresponds to the length of native 

isopeptide bonds and specific linkages can be mimicked (Figure 46A, D). The first step 

involved conjugation of Ub-MesNa and the linker molecule by aminolysis. The linker molecule 

was provided by Dr. Zhou Zhao. The ketal protecting the carbonyl group of the Michael 

acceptor was removed at pH 1.0-1.3 by the addition of perchloric acid instead of the previously 

reported TFA-H2O-p-TsOH mixture (Figure 49B). The resulting ubiquitin with a C-terminal 

α-bromo-vinylketone was reacted with the cysteines of Ub K63C and Ub K63C to yield diUb 

probes mimicking K63 and K48 linkages, respectively (Figure 49A). Following purification, 

three mass peaks were identified for diUb(K48)-MA. The left and right peak corresponded to 

the correct species (Figure 49B). However, a third peak without an assigned mass was visible 

in the deconvolution spectra of diUb(K48)-MA. This peak likely corresponds to 17144 Da, as 

found as the sole species for diUb(K63)-MA (Figure 49B). It differs by 18 Da from the correct 

probe mass and could correspond to a diUb probe with an adducted water to the warhead or 

an oxidized thioether bond (Figure 49B). It is possible that the two probes form the higher 

molecular weight species to a different extent due to differences in solvent accessibility of the 

warheads, which can be influenced by the topologies of the linkages. The diUb-MA probes 

were then tested for their reactivity with different DUBs, together with Ub-PA. The non-specific 

DUB USP2 was efficiently labeled by all three probes, demonstrating the functionality of the 

generated diUb-MA probes (Figure 49D). This finding indicates that the warhead of the higher 

molecular weight species is intact, suggesting that oxidation is taking place. While incubation 

with Ub-PA resulted in limited labeling, OTUB1* reacted completely with diUb(K48)-MA but not 

with diUb (K63)-MA, matching exactly its K48 linkage specificity profile (Figure 49D). 

Surprisingly, USP53 and USP54 were labeled to the same extent by Ub-PA and 

diUb(K48)-MA, but almost not by diUb(K63)-MA. Several reasons could explain this labeling 

behavior: i) A low amount of functional diUb(K63)-MA probe could lead to reduced reactivity. 

ii) The S1 and S2 binding sites in USP53 and USP54 could bind diUb(K63)-MA in an 

unproductive conformation, not occurring for diUb(K48)-MA. iii) The chemical differences in 

the Michael acceptor linker compared to an isopeptide bond may sterically hinder the binding 

of diUb(K63)-MA. Due to limited success in obtaining large amounts of diUb(K63)-MA and 

mainly of the complexes, no crystallization attempts were made. USP53 is capable of cleaving 

K48, K63 and ubiquitin-substrate linkages, so a USP53~diUb(K48)-MA structure may be of 

interest. The next step towards that, would be to test how diUb(K48)-MA binding to USP53 
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affects its stability. USP54 specifically cleaves K63 linkages, so only a USP54~diUb(K63)-MA 

structure would be of interest. To obtain this complex in large quantities suitable for 

crystallization experiments, the diUb(K63)-MA generation procedure and labeling efficiency 

would need to be improved. 

 
Figure 49: DiUb probes with an in between Michael-acceptor warhead. A) Generation of the diUb-MA probes 
and schematic depiction of the conjugation reaction mechanism. B) Deconvoluted mass spectra of purified 
diUb(K63)-MA and diUb(K48)-MA probes. C) Ub-PA and the two generated diUb-MA probes were incubated with 
USP2, USP53, USP54 and OTUB1*. Labeling was analyzed by SDS-PAGE and Coomassie-staining. 

In the diUb-MA probes, the carbonyl group of the α,β-unsaturated ketone is shifted relative to 

the carbonyl group in a natural isopeptide bond (Figure 46A, D). Based on commonly used 

monoubiquitin probes with haloalkane warheads, Dr. Zhou Zhao designed and generated a 

diubiquitin probe with an in-between alkyl bromide warhead, while retaining the isopeptide 

linkage length (Figure 50A). Notably, the isopeptide bond was replaced by an alkyl bromide 

placed at the exact position of the isopeptide carbonyl (Figure 46A, D). The reaction of 

Ub1-75-hydrazide with the amino group of a novel small molecule resulted in the formation of a 

peptide bond to give Ub-2Br-ene. Using a thiol-ene reaction, Ub-2Br-ene was further reacted 

with a second ubiquitin containing a K63C mutation to yield the K63 linkage mimicking 

diUb-2Br probe (Figure 50A). After purification, the final diUb(K63)-2Br probe was obtained by 

Dr. Zhou Zhao with a purity of 40%. Impurities were identified as hydrolyzed species and 

disulfide-linked diUb formed by two Ub K63C ubiquitin moieties (Figure 50B). The novel 

diUb-2Br probe and Ub-PA were used comparatively in gel-based reactivity assays. USP2 

reacted with Ub-PA and to some extent with the diUb-2Br probe suggesting that nucleophilic 

attack on the alkyl bromide is possible but inhibited as the active site must accommodate the 

bulky size of the bromide as the leaving group (Figure 50C). OTUB1* is a K48 linkage-specific 

DUB and did not react with the diUb(K63)-2Br probe fitting that the probe mimics a K63 linkage. 

USP53 and USP54 are K63 linkage-specific and reacted with Ub-PA but not with 
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diUb(K63)-2Br (Figure 50C). This may be because the proximal ubiquitin moiety blocks the 

catalytic active sites of USP53 and USP54, leaving insufficient space for the bromide as a 

leaving group, or because both proteins are not sufficiently reactive. Therefore, the diUb-2Br 

probe is not suitable for generating complexes of USP53 and USP54 with ubiquitin bound in 

their S1 and S1’ sites, which could be used for crystallization. 

 
Figure 50: K63 linkage mimicking diUb probe with an in-between alkyl bromide warhead. A) Schematic 
depiction of the generation of the diUb-2Br probe, designed and generated by Zhou Zhao. B) Deconvoluted mass 
spectra of diUb(K63)-2Br. C) Ub-PA and diUb(K63)-2Br probes were incubated with USP2, OTUB1*, USP5320-383 
and USP5421-369. Labeling was analyzed by SDS-PAGE and Coomassie-staining.  
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4.4 Analysis of USP53 related disease mutations 

Recent reports have associated homozygous or compound heterozygous USP53 mutations 

with pediatric cholestasis.135-137,246 As an overview, a list of reported mutations in USP53, 

categorized into missense, frameshift, nonsense and splice site mutations, was compiled 

(Table S1). All missense mutations resulting in single amino acid changes were marked on the 

amino acid sequence of USP53 (Figure 51A). Interestingly, all but one clustered in the catalytic 

domain. Determining the structural positions of the mutated residues in USP53 would make it 

possible to speculate on their role in the protein’s function. For this purpose, a homology model 

of the catalytic domain of USP53 based on the USP54~diUb-PA structure was generated using 

the SWISS-MODEL server (Figure 51B). The side chains of residues mutated in cholestasis 

patients are shown as sticks and are highlighted in red (Figure 51B). The C228S, H132S and 

H132Y mutations disrupt zinc binding in two zinc fingers, one located at the tip of the fingers 

domain, the other in the thumb domain of USP53. Residue G293 is part of a beta sheet in the 

core of the protein and mutation to the larger residue valine is likely to disrupt the fold of USP53. 

Residues G31, V49, R99 and C303 are located close to the catalytic center and may be 

important for the catalytic activity, either by mediating important interactions or by correctly 

positioning structural elements necessary for catalytic activity. Residue R99, mutated to serine 

in one patient, was found to be in a prominent position, central to mediating a network of 

interactions with the switching loop and the extended Cys-loop present only in USP53 and 

USP54 (Figure 51C). This interaction network is very similar for R100 in USP54 (Figure 51C). 

To test its importance for catalytic activity, USP53 R99S and the corresponding USP54 R100A 

mutant were expressed and purified with yields similar to wild-type USP53 and USP54. The 

mutations abolished cleavage activity on both K63-linked triUb and Ub-RhoG (Figure 51D-E). 

However, both mutant proteins still reacted with Ub-VS, and TSA assays showed that they 

were as stable as the wild-type proteins (Figure 51F-G). These results indicate that USP53 

R99S and USP54 R100A are correctly folded, as ubiquitin binding in the S1 site requires 

correct folding of the enzymes.  
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Figure 51: Analysis of cholestasis mutations in USP53. A) Compilation of reported mutations in USP53 which 
lead to missense, frameshift or nonsense mutations at the protein level. The location of missense mutations is 
indicated by red lines which are annotated while the frameshift and nonsense mutations are indicated by black 
lines. B) The missense mutations were mapped onto a homology model of the catalytic domain of USP53. Close-up 
of the interactions of residue R99 in USP53. Hydrogen bonds are indicated by dashed black lines C) Close-up of 
the corresponding residue R100 in USP54. D-G) USP5320-383, USP5320-383 R99S, USP5421-369 and 
USP5421-369 R100A were used in K63-linked triUb cleavage assays (D), in probe reactivity assays with the probe 
Ub-VS (E), in fluorescence-based Ub-RhoG cleavage assay (F) and their stability was assessed with a TSA to 
determine their melting temperatures (G). In panels D and G, samples were taken after indicated incubation times 
and analyzed by SDS-PAGE and Coomassie-staining. 

The same suite of assays was performed for USP53 G31S, USP53 C303Y and USP53 H132Y, 

and repeated for R99S, in comparison to USP53 WT by Nafizul Kazi and Jan André Hane, 

thus covering two residues that are close to the catalytic residues and a zinc-coordinating 

residue (Figure 52). Activity-based assays using K63-linked triubiquitin revealed that the G31S 

and H132Y mutations rendered USP53 inactive and the C303Y mutation rendered USP53 

nearly inactive (Figure 52A). For the activated substrate Ub-RhoG, USP53 C303Y and USP53 

H132Y for Ub-RhoG retained slight catalytic activity (Figure 52C-D). As observed for USP53 

R99S, the three additional tested mutated proteins were still able to react with a Ub-VS probe 

and showed comparable melting temperatures, again indicating a proper protein fold (Figure 

52E). The mutation of the zinc-coordinating residue H132 to tyrosine resulted in the strongest 
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decrease in stability and probe binding, indicating an importance of the zinc finger for the 

structural stabilization of USP53 which in turn is probably important for the activity. 

 
Figure 52: Analysis of cholestasis mutations G31S, C303Y and H132Y mutations in USP53. A-E) USP5320-

383, USP5320-383 R99S, USP5320-383 G31S, USP5320-383 C303Y and USP5320-383 H132Y were used K63-linked triUb 
cleavage assays (A), in probe reactivity assays with the probe HA-Ub-VS (B), in fluorescence-based Ub-RhoG 
cleavage assay (C-D) and their stability was assessed with a TSA to determine their melting temperatures (E). In 
panels A and B, samples were taken after indicated incubation times and analyzed by SDS-PAGE and Coomassie-
staining. Nafizul Kazi purified the mutant proteins USP5320-383 G31S, USP5320-383 C303Y and USP5320-383 H132Y 
and Jan André Hane performed the corresponding activity and stability assays. 

Concluding, residues R99, G31, H132 and C303 in USP53 are essential for its catalytic activity. 

This suggests that the interaction network mediated by R99 maintains the switching loop and 

the Cys-loop in a specific position necessary for activity. A likely explanation for the effect of 

the G31S and C303Y mutations on catalytic activity is that these mutations disrupt the 

arrangement of the catalytic active site due to their close localization.  

In conclusion, these findings link the cholestasis phenotype to the cleavage activity of USP53 

and are an important step towards understanding the mechanisms behind the observed 

phenotype in patients.  
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5 Discussion 

The activity of deubiquitinating enzymes determines the final ubiquitination status of substrates 

and thus regulates their cellular functions by influencing their stability, activity, localization and 

interactions.19,26 DUB dysfunction or dysregulation contributes to various diseases, making 

DUBs potential therapeutic targets.94,104 USP7 is an extensively studied DUB that is 

overexpressed in a number of cancers.247 It deubiquitinates and stabilizes the ligase MDM2, 

which in turn leads to ubiquitination and destabilization of p53, an important tumor 

suppressor.248 Consequently, USP7 inhibition may represent a valid anti-cancer strategy. In 

general, the development of DUB inhibitors is an emerging therapeutic strategy and first DUB 

inhibitors are currently tested in clinical trials.249-251 Conversely, DUB inhibition would be an 

ineffective treatment for OTULIN-related autoinflammatory syndrome (ORAS) for which the 

loss of the activity of the DUB OTULIN has been identified as the underlying cause.252,253 

Functional OTULIN specifically disassembles linear ubiquitin chains and thereby prevents 

tumor necrosis factor (TNF)-associated systemic inflammation in humans.119,253 In this case, 

understanding the function of OTULIN informs the treatment of ORAS patients who benefit 

from the off-label treatment with antibodies targeting TNF or from hematopoietic stem cell 

transplantation.252,253 The latter two examples highlight the need to understand the activity, 

substrates, and cellular functions of DUBs, in order to conceive and develop treatments for 

DUB-related diseases. Yet, many of the approximately 100 human DUBs remain poorly 

characterized.254 USP53 and USP54 are two particularly neglected DUBs, although the first 

related signaling pathways and potential substrates have been reported in recent 

years.131,132,153,154 Both have been associated with cancer, and USP53 with cholestasis and 

hearing loss, but a molecular understanding of their activities, functions, and disease 

association remains elusive.131,160,246 The results obtained in this work revise the annotation of 

USP53 and USP4 from inactive DUBs to active DUBs. Comprehensive analysis of USP53 and 

USP54 activities and structures led to the discovery of two distinct mechanisms of K63-linked 

polyubiquitin chain length decoding, with one mechanism establishing K63 linkage-directed en 

bloc deubiquitination as a novel DUB activity. In addition, loss of USP53 activity was identified 

as a likely cause of the observed cholestasis phenotype, highlighting the importance of the 

catalytic activity of DUBs in the context of disease.  
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5.1 USP53 and USP54 are active DUBs with unique and distinct mechanisms 

Prior to cleavage, DUBs and Ubl proteases must recognize and bind their specific substrates. 

A major specificity determinant is the recognition and binding of the respective modifier through 

the S1 site.95,98,107 Canonical USP DUBs contain a dominant S1 binding site and show limited 

interactions with ubiquitin in any other binding site and therefore tend to cleave differently 

linked ubiquitin chains or ubiquitin substrate linkages to a similar extent (Figure 53).110,111 As 

an example, USP8 cleaved all isopeptide bonds when incubated in vitro with GFP modified 

with K48- or K63-linked ubiquitin chains (Figure 26B). Interestingly, the shared structural fold 

of the USP family exhibits a high plasticity of the S1 site, allowing also the recognition of other 

Ubls instead of or in addition to ubiquitin, mediated by specific sequence variations.123 USPL1 

belongs to the USP DUB family but specifically recognizes and cleaves SUMO.99,236 USP18 is 

specific for ISG15, while USP5, USP14 and USP21 cleave ubiquitin and ISG15.96-99 USP16 

and USP36 exhibit cross-reactivity with three modifiers, including ubiquitin and the two Ubls 

ISG15 and Fubi.99,109,255 Until recently, the protein database uniprot annotated both USP53 and 

USP54 as inactive enzymes without conclusive experimental confirmation.256 The idea that 

they might cleave Ubls was appealing, especially in light of the first published experiments in 

which no activity on ubiquitin was observed.128,129 This study used an in vitro approach to test 

the potential activity and modifier specificity of USP53 and USP54. Experiments using a 

custom-made probe panel and a purchased fluorogenic substrate panel based on ubiquitin 

and several Ubls excluded C-terminal hydrolase activity of USP53 and USP54 on any of the 

tested Ubls. Instead, both enzymes were found to be active DUBs with unique cleavage 

mechanisms (Figure 14, Figure 15, Figure 17, Figure 53). Accordingly, during the experimental 

phase of this thesis, the identification of PLK4 as a potential substrate for USP54 led to the 

change of the uniprot annotation of USP54 to an active enzyme.132,256 Furthermore, the 

reactivity of endogenous USP54 with Ub-PA was detected by mass spectrometry by Dr. Rachel 

O’Dea, which is consistent with the DUB activity discovered here. USP53 was not 

detected.109,257 Earlier proteomics studies as well as a more recent comprehensive profiling 

study aiming to identify the landscape of active deubiquitinating enzymes failed to detect 

monoubiquitin probe reactivity of either protein.166,203,211 In contrast, two independent DUB 

profiling studies that identified ZUFSP as a novel DUB, also detected USP54 and one even 

USP53 as ubiquitin probe reactive by mass spectrometry.114,115 Given their low cellular protein 

levels, it is likely that previous approaches missed the ubiquitin probe reactivity of USP53 and 

USP54 due to the used enrichment methodologies or proteomics detection limits.63 Fittingly, 

both proteins display limited reactivity with commonly used monoubiquitin probes, as 

demonstrated by in vitro labeling of USP53 and USP54 with Ub-PA or Ub-VS (Figure 50, Figure 

51, Figure 52). Subsequent experiments revealed that the catalytic efficiencies of USP53 and 
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USP54 for the monubiquitin substrate Ub-KG-TAMRA are at least a 1,000-fold lower than 

those of UCHL1, USP2, USP16, or USP36 (Figure 22).99 The low levels of activity on 

monoubiquitin substrates of USP54 is consistent with the weakened S1 ubiquitin binding that 

was observed in the USP54~diUb PA structure, which is likely also true for USP53 (Figure 41, 

Figure 51B). This hypothesis is supported by the observation that USP30 with its weakened 

S1 site binding of ubiquitin, has only a ~10-fold higher catalytic efficiency for Ub-KG-TAMRA 

than USP53 and USP54.116 In general, USP53 and USP54 share unique sequence and 

structural features (see section 5.2), specifically recognize K63 linkages in ubiquitin chains, 

and prefer longer ubiquitin chains due to the presence of S2 sites that were established using 

fluorescently labeled K63-linked triUb chains as substrate (Figure 19). However, when 

comparing their activities, USP54 shows a higher catalytic activity on Ub-KG-TAMRA (Figure 

22) and particularly on K63-linked polyubiquitin chains compared to USP53 (Figure 18), and 

indeed, two markedly different activity mechanisms were discovered for USP53 and USP54 

(Figure 53). This discovery was made possible by generating and assaying custom substrates 

including specifically ubiquitinated GFP species and triubiquitin chains with mixed K48/K63 

linkages (see section 5.3). 

 
Figure 53: Ubiquitin recognition and processing by DUBs. Canonical USP DUBs depend mainly on ubiquitin 
binding through a dominant S1 site and cleave different ubiquitin linkages to a similar extent (left). USP53 exhibits 
a unique K63 linkage-directed deubiquitination activity. The binding of K63-linked ubiquitin moieties in the S1 and 
S2 sites of USP53 facilitates the cleavage of different isopeptide bonds via a promiscuous catalytic center (middle). 
USP54 belongs to the group of canonical linkage-specific DUBs and exhibits K63 linkage and length-dependent 
cleavage activity. Ubiquitin binding in the S1’ site and the additional S2 site specific for K63 linkages facilitate the 
linkage specificity and the length preference, respectively (right). 

USP53 features a K63 linkage-directed deubiquitination activity which is mediated through a 

promiscuous catalytic center under the control of a K63 linkage-specific S2 site (Figure 53). 

Correspondingly, occupation of the S1 and S2 sites of USP53 by K63-linked ubiquitin 

enhances the cleavage of K63 or K48 linkages in homotypic or mixed triubiquitin, respectively 

(Figure 29) and of the ubiquitin-substrate bond in the GFP substrate modified with K63-linked 

polyubiquitin (Figure 27A-B). Remarkably, although K63-linked ubiquitin chains of at least 

three ubiquitin moieties are internally cleaved by USP53 (Figure 18A), en bloc cleavage of the 

entire K63-linked ubiquitin chain from GFP is favored over endo cleavage within the chain 
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(Figure 27A-B). An S2 site is also critical in the SARS-CoV-1 protease PLpro for the recognition 

of K48-linked polyubiquitin.122 However, while a K48 linkage-directed deubiquitination activity 

has been proposed for PLpro, it was concluded that the enzyme prefers cleavage within K48-

linked polyubiquitin. This marks an even further difference to the mechanism of USP53 apart 

from the different linkage preference.122,208 Although ubiquitin binding in the S1’ site appears 

to be negligible for USP53 activity, binding of other cellular substrates in the S1’ site may 

contribute to the preferred en bloc activity and has not yet been the focus of investigation. En 

bloc cleavage activity has also been observed for PSMD14 and USP14, two proteasome 

associated DUBs. However, their activity differs from the linkage-directed deubiquitination 

activity of USP53 in that cleavage occurs irrespective of the linkage type.258,259 At high 

concentrations and longer incubation times, USP53 inefficiently cleaves K48- and K11-linked 

diUb chains (Figure 16A), longer K48-linked ubiquitin chains (Figure 18E), and GFP modified 

with K48-linked polyubiquitin albeit without the en bloc cleavage preference (Figure 27A-B). 

Mutation of the S2 site of USP53 reduced the activity also on K63-linked polyubiquitin to similar 

low levels, highlighting the importance of the S2 site for USP53 activity (Figure 43B). To 

summarize, the promiscuous catalytic active center of USP53 can cleave ubiquitin linkages, 

except M1 linkages, to a limited extend without occupation of the S2 site with K63-linked 

ubiquitin. A comparable specificity extension at higher concentrations has been observed in 

vitro for CYLD, a USP DUB that is generally specific for M1/K63 linkages.117 Lastly, the poor 

activity of USP53 on K63-linked diUb substrates can be explained by unproductive binding of 

these substrates in the S1 and S2 sites, not leading to cleavage (Figure 16A, Figure 22A-B). 

USP54 features a K63 linkage- and length-specific ubiquitination activity. The activity and the 

linkage specificity of USP54 depend on additional ubiquitin binding in the S1’ site. This 

cleavage activity is reflected in the following observations. First, the cleavage activity of USP54 

is increased 20-fold for K63-linked diubiquitin compared to the monoubiquitin substrate 

Ub-KG-TAMRA (Figure 22D). Second, USP54 trims GFP modified with K63-linked 

polyubiquitin to monoubiquitinated GFP and not to unmodified GFP (Figure 27C). Third, 

USP54 cleaves only the K63 linkage in mixed K48/K63-linked or M1/K63-linked triubiquitin 

(Figure 30, Figure 31C-D). The two DUBs AMSH and CYLD also specifically recognize K63 

linkages through S1 and S1’ site binding.117,118 However, they do not contain an S2 site. The 

one present in USP54 mediates its length preference as occupation of the K63 linkage-specific 

S2 site in addition to the S1 and S1’ sites increases USP54 activity 4-fold (Figure 22D). 

Additionally, mutation of the S2 site only abrogates the increase in cleavage activity on longer 

K63-linked ubiquitin substrates, but not on shorter substrates of up to two moieties (Figure 

42H, Figure 43A, Figure 44C). Mechanisms for K48 linkage- and length-specificity in DUBs 

have been understood at the molecular level for MINDY DUBs and for the SARS-CoV-1 
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enzyme PLpro, which are mediated by additional S2’, S3’, and S4’ sites and by an additional 

S2 site, respectively.113,122,207 The DUB OTUD2 also has S2, S1 and S1’ sites, but the S2 and 

S1’ sites are specific for K11 linkages.120 For ZUFSP, a K63 linkage and length-specific 

cleavage activity has been demonstrated. However, the underlying molecular mechanism 

remains to be elucidated. In addition, the S1’ site of ZUFSP formed by tandem UBDs differs 

from USP54, as the UBDs are outside of the catalytic domain and do not specifically bind K63-

linked polyubiquitin.114,115,181,260 Lastly, while USP54 shows exquisite specificity, especially for 

a USP DUB, marginal cleavage of K11 and K48 linkages at elevated protein levels and of 

extended K48-linked polyubiquitin chains can be detected (Figure 16A, Figure 18F). 

In summary, the two discovered mechanisms for USP53 and USP54 highlight how 

polyubiquitin processing by DUBs is fine-tuned in a linkage- and length-dependent manner. 

5.2 Implications from the structure of USP54~diUb-PA 

The differences in the mechanisms of USP53 and USP54 compared to other DUBs are also 

reflected in their sequences and structures, which will be discussed and correlated in more 

detail in this section. USP53 and USP54 differ in amino acid sequence at several positions 

that are otherwise highly conserved among USP family members, including two short 

insertions and one deletion (Table S2).123 The obtained structure of USP54 in complex with 

K63-linked diUb-PA allows to map and assess the relevance of these differences. It is striking 

that the divergent amino acids, shown in light pink, cluster around the catalytic active center 

and the ubiquitin tail binding cleft (Figure 54A). M118 in USP54 is such a residue and replaces 

the commonly observed glycine. In the structure, USP54 M118 loops over the C-terminal tail 

of ubiquitin and forms a hydrophobic contact with K301, which is located in BL2 and in turn 

contacts BL1 (Figure 54B). Structural analysis of ubiquitin binding in the S1 site of USP54 

revealed a shift of the S1 ubiquitin and a strongly altered BL1 and BL2 architecture compared 

to other USP DUBs which is also reflected in the sequence (Figure 38, Figure 41, Figure 54). 

These changes lead to a weakened S1 ubiquitin binding in USP54 which is illustrated by the 

comparison of the interaction areas of the S1 sites of USP54 and other USP DUBs with 

ubiquitin as calculated by the PISA webserver from available crystal structures.228 While the 

interaction area of the S1 site of USP54 with ubiquitin is 1088 Å2, this value is much higher for 

the highly active DUBs USP2 and USP7 with areas of 1909 Å2 and 1719 Å2, respectively.124,261 

Even compared to CYLD and USP30, which show specialized cleavage activities and also 

have divergent sequences, partly at the same positions as USP54, the interaction area of the 

S1 site of USP54 with ubiquitin is significantly smaller than theirs with 1652 Å2 and 1243-1253 

Å2, respectively.116,117,123 These values are consistent with the low ubiquitin binding and low 

catalytic efficiencies for single ubiquitin substrates by USP54 and USP53 (Figure 22, Figure 
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48A) and are consistent with the proposed two distinct mechanisms, both of which rely on 

additional ubiquitin binding in other sites for efficient cleavage activity. 

 
Figure 54: Mapping of unique residues in USP54 derived from the sequence and of important S2 site 
residues derived from the structure. A) Cartoon representation of USP54 in complex with K63-linked diUb-PA. 
Unique sequences in USP54 compared to otherwise highly conserved sequences in USP DUBs are highlighted in 
light pink. Residues important for mediating ubiquitin interactions in the S2 site of USP54 are highlighted in light 
cyan. B) Close-up of the highlighted residues around the catalytic center and the S2 site in USP54.  

As an unexpected feature of USP54, three coordinated zinc atoms were observed in the 

structure, including one commonly seen in USP DUBs at the tip of the fingers domain, and two 

additional zinc atoms in the thumb domain. All three zinc atoms have previously only been 

structurally characterized in yeast Ubp8 as part of the SAGA complex.262,263 In the recently 

reported structure of USP36, in addition to the zinc atom in the fingers domain, a second zinc 

atom was observed, corresponding to the zinc atom in the thumb domain of USP54 closer to 

the N-terminus. Based on sequence considerations, these two zinc atoms are probably also 

present in USP42, USP17, USP27X, USP51, and all three zinc atoms in USP22, the human 

homolog of yeast Ubp8.109,263 For USP54, the two additional zinc atoms in the thumb domain 

are probably important for stabilizing its structural fold and its catalytic activity. The sequence 

similarity and homology modeling of the catalytic domain of USP53 based on the structure of 

USP54 suggest that USP53 adopts a comparable fold including the altered blocking loops and 

the three zinc atoms (Figure 51B). USP53 H132 was found to be mutated in a patient with 

cholestasis and corresponds to USP54 H133, the residue that coordinates a zinc atom in the 

thumb domain and is close to the loop that forms part of the S2 binding site.246 Introducing the 

mutation into USP53 rendered it inactive and reduced its thermal stability, confirming the 

importance of the residue and indicating the importance of the zinc atoms also in USP53 for 

the structural fold and perhaps for the integrity of the S2 site which is particularly important for 

USP53 activity (Figure 43).  

The structure of USP54 revealed the S2 site (Figure 37A) and the residues important for 

ubiquitin binding in the S2 site which could not have been identified by sequence analysis 

alone.123 Shown in pale cyan (Figure 54B), the residues mediate hydrophobic interactions with 

the I44 patch of ubiquitin, a common interaction site of ubiquitin that is also important for 

ubiquitin recognition in the S1 site of USP DUBs.19 A central aromatic residue (F161 in USP54 
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and Y160 in USP53) and a charged residue (D174 in USP54 and D173 in USP53) stand out, 

which are not found at this position in any other USP DUB. Subsequent validation activity 

assays proved that the observed interactions between ubiquitin and the S2 site in USP54, as 

well as the corresponding interactions in USP53 are indeed relevant for the length-dependent 

cleavage mechanisms of both proteins. 

In linkage-specific DUBs, the additional binding of ubiquitin in the S1’ site directs only the 

correct lysine residue towards the catalytic center, thereby determining the linkage type that 

can be cleaved.95 The structure of USP54 in complex with K63-linked diUb revealed how 

ubiquitin is bound in the S1 and the S2 site. However, the small interaction area of USP54 with 

ubiquitin in the S1 site, the high specificity for K63 linkages and the strong increase in catalytic 

efficiency for K63-linked diUb in comparison to Ub-KG-TAMRA, suggest additional and specific 

binding of ubiquitin by USP54 in its S1’ site. While the interactions between ubiquitin and the 

S1’ site of USP54 remain to be elucidated, the crystal structures of CYLD, USP30, and AMSH 

in complex with ubiquitin in the S1’ site have been obtained. CYLD shows a striking difference 

to previously determined USP structures as an additional ß-sheet forms the majority of the S1’ 

site and interacts with F4 of ubiquitin (Figure 55). The interaction area of the S1’ site of CYLD 

with ubiquitin is 587-671 Å2.117 Although USP30 does not contains such an insertion, its S1’ 

site interaction area with ubiquitin is with 535 Å2 similar to CYLD and also contacts F4 of 

ubiquitin.116 For USP54 however, no prominent structural element that could form the S1’ site 

is present and mutation of F4 in the proximal ubiquitin of K63-linked triUb did not affect USP54 

cleavage activity (Figure 37A, Figure 47A, Figure 55). The same was true for mutation of I44 

or of Q62/E64 in the proximal ubiquitin of K63-linked triUb (Figure 47A,C). The two latter are 

important ubiquitin residues that mediate interactions with the S1’ site of AMSH, a K63 linkage-

specific metalloprotease.118 These results suggest a binding mode of ubiquitin in the S1’ site 

of USP54 that is distinct from other linkage-specific DUBs. An untargeted approach to identify 

relevant residues for the interaction between USP54 and ubiquitin in the S1’ site would be to 

perform targeted alanine scanning for USP54 and also for the proximal ubiquitin in a triUb 

substrate, although synergistic effects could be missed. To elucidate all relevant interactions 

mediated by the S1’ site of USP54, a structure of USP54 with ubiquitin bound in the S1’ site is 

of great importance. This structure will also provide information on the high specificity of USP54 

for K63 linkages. An attempt to crystallize inactive USP54 in complex with K63-linked 

triubiquitin proved unsuccessful (Figure 48). Although the achieved high protein concentration 

of 8 mg/ml suggested ubiquitin binding, the general low binding affinity of USP54 for ubiquitin 

probably hampered crystal formation. Instead, the generation and use of a diUb or triUb-based 

probe with an in-between warhead mimicking the K63 linkage could facilitate stable complex 

formation and crystallization to obtain the structure of USP54 with ubiquitin bound in the S1’ 

site. No binding of diUb probes with an in-between MA or an alkyl bromide warhead to USP54 
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was observed, different to the unspecific DUB USP2 that readily reacted with the probes 

(Figure 49, Figure 50). To accommodate the specific binding mode of USP54, a successful 

probe will likely need to contain a reactive warhead that is positioned in the exactly correct 

position and is small enough to avoid steric hindrance. 

The structure of USP54 in complex with K63-linked diUb-PA revealed a unique Cys-loop in a 

prominent position, which is likely part of the S1’ site of USP54. Truncation of the Cys-loop to 

match the sequence of most USP DUBs rendered USP54 and also USP53 inactive, 

demonstrating that the unique additional four amino acids that are part of the Cys-loop are 

essential for their catalytic activity. Binding of K63-linked diubiquitin across the active site of 

USP54 could bring the Cys-loop into an active conformation, which the truncated loop may not 

be able to access. This hypothesis can be evaluated through the acquisition and the 

subsequent comparison of the apo structure of USP54 and a structure of USP54 in which 

ubiquitin is bound in the S1’ site. It is noteworthy that truncation of the Cys-loop and mutation 

of the catalytic histidine or of the oxyanion hole forming asparagine did not disrupt but only 

reduced the reactivity of USP53 and USP54 with Ub-VS and Ub-PA probes. This finding aligns 

with the observation, that USP2 has ISG15 probe reactivity but lacks ISG15 cleavage activity. 

Consequently, while probe-binding has been found to reflect and report enzyme activities and 

changes in these activities upon stimuli or inhibitor treatment, probe reactivity and cleavage 

activity cannot be viewed at the same level.99,200,264,265 

 
Figure 55: Cartoon representation of USP54~diUb(K63)-PA obtained in this study, CYLD in complex with 
K63-linked diubiquitin (PDB: 3wxg) or with M1-linked diubiquitin (PDB: 3wxf). To illustrate the differences 
in structural elements for ubiquitin recognition, a superposition of all three structures is shown.   

The reduced interaction area of USP54 with ubiquitin in the S1 site suggests a similarly low 

area in the homologue USP53. However, USP53 has a K63 linkage-directed cleavage 

mechanism with a promiscuous catalytic active center suggesting that the activation 

mechanism for this novel DUB activity must be different from that of USP54 and much more 

dependent on ubiquitin binding in the S2 site. Therefore, once identified, mutation of the S1’ 

interface mediating residues of USP54 should not affect USP53 activity to the same extent. In 

conclusion, the unique structural fold of USP54, and by extension of USP53, is essential for 

their catalytic activities and supports the proposed cleavage mechanisms. 
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5.3 Tool development to study DUB activity 

To enable the discovery of the cleavage mechanisms of USP53 and USP54, a number of 

broadly applicable custom ubiquitin probes and ubiquitin substrates were developed. 

Generally, reported ubiquitin assembly reactions were used.183 However, to account for 

substrate specificities such as the linkage-type, the length, or other modifications, two 

variations of commonly used assembly protocols for K63 and K48 linkages between ubiquitin 

moieties proved essential. One previously reported variation is the use of ubiquitin variants, 

that can either not be conjugated or not be modified.183 The second variation involves mixing 

wild-type and truncated ubiquitin at specific ratios. Ratios of 1:6 and of up to 1:10 were tested 

and validated so that the wanted conjugation reaction is strongly favored over other possible 

conjugation reactions. In most cases, combinations of both variations were used in assembly 

reactions, allowing for easy generation of advanced ubiquitin substrates in large quantities to 

enable cleavage assays. These included proximally fluorescently labeled K63-linked ubiquitin 

chains of varying length, ranging from two to four ubiquitin moieties. The advantage of labeled 

over unlabeled ubiquitin chains is that they report on preferred cleavage events, which is useful 

for studying length-specific enzymes, and that cleavage activities can be readily quantified, for 

example by fluorescence polarization experiments. However, before using fluorescently 

labeled substrates in DUB cleavage assays, it is important to first compare the cleavage of 

labeled and unlabeled substrates for each new enzyme to ensure that the fluorophore itself 

does not affect the enzyme activity, as was the case with FlAsH for USP54 (Figure 19C). 

Another application of the mutation/ratio assembly method was the generation of heterotypic 

mixed K48/K63- or M1/K63-linked triubiquitin chains and homotypic K63-linked triubiquitin 

chains with mutations only in ubiquitin at a specific position. An inherent advantage of these 

substrates is that each ubiquitin moiety contains a different molecular mass, allowing cleavage 

events to be monitored and assigned by mass spectrometry. 

Typically, panels of free ubiquitin chains are widely used to assess DUB activities and linkage 

specificities.116,241 However, in cells, endogenous substrates of DUBs are typically protein-

bound ubiquitin chains.24,266 The newly generated pure K48- or K63-polyubiquitinated GFP 

substrates were instrumental for the discovery of the linkage-directed cleavage mechanism of 

USP53 (Figure 27A, B). In contrast to free ubiquitin chains, they have the great advantage that 

cleavage activities on isopeptide bonds in-between ubiquitin chains and isopeptide bond 

between ubiquitin and substrates can be differentiated. The recently reported chemical biology 

method LACE served as a starting point to first obtain mono-ubiquitinated GFP.196 After 

upscaling of the LACE reaction, the purification of the resulting GFP-mUb product was 

successfully established. Polyubiquitinated GFP was obtained by enzymatic conjugation of 

single ubiquitin moieties or preassembled K63-linked and K48-linked ubiquitin chains of 
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different length to GFP-mUb, followed by purification. The findings for USP53 implicate that 

the activities and specificities of DUBs should also be evaluated in this more complex setting 

when both ubiquitin-ubiquitin and ubiquitin-substrate bonds are present in the same substrate, 

as this could lead to the discovery of further DUBs with linkage-directed cleavage mechanisms. 

The same lab that introduced LACE engineered a chimeric E1 which together with Ubc9 is 

able to directly conjugate ubiquitin to the LACE tag of a model protein.197 This site-specific 

protein ubiquitination technique allows also the one-step addition of complex, previously 

assembled ubiquitin chains including heterotypic ubiquitin chains to any substrate with an 

incorporated LACE tag. This reaction broadens the range of complex ubiquitinated substrate 

proteins that can be generated to further test the length- and linkage-specificity of DUBs, but 

no purification protocols have been established to date.197 Recent findings have revealed that 

not only the linkage but also the chain length of ubiquitin chains and more complex ubiquitin 

modifications are specifically recognized and play a crucial role in cellular signaling.58,60 This 

highlights the necessity for the development of advanced tools for analyzing DUB cleavage. 

For instance, the debranching activities of ATXN3 and MINDY were discovered by establishing 

and utilizing purified branched and unbranched K48-and K63-linked ubiquitin chains as 

substrates.172  

5.4 Outlook 

In this work, the activity and cleavage mechanisms of the catalytic domains of USP53 and 

USP54 have been thoroughly characterized using established and newly developed 

substrates. For both proteins, the N-terminal catalytic domains are part of much larger proteins. 

The extended C-terminal domains are predicted to be unstructured267,268 and may regulate the 

catalytic activities of USP53 and USP54, as observed for USP7 and USP5.269,270 However, it 

is most likely that the C-terminal domains determine the cellular localization or mediate 

interactions with binding partners.110,165 Recently, the first interaction partners of USP53 and 

USP54 have been reported. However, their effect on the activities remains widely 

unknown.129,132,165 It will be a critical next step to relate the findings presented here in these 

contexts. Apart from the catalytic activity, the specificity profiles of the catalytic domains of 

USP53 and USP54 may differ from the complete proteins. The full-length versions of USP53 

and USP54 were resistant to purification after expression in insect cells and could not be 

analyzed. Thus, the study of full-length USP53 and USP54, either obtained from mammalian 

cells or in a cellular environment, is an important avenue for a complete molecular 

characterization of the activities. The identified distinct K63 linkage-dependent decoding 

mechanisms of USP53 and USP54 will guide further research on USP53 and USP54 by 

influencing the design of future experiments to uncover their substrates and cellular roles, 
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especially in a disease context. An important part will also be to connect the chain length-

dependent activities of USP53 and USP54 on K63-linked polyubiquitin with cellular signaling 

events, as K63-linked ubiquitin chains of 2-4 moieties exist and are specifically recognized on 

substrate proteins in cells.59,266 Based on the discovered cleavage mechanism of USP53, Dr. 

Kai Gallant performed a diGly ubiquitinome profiling for USP53. From this experiment, the 

tricellular junction complex proteins MARVELD2 and LSR were identified as substrates of 

USP53.257 Additionally, he showed that USP53 depletion in CaCo-2 cells increased K63-linked 

but not K48-linked polyubiquitination on MARVELD2 which is consistent with the K63 linkage-

directed en bloc cleavage activity of the catalytic domain of USP53 observed in vitro.257 This 

study, together with the two identified substrates MARVELD2 and LSR, links for the first time 

the cholestasis phenotype to the cleavage activity of USP53.257 Both substrates are essential 

for the maintenance of functional tricellular junctions of epithelial cells and their associated 

patient phenotypes fit the USP53 related phenotypes.129,135,136,271-273 

For USP54, a functional and mechanistic characterization of its relevance to disease is lacking. 

The findings on the specificity of USP54 presented in this thesis allow for a new angle in the 

study of proposed cellular substrates. One potential avenue could be to investigate the 

regulation of PLK4 cellular function by long K63-linked ubiquitin chains. This, in turn, could 

shed light on the cellular relevance of the proposed deubiquitination activity of USP54 and on 

gastric cancer progression.132 In the context of DUBs as therapeutic targets, the reannotation 

of USP54 as an active DUB and studies associating USP54 overexpression in various cancers 

with tumor progression, suggest a role for its catalytic activity in pathological function.132,159,160 

This makes USP54 a potential drug target and serves as a basis for the development of USP54 

inhibitors, their evaluation in vivo and in the long term in the clinic. In addition, specific USP54 

inhibitors could be used to study USP54 activity in a cellular context. 
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7 Appendix 

7.1 Supplementary figures 

 
Figure S1: Deconvoluted mass spectra of HA-Ub-PA and HA-Ubl-PA probes. The measured mass of 
11207 Dalton (Da) for HA-SUMO4-PA, marked with an asterisk, corresponds to a functional construct, shortened 
by four amino acids at the N-terminus. Masses are given in Dalton. 

 

 
Figure S2: Deconvoluted mass spectra of substrates used in fluorescence polarization and gel-based 
cleavage assays. Masses are given in Dalton. 
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Figure S3: Deconvoluted mass spectra of GFP and ubiquitinated GFP-species. Masses are given in Dalton. 

 

 
Figure S4: Deconvoluted mass spectra of the diUb(K63)-PA probe, purified unlabeled USP5421-369 and the 
resulting complex USP54~diUb(K63)-PA after labeling used for crystallization. Masses are given in Dalton. 
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Figure S5: Images of crystals of USP5421-369~diUb-PA and USP5320-368~diUb-PA. The respective crystallization 
conditions and diffraction resolutions are commented. 
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Figure S6: Crystal structure of USP54~diUb-PA in different conformations. A) The conformation of 
2x USP54~diUb-PA, as observed in the crystal structure and formed by chains A-F and chains G-L, is shown as 
two cartoons and a superposition B) The hypothetical conformation of USP54~diUb-PA molecules in solution, 
formed by chains ABC, DEF, GHI, JKL in the crystal structure, are shown as cartoons and superimposed. 

 

 
Figure S7: Probe labeling assays using Ub-VS. A-B) Ub-VS was incubated with USP5320-383 WT, H301A and 
N34A as well as with USP5421-369 WT, H302A and N35A. Reactivity was assessed by SDS-PAGE and Coomassie-
staining.  
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Figure S8: Deconvoluted mass spectra of K63-linked triUb species. A) Deconvoluted mass spectra of wild-type 
K63-linked triUb. B-D) Deconvoluted mass spectra of K63-linked triUb chains containing a K63R mutation in the 
distal ubiquitin moiety and in which the proximal ubiquitin is truncated by removal of a glycine residue at the C-
terminus. Additional specific mutations were incorporated into the distal ubiquitin (B), middle ubiquitin (C) and 
proximal ubiquitin (D). 
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Figure S9: Gel-based cleavage assays. A) USP5421-369 WT and F161K were incubated with K63-linked triUb-
TAMRA for indicated time points. Samples were analyzed by SDS-PAGE and visualized by fluorescence scanning 
and Coomassie-staining. B) K63-linked triUb chains containing specific mutations in the distal ubiquitin moiety were 
incubated with USP5320-383 or USP5420-369 for indicated time points. Cleavage was analyzed by SDS-PAGE and 
Coomassie-staining. Cleavage activity was quantified by densitometry of the triUb bands and visualized by plotting 
the remaining percentage of initial triUb substrate against the incubation time. 
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7.2 Supplementary tables 

Table S1. Patient mutations in USP53 associated with familial intrahepatic cholestasis 

Mutation (Genetic) Mutation (Protein) Reference Comment 

Missense 

c.91G > A p.Gly31Ser Zheng et al., 2023 246 Near active site 

c.145G>T p.Val49Phe Samanta et al., 2024 142 Near active site 

c.297G>T p.Arg99Ser Zhang et al., 2020 136 Near active site 

c.395A>G p.His132Arg Zhang et al., 2020 136 Zn2+ coordinating 

c.394C > T p.His132Tyr Zheng et al., 2023 246 Zn2+ coordinating 

c.682T>C p.Cys228Arg Samanta et al., 2024 142 Zn2+ coordinating 

c.725C>T p.Pro242Leu Bull et al., 2021 137 Within domain 

c.878G>T p.Gly293Val Zhang et al., 2020 136 Within domain 

c.908G>A p.Cys303Tyr Samanta et al., 2024 142 Near active site 

c.2869C>T p.His957Tyr Samanta et al., 2024 142 Outside cat. domain 

Nonsense 

c.169C>T p.Arg57* Zhang et al., 2020 136  

c.169C>T p.Arg57* Cheema et al., 2020 274  

c.1012C>T p.Arg338* Zhang et al., 2020 136  

c.1426C>T p.Arg476* Zhang et al., 2020 136  

c.1558C>T p.Arg520* Zhang et al., 2020 136 

Ates et al., 2023 275 

 

c.1744C>T9 p.Arg582* Alhebbi et al., 2021 134  

c.145-11_167del p: ? Bull et al., 2021 137 Intron/Exon 

boundary 

Deletion of exon 1 p: ? Bull et al., 2021 137 +MYOZ2 deletion 

Deletion of exon 

14/15 

p:? Cheema et al., 2023 276  

Frameshift 

c.475_476delCT p.Leu159fs Cheema et al., 2020 274  

c.510delA p.Ser171Argfs*62 Bull et al., 2021 137  

c.581delA p.Arg195Glufs*38 Zhang et al., 2020 136  

c.774_774delG p.Thr259Profs*8 Cheema et al., 2023 276  

c.831_832insAG p:Val279Glufs*16 Zhang et al., 2020 136  

c.951delT p.Phe317Leufs*6 Maddirevula et al., 2019 135 

Cheema et al., 2020 274 

Alhebbi et al., 2021 134 

 

c.1017_1057del p.Cys339Trpfs*7 Shatokina et al., 2021 138  

c.1214dupA p.Asn405fs Cheema et al., 2020 274  

c.1687_1688delinsC p.Ser563Profs*25 Porta et al., 2021 277  
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Mutation (Genetic) Mutation (Protein) Reference Comment 

Splice site 

c.238-1G>C p:? Gezdirici et al., 2023 278  

c.569+2T>C P:? Zhang et al., 2020 136  

c.822+1delG p:? Cheema et al., 2020 274 

Vij et al., 2022 279 

 

c.972+3_972+6del p:? Ahn et al., 2023 280  

 

Table S2: Sequence differences of USP53 and USP54 in strongly conserved regions of the catalytic 
domains or unique insertions in comparison to other USP DUB family members. The location, the 
conserved residues and examples for exceptions in other USPs are listed. 

Location USP53/USP54 USPs Exceptions 

Box 1 - insertion PG 36-37/37-38 - - 

Box 1, 3 aa before cat. cysteine Q 38/39 G CYLD: Y 

Box 2 ES 104-105 /  

KT 105-106 

- - 

Box 2 M 117/118 Q USP30:E 

Box 4, second CXX motif CXXXC CXXC USP5,7,10,13,14,15,15,28: 

del 

Box 4 W 251/252 R CYLD: del 

Box 5, behind Ub tail cleft L 289/290 Y USP30: F, CYLD: M 

Box 5, 9 aa before cat. histidine Y 297/298 H CYLD: I 

Box 5, 1 aa before cat. histidine Q 300 / K 301 G CYLD: S 
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