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2 Abstract 

2.1 English 

Ubiquitination is an essential post-translational modification of proteins, which regulates diverse 

biological processes like protein degradation and trafficking as well as DNA repair and transcription. 

This modification is controlled by a large family of deubiquitinating enzymes. The latter are attractive 

targets for cancer therapy, but their substrate specificity, as well as the diverse regulation of many 

DUB types is still not fully investigated. Since four out of five families of DUBs operate as cysteine 

proteases, a variety of thiol reactive ubiquitin-based probes has been developed in the past to study 

these enzymes. Nevertheless, open challenges regarding DUB specificity, probes reactivity variations 

as well as cell permeability further motivate the development of novel probe designs and 

functionalizations.  

Recently, the Hackenberger group has developed a chemoselective reaction between azides and 

alkynephosphonites to form thiol reactive phosphonamidates. In the first part of this thesis this 

reaction was applied on azidohomoalanine-containing ubiquitin to generate site-specifically modified 

alkynephosphonamidate ubiquitins. These ubiquitin-based probes were utilized in selective 

conjugations of active site cysteine-containing DUBs at neutral pH, even in the presence of other thiols. 

Furthermore, we observed DUB specificities depending on the phosphonamidate position within the 

probe. The selectivity could also be demonstrated in pull-down experiments from cell lysates. 

Moreover, the probe’s cysteine selectivity within chosen conjugated DUBs could be determined using 

MS/MS analysis. Consequently, we observed varying extents of DUB inhibition upon incubation with 

the different phosphonamidate probes. For DUB targeting in living cells we also investigated conditions 

of cell penetrating peptide conjugated ubiquitin in order to successfully deliver them to the cytosol. At 

last, we were able to prepare a functional cell penetrating ubiquitin-phosphonamidate probe. 

In the second part of this thesis, a stable isopeptide bond-mimicking ubiquitin-conjugate was prepared. 

Here, we applied the novel chemically induced phosphonothiolate electrophiles for thiol conjugation 

to produce unhydrolyzable ubiquitinated substrates. Starting from a disulfide-activated cysteine 

ubiquitin mutant, we managed to generate a highly electrophilic ubiquitin vinylphosphonothiolate in 

satisfactory yield. Although the phosphonothiolate itself turned out to have only limited durability 

under physiological conditions, we could apply the freshly prepared probe in conjugations with 

cysteines on selected proteins, in which the conjugation product showed to be remarkably stable. To 

establish our concept, we prepared monoubiquitinated α-synuclein and demonstrated its structural 

integrity in the performance of an enzymatical ubiquitination of the conjugate. Furthermore, we 

produced an artificially K48-linked diubiquitin, which was similarly recognized by specific antibodies as 

the native K48-linked diubiquitin and was not hydrolyzed in the presence of DUBs. The ubiquitin 
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vinylphosphonothiolate displayed also selective DUB conjugation, when only short incubations were 

used. Moreover, by applying this probe in pull-down experiments from cell lysates, we could observe 

an efficient enrichment of not only DUBs but also several ubiquitinating enzymes. 

 

2.2 Deutsch 

Die Ubiquitinierung ist eine essentielle posttranslationale Modifikation von Proteinen, die 

verschiedene biologische Prozesse wie den Proteinabbau und -transport sowie die DNA-Reparatur und 

Transkription reguliert. Diese Modifikation wird durch eine große Familie von deubiquitinierenden 

Enzymen kontrolliert. Letztere sind attraktive Angriffspunkte für die Krebstherapie, jedoch ist die 

Substratspezifität sowie die vielfältige Regulation vieler DUB-Typen noch nicht vollständig erforscht. 

Da vier von fünf DUB-Familien als Cystein-Proteasen agieren, wurde in der Vergangenheit eine Vielzahl 

von Thiol-reaktiven Ubiquitin-basierten Sonden entwickelt, um diese Enzyme zu untersuchen. 

Nichtsdestotrotz motivieren bestehende Herausforderungen in Bezug auf die DUB-Spezifität, die 

Reaktivitätsvariationen der Sonden sowie deren Zellpermeabilität die Entwicklung neuartiger 

Sondendesigns und Funktionalisierungen. 

Kürzlich hat die Hackenberger Arbeitsgruppe eine chemoselektive Reaktion zwischen Aziden und 

Alkinphosphoniten entwickelt, um Thiol-reaktive Phosphonamidate zu bilden. Im ersten Teil dieser 

Arbeit wurde diese Reaktion auf Azidohomoalanin-haltiges Ubiquitin angewendet, um ortsspezifisch 

modifizierte Alkinphosphonamidat-Ubiquitine zu erzeugen. Diese Ubiquitin-basierten Sonden wurden 

bei neutralem pH-Wert in selektiven Konjugationen mit DUBs, die ein Cystein im aktiven Zentrum 

beinhalten, eingesetzt, auch in Anwesenheit anderer Thiole. Dabei beobachteten wir DUB-Spezifitäten 

in Abhängigkeit von der Phosphonamidat-Position innerhalb der Sonde. Die DUB-Selektivität konnte 

auch in Pull-Down-Experimenten aus Zelllysaten nachgewiesen werden. Zusätzlich konnte die Cystein-

Selektivität der Sonde innerhalb ausgewählter konjugierter DUBs mittels MS/MS-Analyse 

nachgewiesen werden. Infolgedessen beobachteten wir unterschiedliche Ausmaße der DUB-Inhibition 

bei der Inkubation mit den verschiedenen Phosphonamidat-Sonden. Im Hinblick auf das DUB-Targeting 

in lebenden Zellen untersuchten wir auch Bedingungen für zellpenetrierende Peptid-konjugierte 

Ubiquitine für einen erfolgreichen Transport der Sonde in das Zytosol der Zellen. Schließlich gelang es 

uns eine funktionelle zellpenetrierende Ubiquitin-Phosphonamidat-Sonde herstellen. 

Im zweiten Teil dieser Arbeit wurde ein stabiles, Isopeptidbindung-imitierendes Ubiquitin-Konjugat 

hergestellt. Dabei haben wir die neuartige, chemisch induzierte Phosphonothiolat Elektrophile für 

Thiol-Konjugation angewendet, um unhydrolysierbare ubiquitinierte Substrate herzustellen. 

Ausgehend von einer Disulfid-aktivierten Cystein-Ubiquitin-Mutante gelang es uns, ein hoch 

elektrophiles Ubiquitin-Vinylphosphonothiolat in zufriedenstellender Ausbeute zu erzeugen. Obwohl 

sich das Phosphonothiolat unter physiologischen Bedingungen nur als begrenzt haltbar erwies, 
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konnten wir die frisch hergestellte Sonde in Konjugationen mit Cysteinen an ausgewählten Proteinen 

einsetzen, wobei sich das Konjugationsprodukt als äußerst stabil erwies. Um unser Konzept zu 

etablieren, stellten wir ein monoubiquitiniertes α-Synuclein her und demonstrierten dessen 

strukturelle Integrität in einer enzymatischen Ubiquitinierung des Konjugats. Außerdem stellten wir 

ein künstlich K48-verknüpftes Diubiquitin her, das von spezifischen Antikörpern ähnlich erkannt wurde 

wie das native K48-verknüpfte Diubiquitin, aber in Gegenwart von DUBs sich als stabil erwies. Das 

Ubiquitin-Vinylphosphonothiolat zeigte ebenfalls eine selektive DUB-Konjugation, wenn nur kurze 

Inkubationszeiten verwendet wurden. Darüber hinaus konnten wir durch Anwendung dieser Sonde in 

Pull-down-Experimenten aus Zelllysaten eine effiziente Anreicherung nicht nur von DUBs, sondern 

auch von verschiedenen Ubiquitinierungsenzymen beobachten. 

 



 Introduction 
 

 
13 

 

3 Introduction 

3.1 Motivation 

Ubiquitination is one of the most common post-translation modifications (PTMs) of proteins. Due to 

its variable chain length and ubiquitin linkage positions, it represents a complex signaling system that 

plays an essential role in cell processes such as protein degradation, cell cycle progression and 

trafficking as well as DNA repair and transcription[1-2]. Although the proteasomal degradation is one of 

the best studied functions of protein ubiquitination[3], a specific biological impact for the majority of 

the different polyubiquitin chain linkages in combination with the corresponding substrate proteins is 

by far not fully explored and the research is limited in methods for the production of homogenous site-

specifically ubiquitinated substrates. Therefore, there is a great requirement for new chemical 

techniques to provide a desired ubiquitinated construct for functional studies. 

Like many other post-translation modifications, ubiquitination is reversible. This PTM can be processed 

and removed by a large family of deubiquitinating enzymes (DUBs). A dysfunction in the ubiquitination 

machinery and especially the deubiquitinating enzymes as a result of varying expression levels, 

translocation and mutation is implicated in the development of several human diseases including 

cancer, neuronal degeneration, immune system down-regulation and inflammation[4-5]. Furthermore, 

the immune response pathway may also be suppressed by specific coronaviruses, which contain genes 

for DUBs, such as SARS-CoV-PLpro and MERS-CoV-PLpro[6-7]. Given these facts, it is not surprising that 

DUBs are attractive therapeutic targets. In this context the development of DUB specific small 

molecule drugs requires a broad understanding of DUB-substrate interactions. Thereby, the activity of 

most DUBs is regulated through complex allosteric effects[8] and often reveal target-specificity as well 

as specificity with regard to ubiquitin chain lengths and linkage types. All these factors challenge the 

monitoring of the potency and specificity of the generated therapeutic candidates. Since four out of 

five families of DUBs operate as cysteine proteases[9], covalently binding ubiquitin-based probes (ABPs) 

are most commonly used to study their scope and facilitated the development of the pharmacological 

active compounds by using the ABPs to profile the residual DUB activity by immunoprecipitation or 

mass spectrometry[10]. Moreover, the ABPs but also substrate based probes may provide quantitative 

information about DUB expression levels in distinct cell lines upon special treatment such as viral 

infection[11]. Although in the last 17 years various full-length ubiquitin probes have been reported and 

applied, several challenges in DUB targeting, e.g. cell permeability, DUB-subtype specificity and the 

impact of post-translational modifications on the ubiquitin-based probes themselves, still remain[12]. 
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3.2 Ubiquitin  

Ubiquitin (Ub) is a globular protein consisting of 76 amino acids and is a is highly conserved among 

eukaryotic cells, in which the human and yeast ubiquitin exhibits 96% sequence homology[13]. During 

the 1980s, ubiquitin, acting as post-translation protein modifier, was described as cofactor of the 

proteolytic system[14]. Ubiquitin itself remains stable at high temperatures as well as under acidic 

conditions. Its structure is described as a β-grasp fold (β-GF)[15] consisting of a five-stranded β-sheet, a 

3.5-turn α-Helix and a 310 helix[13, 16] (Figure 1A). Although the core structure is rigid, the β1/ β2 loop 

containing Leu8 as well as the C-terminal Leu-Arg-Gly-Gly motif is flexible, which is essential to interact 

with ubiquitin-binding domains (UBDs) (Figure 1B). Furthermore, ubiquitin is recognized commonly by 

its hydrophobic surface surrounding Ile36 or on the more prominent Ile44 patch, which is bound by 

proteasome and most UBDs[1, 17]. The remaining binding sites are found to be more specific to distinct 

functions. The TEK box region was identified to be necessary for K11-linked chain elongations[18] and 

the polar Asp58 patch was found to interact with the zinc-finger domain (ZnF) of the ubiquitin-editing 

protein A20[19]. The Phe4 patch enables DUBs to distinguish between ubiquitin and its closest homolog 

Nedd8[1]. 

 

Figure 1: Ribbon cartoon and surface illustration of ubiquitin (PDB: 1UBQ)[20]. A) Visualization of the seven lysines, 

the N-terminal methionine and C-terminal glycine, which are involved in Ub conjugations. B) Representation of 

six binding regions and recognition elements of ubiquitin. 

 

The most characteristic features of ubiquitin are its seven lysine residues (K6, K11, K27, K29, K33, K48, 

and K63) and the N-terminal methionine (M1), which cover the full surface of the molecule and point 

in different directions. The seven lysines form the attachment sites for the isopeptide bonds in 

ubiquitin chain assembly (Figure 1). Lys6 and Lys 11 are located next to the flexible β1/ β2 loop and 

are prone to undergo conformation changes upon linkage formation of protein binding, whereas Lys27 

is almost completely buried and least solvent-accessible of the seven lysines. An amide bond at this 
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position correlates with altered backbone dynamics for residues around Lys27 thus providing unique 

properties[1, 21]. 

 

 

3.2.1 Ubiquitin pathway 

In multicellular organisms ubiquitin is expressed either as a fusion at the C-terminus of ribosomal 

proteins RPL40 and RPS27a and is encoded by UBA52 and UBA80 genes or as C- to N-terminus linked 

polymers of ubiquitin, encoded by UBB and UBC genes[22-23]. The transcription of UBB and UBC is even 

more relevant, when the cell operates under stress and rapidly higher ubiquitin levels are needed[23]. 

As mentioned before, ubiquitination is a reversible posttranslational modification, which involves a 

interaction of three enzymes: the activating enzyme E1 (only 2 encoded in human genome), the 

conjugating enzyme E2 (~40 encoded in human genome) and the ligating enzyme E3 (>600 encoded in 

human genome) in a cascade (Figure 2)[24]. This leads to the formation of an isopeptide bond between 

the C-terminal Gly of ubiquitin and a Lys of the substrate protein. However, in rare cases ubiquitin is 

also conjugated to Ser, Thr and Cys residues of the substrate by the same enzyme machinery[25] or 

undergo a phosphoribosylation on Arg42 catalyzed by mono-ADP-ribosyl transferase (mART) and 

phosphodiesterase (PDE) domain before linking to a substrate serine[26].  

 

 

Figure 2: Simplified illustration of ubiquitin pathway including the ubiquitination using Ring and HECT/RBR E3 

enzymes as functional models and the general deubiquitination process[13, 27]. 
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The ubiquitin transfer process is initiated by ATP dependent and E1-catalyzed formation of highly 

reactive Ub-AMP intermediate followed by a generation of a thioester bond between ubiquitin C-

terminus and E1. The activated ubiquitin is then transferred to an active cysteine site of the E2 enzyme 

through a transesterification. In the final step the Ub-E2 thioester interacts with a substrate binding 

E3 enzyme, which can be categorized in three mechanistically different domain families (Figure 2): the 

RING (really interesting new gene)/U-box is the largest E3 class. It lacks an active cysteine site and 

catalyzes the direct ubiquitin transfer from E2 to the bound substrate. The HECT (homologous to the 

E6AP C-terminus) ligates in a two-step mechanism in which the ubiquitin is first transferred from E2 to 

the active cysteine site of E3 prior to substrate attachment. The RBR (RING between RING) ligase binds 

the Ub-E2 conjugate with its RING1 domain and undergoes a transesterification to form Ub-E3 

thioester intermediate with an active site cysteine on the RING2 domain before transferring the 

ubiquitin further onto the substrate lysine[24, 28]. 

The lysine selection on the substrate during the ligation is defined by the composition of the 

corresponding E2 and E3 enzymes and the substrate itself. The ubiquitin transferring process onto E3 

can also lead to specific substrate lysine selection by structural constraints[28]. However, in most 

situations the lysine selection is by far more complex, since previous studies suggest that more than 

1000 proteins are involved in the ubiquitination process of over 5000 proteins[29]. During the formation 

of polyubiquitin chains (poly-Ub) by repetition of the enzymatic ubiquitination cycle, it was shown that 

the E2 enzyme can define the lysine selection on Ub, when RING or U-box E3 ligases are involved. In 

contrast, the linkage specificity of poly-Ub is determined by E3 ligases when HECT and RBR are 

catalyzing the isopeptide bond formation[17]. In addition to the sequential ubiquitination of substrates 

for ubiquitin chain formation there is an evidence of pre-formed Ub chains on the active site cysteine 

of an E2 or E3 enzyme before conjugation of the chain to the substrate lysine occurs, which is referred 

to as en bloc transfer[24]. 

In the majority of investigated cases, ubiquitination was associated with delivering misfolded and 

damaged proteins to the 26S proteasome. This process is also known as the ubiquitin-proteasome 

system (UPS). The proteasome recognizes the ubiquitin PTM on the substrate and degrades it into 

smaller peptide fragments, whereas the remaining ubiquitins stay intact. Furthermore, it was found 

that ubiquitin mediated degradation is necessary for adjusting the protein turn-over or availability and 

thus enable a regulation of a variety of cellular events[30-31]. In addition, monoubiquitinations can also 

operate outside of the proteolytic system by influencing the location, activity or binding events of the 

substrate[29]. An important role in the ubiquitination pathway fulfill the deubiquitinating enzymes 

(DUBs) by removing the ubiquitin from the substrate or edit the chain. An interplay of the E3 enzymes 

and the DUBs can influence the substrate function through a transient ubiquitination[31]. Both the 
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proteasomal and the DUB catalyzed ubiquitin cleavage also ensure that the removed ubiquitin is again 

available for the next ubiquitination cycle. 

 

 

3.2.2 Ubiquitin linkages and modification diversity 

The ubiquitination pattern proves to be extraordinary versatile and offers multiple levels of complexity. 

The simplest type of these is the monoubiquitination of a single substrate lysine or as multi-

monoubiquitination on several lysine residues (Figure 3). Such substrate modifications are associated 

with cell internalization of the substrates with subsequent lysosomal degradation or recycling to the 

cell surface with an ESCRT (endosomal sorting complex required for transport) as a main moderator of 

the trafficking machinery[17]. Moreover, the monoubiquitination of PCNA (proliferating cell nuclear 

antigen) is involved in DNA repair process by promoting the translesion DNA synthesis during the 

double strand break and the histone H2A di-monoubiquitination results in transcriptional silencing of 

damaged chromatin[32]. There is also evidence, that monoubiquitinated produces a proteasomal and 

autophagic degron of smaller and loosely folded proteins[29]. 

 

 

Figure 3: Schematic representation of different ubiquitinations, lysine linkage types and additional ubiquitin 

modifications along with the cellular function of the resulted diverse pattern[17, 31, 33]. 
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As already mentioned in previous chapters the further attachment of ubiquitin on one of the seven 

lysines or the N-terminus of the previous ubiquitin leads to the formation of polymeric ubiquitin. The 

homotypic poly-Ub chains are only connected by a single lysine-linkage type (Figure 3), whereas 

alternating the linked lysin within the chain results in heterotypic poly ubiquitin[17]. Approximately 10-

20% of all cellular ubiquitin is incorporated in cells and the availability of each linkage type varies 

between cell type and cell state[34]. All the linkages provide distinct surfaces, which can interact with 

specific ubiquitin-binding domains and creating a numerous molecular signal variation for the attached 

substrate[35]. X-ray and NMR analysis on diubiquitin revealed that linkages including K6, K11, K33 and 

K48 adopt predominantly compact conformations, which usually involves intermolecular hydrophobic 

interactions between the distal and the proximal Ub. In contrast the K29, K63 and M1 linkages prefer 

extended conformations, where the  interdomain contacts are mainly polar[36]. For instance, the K48-

linked diubiquitins “closed” conformation is mainly mediated by the hydrophobic patch Ile44 (Figure 

4A). Whereas the extended and flexible shape of DiUb(K63) (Figure 4B) exhibits only minimal contacts 

of interactions from R42 and R72 of the distal with the E16, E18 as well as D21 residues of the proximal 

domain. Due to special proximity the M1- and K63-linkages are considered almost identical in the 

overall conformation[36]. The K27-linkage was the last one characterized by X-ray to offer a unique 

conformation with the isopeptide linkage buried in the proximal ubiquitin[37]. 

 

 

Figure 4: A) Crystal structure of a compact conformation of DiUb(K48) (PDB: 3M3J)[38] and B) crystal structure of 

extended conformation of DiUb(K63) (PDB: 2JF5)[39]. 

 

Within the homotypic and heterotypic ubiquitin chains the most common representative is the K48-

linkage, which makes up about 50% of all linkages[29, 40]. The K48-linked chains have been proved to 

deliver multiple short-lived proteins to 26S proteasome as a main degradation signal, where the 

proteasomal affinity is strongly dependent on the chain length[41-42]. Also, K48 mixed chain linkages 

with mostly K11 or K63 were associated with proteasomal degradation. Among the second most 
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frequent ubiquitin linkages is the K63 isopeptide bond. Besides its role in autophagic and aggresomal 

degradation of proteins the K63-linkgages are mostly involved in non-proteolytic processes such as 

endocytosis of membrane proteins, activation of protein kinases or in DNA damage repair machinery[29, 

41]. Together with the K11 and M1 linkage types the K63-linked ubiquitination is also implicated in 

activation of the nuclear factor-kappa B (NF-κB), a transcription factor, which is extensively involved in 

an immune and inflammatory response as well as cell survival[43]. The atypical chain type linked by K6, 

K27, K29 and K33 are involved in proteolytic processes too, but also diverse non-degradable functions 

for instance cellular signaling, autoimmunity and protein trafficking have been reported[29, 44].  

A special representative of the heterolytic chain type is the branched-linked chain, in which a ubiquitin 

participates in isopeptide bonds of two or more of its lysines (Figure 3). Due to difficulties in 

characterization and lack of suitable methods this chain type is still poorly investigated. In vitro 

experiments on troponin I have shown, that branched chain ubiquitination slowed down its 

proteasomal degradation[45]. In contrast, in another study the branched chains containing K11- and 

K48-linkage blocks on anaphase-promoting complex (APC/C) clearly enhanced the proteasomal 

recognition[46]. A more recent result from cell experiments hints, that K63-link seeded branched 

ubiquitin chains are indeed associated with proteasomal degradation[47].  

The function of ubiquitin can also be modulated by other reversible PTMs such as phosphorylation, 

acetylation (Figure 3) or ADP-ribosylation. The phosphorylation of ubiquitin is found on several serine 

and threonine residues, but especially on S65 after exposing the cells to stress, which is catalyzed by 

PINK1. Up to 1 % of ubiquitin found in human and yeast cells was detected to be phosphorylated at 

position S65[29]. The S65 phosphorylation is favored in K6- and K11 linked ubiquitin chains and inhibit 

the efficiency of specific DUBs also depending on distal or proximal ubiquitin S65 phosphorylation[36]. 

Furthermore, ubiquitin pS65 and pS57 upregulate the Parkin E3 enzyme activity and are thus involved 

in autophagy of mitochondria[48]. 

The acetylation of lysines can also influence the ubiquitination process by inhibiting polyubiquitin chain 

elongation while not affecting monoubiquitination. This PTM was identified with only 0.01% on K48 

and 0.03% on K6 of total cellular ubiquitin [49]. 

One of the newest discovered PTM of single ubiquitin molecule is the ADP-ribosylation in context of 

bacterial infection[50]. Recent studies revealed that this modification can be catalyzed by DTX3L E3 

ligase and ADP-ribosyltransferase PARP9 heterodimer on the C-terminus of ubiquitin. ADP-ribosylation 

on the C-terminal glycine prevents the activation of this ubiquitin for chain for substrate modifications, 

but is able to be removed by unspecific DUBs[51]. 

Another layer of complexity added to the ubiquitin linkage code is the modification of polyubiquitin 

chains by ubiquitin like (UBL) proteins small ubiquitin-like modifier (SUMO) or neuronal-precursor-cell-

expressed developmentally downregulated protein-8 (NEDD8) to form Ub-UBL hybrids. Several lysine 
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residues like K6, K11, K27, K48 and K63 can be modified by SUMO, but for now only the SUMOylation 

on K6 and K27 is thought to have a functional role since these hybrid chains formation were found 

accumulated in response of heat shock or after proteasome inhibition[52]. The NEDD8ylation in cells 

appears not as a terminating chain modifier on ubiquitin as previously proposed[53], due to hints that 

the NEDD8 can further be connected to a ubiquitin to create alternating hybrid chains, where different 

lysines from Ub as well as NEDD8 can be involved[54-55]. The stress induced hybrid chain shows a 

potential to compromise the substrate degradation by proteasomes for nuclear proteins. Moreover, 

the NEDD8ylation of Ub may also lead to protein aggregation, which protects the nuclear USP from 

dysfunction[54]. The modification by ubiquitin like proteins can also occur without the involvement of 

ubiquitin and will be discussed shortly in a later chapter. 

 

 

3.2.3 Ubiquitin recognition and the structural impact on substrate protein 

Like other PTMs the ubiquitination can be recognized by so called ubiquitin-binding domains (UBDs). 

The non-covalent interaction of the UBDs is involved in both the degradative and non-degradative 

functions. At least 20 different types of these typically 20-120 amino acid long folds are already 

described[56]. The most of them interact with the solvent exposed hydrophobic patch of ubiquitin[57]. 

Although the UBDs are diverse ins structure, they can be categorized in several fold-dependent 

subfamilies (Table 1).  

 

Table 1: Classified ubiquitin-binding domains and their main ubiquitin-binding surface, based on literature[57]. 

Structural subfamily Domain abbreviation Ub binding surface 

Single or multiple α-
helical domains 

UBA, CUE, UIM, MIU/IUIM, DUIM, VHS, GAT, 
UBM, UBAN 

Ile44 patch 

Zinc-finger (ZnF) NZF, ZnF A20, ZnF UBP, UBZ  Ile44, Asp58 and Ile36 patch, 
TEK-box, C-terminus 

Pleckstrin-homology fold 
(PH) 

PRU, GLUE Ile44 patch 

Ubiquitin conjugating 
(Ubc) -like domain 

UEV, UBC Ile44 patch 

Others SH3, WD40 β-propeller, PFU, JAB1/MPN Ile44 and Phe4 patch 

Abbreviations: UBA (ubiquitin associated), CUE (coupling of ubiquitin conjugation to endoplasmic reticulum 
degradation), UIM (ubiquitin-interacting motif), IUIM/MIU (inverted UIM/motif interacting with ubiquitin), DUIM 
(double-sided UIM), VHS (Vps27/Hrs/STAM), GAT (GGA and TOM), UBM (ubiquitin-binding motif), UBAN 
(ubiquitin-binding in ABIN and NEMO), NZF (Npl4 (nuclear protein localization 4) zinc-finger), ZnF A20 (zinc-finger 
A20), ZnF UBP/PAZ (zinc-finger ubiquitin-specific protease), PRU (pleckstrin-like receptor for ubiquitin), GLUE 
(gram-like ubiquitin-binding in Eap45), UEV (ubiquitin-conjugating enzyme E2 variant), UBC (ubiquitin-
conjugating), SH3 (Src homology 3), WD40 beta-propellers (WD40 beta-Prps), PFU (PLAA family ubiquitin-
binding), Jab1/MPN (jun activation-domain binding protein 1/Mpr-Pad1-N-terminal) as shown in literature[58]. 
 

Among them the α-helices associated UBD motifs and the zinc-finger domains are most frequent 

structural folds[58], whose some well-known crystal structure representatives are shown in Figure 5. It 
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is striking that although the total ubiquitin cell concentration was determined to be ca. 85 µM[59], the 

binding affinities of UBDs to single ubiquitin are with Kd > 100 µM most commonly weak[57, 60-61]. 

However, the presence of Ub oligomers or multiple UBDs within one interactive protein lead to a bi- 

or multivalent binding complex. For instance, the ubiquitin associated (UBA) domain in HHR23A 

protein has a dissociation constant of 400±100 µM[60], but in presence of a K48-linked ubiquitin chain 

the affinity increases from 30.2±0.9 µM for DiUb(K48) to 0.3±0.03 µM for Ub12(K48)[62].  

 

Figure 5: Crystal structures of several abundant UBDs in interaction with Ub or DiUb. A) UBA domain of ubiquilin-

1 (PLIC1) (PDB: 2JY6)[63], B) ZnF UBP domain of Isopeptidase T (USP5/IsoT) (PDB: 2G45)[64], C) UIM domains of a 

proteasomal receptor S5a (PDB: 2KDE)[65] and D) NZF domain of TAK1-binding protein 2 (TAB2) (PDB: 3A9J)[66]. 

All the shown domains interact with the Ile44 patch of ubiquitin except ZnF UBP, which binds the C-terminus of 

Ub.  

 

Furthermore, monoubiquitin can be a target for multiple UBDs by binding different ubiquitin surfaces 

simultaneously. Despite the fact that most UBDs can bind monoubiquitin in vitro, there is evidence 

that many of the UBD-containing proteins in vivo have binding specificities towards distinct ubiquitin 

linkage types provided by forming certain recognition surfaces with a favorable orientation to the 

binding protein[57, 67]. However, modeling on isolated UBDs also suggests, that the region surrounding 

the recognition site of ubiquitin undergoes conformational changes by means of induced-fit and 

thereby further increase the complexity of the binding process especially with the different 

polyubiquitin chain types[57, 68] (Figure 5C, 5D). Even though, the typical UBD containing proteins 

interact only with the ubiquitin (chain) or the PTM modified ubiquitin part (Figure 6a-e), the 

recognition of both the ubiquitin and the substrate by only a single protein can be observed especially 

in the ubiquitination machinery (Figure 6f), e.g. in a complex between E2-Ub conjugate UbcH7-Ub and 

the E3 ligase HHRI[69]. Additionally, a model is suggested where the interaction between the substrate 

and the corresponding E3 is inhibited after the ubiquitination. This would explain why some proteins 

only exist in monoubiquitinated form[70]. An interesting study shows also that monoubiquitination of 

UBD-containing proteins can result in an intramolecular binding event (Figure 5g), which was found on 
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several monoubiquitinated endocytic adaptor proteins containing UIM- and UBA domains and led to 

auto-inhibition of the substrates[71]. 

Beside the functionality of the recognition unit, the ubiquitination of a substrate protein can directly 

affect its conformation and solubility. There are indications that monoubiquitination can increase the 

substrate protein solubility due to the predominantly polar surface of ubiquitin or providing structural 

bulkiness to avoid substrate interactions. This was shown for instance for the in vitro ubiquitination of 

the N-terminus of α-synuclein, which prevented its oligomerization and fibrillogenesis[72].  

 

 

Figure 6: Ubiquitination direct effects on substrate recognition in a versatile manner, which affecting the 

substrates fate[73-74]. 

 

A more recent study showed that monoubiquitination of H2A histone stabilizes the outer DNA wrap of 

nucleosomes, without significant ubiquitin binding to the histone or the DNA[75]. On the other hand, 

the ubiquitination can provide chain-length-dependent structural fluctuations, thermal destabilization 

and facilitate the unfolding process, shown on Ubc7 substrate[76]. The degree of the ubiquitination-

induced protein-fold destabilization also depends on the modified lysine residue on the substrate, 

whereas the structural fluctuation effect almost the overall protein structure[77]. With further chain-

length increase (up to 6 units) the ubiquitin loses its fold stability and is prone to aggregate by forming 

amyloid-like fibrils. This observation is independent of the linkage type and appears in vivo, when 

polyubiquitinated proteins are not degraded due to proteasomal dysfunction and accumulate in the 

cell. Surprisingly, these fibrillar ubiquitin aggregates can act as initiation signal for autophagic 

degradation[78]. 
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3.2.4 Ubiquitin like proteins 

While ubiquitin is only present in eukaryotic cells, the families of ubiquitin like proteins (UBLs) are 

encoded in almost every living organism[79]. Although there is no much sequence overlap with ubiquitin 

in most cases, the UBLs have a similar core of β-grasp fold as a structural motif and the Gly-Gly 

sequence on the C-terminus[80-81]. The UBLs can either function in non-covalent protein-protein 

interactions or be conjugated to substrate proteins or lipids using an E1-E3 enzyme cascade 

evolutionarily related to the ubiquitination pathway and possess their own UBL-specific proteases 

(ULPs)[82-84]. The total UBL modifier expressed in eukaryotic cells. The total amount of UBL modifiers is 

summarized in Table 2 and an extract of the most prominent representatives are discussed below. 

 

Table 2: Summarized Ubiquitin like modifiers in eukaryotic cells and their proposed function. The table is adapted 

from M. Hochstrasser et al.[79] and modified using data from Herrmann et al.[85]. 

Ubiquitin like 
proteins 

Sequence identity to 
ubiquitin in % 

Proposed Function 

NEDD8 (Rub1) 55 Upregulation of distinct E3s, increase protein stability and 
protects from degradation,   

SUMO-1 (Smt3) 18 Nuclear localization, transcriptional regulation, 
antagonizing ubiquitylation 

SUMO-2/3 16 Transcriptional regulation, mitosis 

ISG15 32/37* Immune responses, interferon signal transduction 

FAT10 32/40* Apoptosis, cytokine signal transduction 

FUB1 38 T-cell activation 

URM1 ND Oxidative stress response, nutrient sensing 

ATG8 ND Autophagy, cytoplasm-to-vacuole targeting 

ATG12 ND Autophagy, cytoplasm-to-vacuole targeting 

UFM1  ND Potential role in endoplasmic stress response 

ND: not detected by standard BLAST search 
*The data is each for Ub related domains  

 

The interferon-stimulated gene 15 (ISG15) was the first identified UBL and its occurrence is limited to 

vertebrates, which are engaged in the interferon (IFN) signaling[86-87]. Structurally the ISG15 contains 

two domains, which show high homology with ubiquitin sequence (Table 2) including the LRLRGG C-

terminus[88]. The 15 kDa ISG15 protein is one of the most highly induced genes upon viral infections 

and is found conjugated on lysines only as monomer or multi-monomer to freshly expressed proteins, 

since the localization of the ISG15 E3 ligase is localized near the ribosomes[86, 88]. Surprisingly, the 

expression of the ISG15-deconjugating enzyme USP18 is equally upregulated as the conjugating 

enzymes and the ISG15 itself by IFN induction[88]. Not only DUBs but also viral proteases show reactivity 
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towards ISG15 such as SARS-CoV-PLpro[89]. ISG15 as a modifier participates in regulations of signal 

transduction pathways, IFN-induced immune response and regulation of ubiquitinations by blocking 

distinct E2 enzymes from accepting Ub or recognizing Ub-E1 conjugates[90]. In addition, free ISG15 can 

act as an extracellular cytokine in immune response[88]. 

The small ubiquitin-related modifier (SUMO) PTM is probably most prominent and best studied UBL in 

eukaryotic cells and vertebrate genomes encode at least four isoforms of SUMO (SUMO1-4), whereby 

only SUMO4 is unable to be conjugated due to a lack of a C-terminal processing unit[91]. SUMO2/3 differ 

by only three N-terminal residues and are only 57% identical with SUMO1, but share same E1 and E2 

enzymes[86]. SUMO1 and SUMO2/3 are distributed in different cellular sections. While SUMO1 is 

localized to the nuclear membrane, nucleoli and cytoplasm SUMO2/3 was found diffusely distributed 

during the interphase[92]. Furthermore, SUMO2/3 are able to form K11-linked chains, whereas SUMO1 

is conjugated exclusively monomeric or as a chain terminating unit on SUMO2/3 polymers[86]. Over 

1600 proteins were already discovered to contain a SUMO-acceptor lysine. In contrast to ubiquitin’s 

signal for proteasomal degradation, SUMOylation of substrates provide only certain protein 

interactions and organize specific protein complexes afforded by SUMO-interacting motifs[52]. This 

modification is involved in a various cellular process, which are presented in Table 2. 

The neuronal-precursor-cell-expressed developmentally downregulated protein-8 (NEDD8) is a highly 

conserved UBL in vertebrates as well as yeast and has the highest percentage identity to ubiquitin 

(Table 2)[93]. NEDD8 is expressed as a precursor and is processed at the C-terminal Gly by proteases 

such as the DUB UCH-L3 before transferring to substrates lysine residue by the specialized E2-E3 

enzyme machinery[86, 94]. Unlike ubiquitin, only few proteins are known to be NEDD8ylated. The most 

prominent function of NEDD8 modification is the upregulation the cullin type E3 activity, but also was 

found to stabilize proteins structure or protect substrates from ubiquitination and degradation[94]. 

Although the NEDD8ylation usually results in single monomer modification, MS analysis reveals that 

NEDD8 can form polymeric chains at K11, K22, K48 and K60 in vivo[95]. Recently, it was reported that 

mixed K11- and K48-linked NEDD8 chains modifications are associated with DNA-damage-induced 

apoptosis[96]. 

 

 

3.3 Deubiquitinating enzymes 

The antagonists to the ubiquitination machinery are the deubiquitinating enzymes (DUBs). As 

proteases they can catalytically hydrolyze the isopeptide bond between the conjugated ubiquitins or 

the ubiquitin and the modified substrate and thus regulate the abundance, interaction or the activity 

of the targeted substrate but also serve as a ubiquitin recycling system. The number of different DUBs 

varies from organism to organism and while only 20 DUBs are expressed in yeast, about 100 of these 
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enzymes are encoded in human cells[56]. To date eight distinct families of the human DUBs have been 

described based on their amino acid sequence and domain conservation: the ubiquitin-specific 

proteases (USPs), the ovarian tumor proteases (OTUs), the ubiquitin carboxy-terminal hydrolases 

(UCHs), the Machado-Josephin domain-containing proteases (MJDs), the MIU-containing novel DUB 

family (Mindy), the zinc-finger-containing ubiquitin peptidase 1 (ZUP1), the INDY), monocyte 

chemotactic protein-induced proteins (MCPIP) and the JAB1/NPM/MOV34 (JAMMs)[56, 97] (Figure 7). 

Seven of the named DUB families are classified as cysteine proteases, whereas the JAMMs act as 

metalloproteases[97]. 

 

 

Figure 7: Overview of human DUB families divided into two subfamilies based on catalytic mechanism type. 

‡DUBs, which are cleaving specifically UBLs; *DUBs, which are lacking an intrinsic catalytic activity and are either 

only active as a larger protein complex or contain pseudo-enzyme domains[34, 97]. 

 

Like the ubiquitination machinery, DUBs are involved in a variety of essential cellular processes such 

as membrane-trafficking, receptor degradation, transcription regulation, DNA-repair, cell-cycle 

regulation and signaling[4, 98]. The total copy number of DUBs in a mammal cell was estimated to a 

magnitude of 107, similar to the E2 enzymes. The number of certain expressed DUBs varies between 

102 and 106 copies per cell as detected by SILAC-combined mass spectrometry[99-101]. It was also shown 

that the cellular distribution of DUBs predominantly comprises both the nuclear and the cytosolic 
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compartments. In several cases localization at organelles including mitochondria, endosomes and 

endoplasmic reticulum[102]. In the organism as a whole, the highest variety of DUBs is expressed in brain 

tissue, the hematopoietic system and in the reproductive organs[103]. The most abundant DUBs are 

suggested to be associated with fundamental cell functionalities respectively are components of major 

cellular machines such as degradation systems or translation initiation machinery. For Instance, the 

DUBs USP14, UCH-L5 and PSMD14 are in complex with the lid of the S19 regulatory particle, a subunit 

of the 26 S proteasome, and removing ubiquitin tags from the substrate protein, before further 

translocation of the protein to the core particle for degradation[101, 104]. While the UCH-L1 is involved 

in promoting the translational initiation complex, USP21 as well as OTUD3 both initiate the 

translational machinery by deubiquitinating the RPS10 and RPS20 ribosomal subunit proteins[105]. The 

low abundant DUBs are usually expressed upon specific stimulation as in the case of A20. Its 

concentration raises after NF-κB activation and its activity plays a central role in downregulation of the 

NF-κB signal[106]. Whereas some DUBs are specialized to cleave only monoubiquitin from a substrate 

protein, others can discriminate between ubiquitin chain types. Notably, three of the listed DUBs show 

specific cleavage activity on UBLs (Figure 7): the USP18 cleaves ISG15 only, the USPL1 shows specificity 

to SUMO and the metalloprotease CSN5 targets NEDD8 modifications. However, these proteases are 

still considered as DUBs of the respective family due to their structural or sequential similarities to the 

real deubiquitinating enzymes[107-109]. 

 

 

3.3.1 Catalytical mechanism of DUBs 

The catalytical hydrolysis of all DUBs starts first with a ubiquitin binding event. Every DUB contains at 

least one ubiquitin binging region, respectively binding site S1. Generally, the distal ubiquitin binds to 

the S1 site and the proximal ubiquitin occupies the S1’ site, while the isopeptide bond and the C-

terminus of the distal ubiquitin is guided to the active site. Several DUBs exhibit more than two binding 

sites (e.g. S2, S2’, S3, S3’)[56]. These additional sites, which for example can be found on USP5 or OTUD2, 

contribute in binding of polyubiquitin chains and thereby can contribute to the linkage specificity[110-

111]. The DUBs with only binding site S1 available, such as in all UCHs and the most USPs, usually cleave 

the ubiquitin from the target substrate or show only low linkage type specificity[56].  

As mentioned above, the DUB families are divided in two catalysis types, namely the papain like 

cysteine proteases and metalloproteases. The cysteine proteases consist of a conserved catalytical 

triad consisting of a cysteine, a histidine and an acidic amino acid such as aspartic acid in the active 

side[112]. The schematic reaction mechanism with a USP-subclass based DUB as a template is shown in 

Figure 8. The pKa of the catalytic cysteine is lowered by the nearby histidine to facilitate the 

nucleophilic attack at the isopeptide bond upon ubiquitin binding, while the aspartic acid helps to align 
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and maintain the polarization of the histidine. The formed tetrahedral intermediate, that is stabilized 

by an oxyanion whole in the catalytic area, converts further to an acyl enzyme intermediate and 

releases the proximal ubiquitin after accepting a proton from histidine.  

 

 

Figure 8: Catalytic mechanism of cysteine protease DUBs illustrated for the cleavage of diUb. Figure adapted 

from Mevissen et al.[56]. 

 

A polarized water molecule attacks the thioester and leads to a second tetrahedral intermediate. 

Collapse of this intermediate state results in a free carboxylic acid on the distal ubiquitin, which is 

released from the S1 site[56]. The last step regenerates the catalytic triad of the enzyme. In contrast to 

the cysteine proteases the metalloproteases coordinate a zinc ion by two histidine, aspartic acid 

residues and a water molecule. Further residues such as serine and glutamic acid also contribute to 

the water coordination and orientation in the conserved catalytic area. The mechanism derived from 

an AMSH-LP metalloprotease is illustrated in Figure 9. In the first step the glutamic acid accepts the 

proton from water and the resulting hydroxyl ion attacks the carbonyl carbon of the isopeptide bond 

upon substrate binding. The formed tetrahedral intermediate is stabilized by the serine and the Zn2+. 

Both the proximal and the distal ubiquitin are released simultaneously after proton transfer from 

glutamic acid to the isopeptide lysine residue and the resulting cleavage of the substrate. The enzyme 

is regenerated again by coordination of a next water molecule.  

Although the catalytical principle of the different subclasses of DUBs within their mechanistic type is 

comparable, the individual catalytic domains reveal a high diversity in their secondary structures[112]. 

These differences are among others due to recognition and binding of substrate proteins instead of 

ubiquitin at the S1’ position. 
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Figure 9: Illustration of the catalytic mechanism of metalloprotease DUBs while cleaving diUb. Figure adapted 

from Mevissen et al.[56]. 

 

 

3.3.2 DUB-activity regulation 

The regulation of DUBs is extremely important to prevent indiscriminate proteolysis. Moreover, DUB 

regulation ensures the right timing and the right location for its activity. Within the most DUB families 

the enzymes undergo a conformational change of the catalytic domain upon ubiquitin binding, which 

is the first layer of the DUB regulation (Figure 10). The active site occlusion by loops is quite common 

in UCHs like UCH-L3 but is also found in some OTUs DUBs such as Otubain 2 (OTUB2)[113].  

 

 

Figure 10: Representation of different types of DUB conformational changes upon ubiquitin binding[114].  

 

On the one hand these loops can hold back tightly folded protein domains from reaching the active 

site, whereas the flexible C-terminus of ubiquitin can pass and stabilize the bound ubiquitin in the 
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active site by changing to a “locked” conformational position[115]. On the other hand, the loops can 

undergo secondary structure change, when ubiquitin is in proximity and thus enable the binding 

process[113]. The regulation by active site residues rearrangement is also widespread within the UCH 

and USP DUB families. Thereby, the binding of ubiquitin induces the alignment of the catalytic triad in 

a functional conformation[116]. Furthermore, crystallographic studies on USP8 suggested a of full 

catalytic domain motion during ubiquitin chain recognition event to bring the enzyme in an open 

conformation and enable ubiquitin binding[117]. 

Like many other enzymes, DUBs also can be modified by different PTMs and regulated in their activity 

or cellular localization as well as influence their stability[98]. The phosphorylation is the most abundant 

PTM detected on DUBs across almost all families and can affect in opposite directions depending on 

the enzyme. For instance, while the phosphorylation on USP14 leads to its proteasome-independent 

activation, the phosphate group on the cylindromatosis tumor suppressor (CYLD) downregulate its 

catalytic activity[118]. In addition to the direct activity regulation the phosphorylation can define the 

intracellular localization of DUBs. Thus, USP4 phosphorylation leads directly to changes in intracellular 

location from nucleus to cytosol or membrane[119]. However, phosphorylation on OTUB1 triggers the 

enzyme to accumulate in the nucleus[120]. Another PTM that is related to the DUB localization is the 

farnesylation, because as shown on UCH-L1, C-terminal farnesylation leads to its association with the 

cell-membrane[121]. It is not surprising that ubiquitination of DUBs also controls their activity, as has 

been shown with ataxin-3. Upon its monoubiquitination an increase in catalytical activity was observed 

which may lead to conformation changes in the catalytic site[122]. Modifications by the UBL SUMO were 

also found in affecting DUB activity. For example, SOMOylation of the USP25 UIM domains leads to 

the inhibition of the enzyme probably due to the occupation of the ubiquitin binding site by the bound 

SUMO[123]. 

The abundance of DUBs and therefore the overall activity is regulated by its level of expression and 

degradation. Many cellular events such as oxidative stress or cell cycle stage define which and how 

often the DUB genes will be translated[56]. 

Most of the DUB are modularly structured. Besides their catalytic domain and additional UBDs, the 

enzymes contain usually C- and N-terminal extended regions, which also allow them to interact with 

different substrate proteins, substrate adaptors or scaffolds and thus can also regulate their cellular 

localization and activity upon binding[114]. In addition, further ubiquitin binding sites in a DUB can often 

be associated with specificity to a certain chain type architecture and thereby influence indirectly its 

activity. The DUB specificity will be discussed in more detail in the next chapter. 
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3.3.3 DUB specificity 

The activity of several DUBs is strongly connected to the recognition of either a distinct linkage type or 

the ubiquitin chain length. Also, the cleavage of the conjugated ubiquitin can occur directly after 

binding to specific DUB recognizing proteins. Every ubiquitin linkage type represents a characteristic 

surface and a partially unique linkage environment. Therefore, in addition to a S1’ site for the proximal 

ubiquitin the DUBs usually requires additional ubiquitin interacting regions outside of the catalytic 

domains to afford selectivity[112]. For example, the catalytic domain of USP2 is known to prefer linear 

ubiquitin chains (M1-linkages) but the full-length USP2b is most efficient on cleaving K48-linkages[112]. 

The probably most significant linkage specificity is found within the OUT and JAMM DUB families 

(Figure 11a). Here, the JAMM family DUBs are often K63-specific with AMSH or BRCC3 as 

representatives, while OUT DUBs display more diversity in chain specificities and reported to have 

certain enzymes to cleave K63-, K48-, K33-, K29-, K11- and M1-linkages[110]. By contrast, USPs as the 

biggest DUB family have only a few members with linkage preferences like USP14 for K48- and USP30 

for K6-connected ubiquitin. 

Some DUBs reveal specificities for more than one linkage type such as CYLD, which is able to cleave 

the K63- as well as M1-linkges with same efficiency[124]. So far there are no distinct DUB known to be 

active only on branched chains, but it was shown that CYLD activity was significantly reduced in 

disassembling K63-linked chain with a branch at K48.  

 

 

Figure 11: Illustration of different DUB specificity types with example DUBs[34, 125-127]. The black arrow marks the 

targeted isopeptide bond.  
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The cleavage of the ubiquitin chains can occur either from the distal part (exo) or internally (endo) 

(Figure 11b). For example, the USP14 shows only exo-activity on the K48-lingades and generates 

monoubiquitins. The most chain linkages that provide non-degradative signaling were found to be 

processed by endo-active DUBs. This concerns mainly the ubiquitin-signal regulating DUBs such as 

USP9X, A20 and AMSH-LP[125-126]. A large faction of DUBs is operating independently from the linkage 

type. These DUBs achieve their specificity by interacting with their preferred substrate via binding 

specific domains or indirectly guided by scaffolds or adaptors (Figure 11c)[126]. Especially the USP family 

contains the most common representatives of the substrate specific DUBs. The most prominent 

substrate example is the histone H2A, since it’s the most abundant ubiquitinated protein in the cell 

and is processed predominantly by USP3, USP16, USP22 and MYSM1, which either contain chromatin-

binding domains or are directed by larger protein complexes to the target histone[34, 128]. The protein 

p62 was found to serve as an adapter for the DUB CYLD to enable interaction of the enzyme with the 

ubiquitinated tumor necrosis receptor-associated factor 6 (TRAF6)[129]. When in addition to the 

substrate specificity also a chain linkage specificity exists, the DUB is more likely cleaving the chain by 

leaving the substrate monoubiquitinated. Otherwise the ubiquitin is removed completely from the 

target[125]. The removal of monoubiquitin from the substrate can also require target specificity 

(Figure 11d). This could be shown by the knockdown of the USP1 enzyme after which the PCNA was 

found predominantly monoubiquitinated[130]. At the same time, however, the UCH-L3 shows no 

dependence on the substrate for removal of monoubiquitination as long as the substrate is small in 

size[131]. DUBs such as USP5 is only active on free ubiquitin chains by interacting mainly with the C-

terminal sequence of the proximal ubiquitin through its ZnF-UBP and can hydrolyze a variety of 

different linkages (Figure 11e)[132]. This function serves as ubiquitin recycling system and protects the 

cells from ubiquitin chain aggregates[133]. 

 

 

3.4 Unnatural ubiquitin conjugation techniques 

Detailed investigation of the ubiquitination function, the recognition by various UBDs but also the 

generation of specific antibodies requires full control in preparing homogeneous, well-defined 

ubiquitinated substrates. Here, the conjugation of only selected substrate lysines as well as the 

generation of specific ubiquitin linkage types and chain length are of crucial importance. The enzymatic 

approach to produce such conjugates struggles from two obstacles. The first one is the identification 

of suitable E2/E3 enzyme combinations to ubiquitinate a specific lysine residue on a desired target and 

the second is to obtain a defined chain length[134]. However, a moderate control over the chain length 

can be achieved by mutating a relevant Lys to Cys or Arg on a ubiquitin portion or extend the C-

terminus of ubiquitin by aspartic acid (D77) that prevents the monomer from conjugation. An addition 
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of yeast ubiquitin hydrolase 1 (YUH1) can cleave the D77 off to let the ubiquitin participate in the 

conjugation of a proximal Ub[135]. Although distinct chain linkage types were already assembled with 

the in vitro enzymatic process, the site-specific ubiquitination of a desired substrate protein remains 

challenging[134]. Therefore, chemical (semi-)synthesis approaches provide an alternative opportunity 

to overcome the limitations of a pure enzymatic conjugate generation. In the past decades a variety of 

methods have been developed to form an isopeptide bond or mimic the linkage by using reactive linker 

strategies and artificial protein modifications to form ubiquitinated substrate proteins or polyubiquitin 

chains. Hence these methods can be summarized in classes based on their similarities such as substrate 

requirements or the applied chemistry type. Besides that, all these methods have their advantages and 

disadvantages and can be combined. 

 

 

3.4.1 Generation of native chemical linkages 

One of the most potent chemoselective reactions for a native isopeptide bond formation is the native 

chemical ligation (NCL) or expressed protein ligation (EPL), when at least one protein fragment is 

expressed as a C-terminal intein fusion and after the thiolysis provided for the ligation[136]. This method 

is described in detail in the chapter 3.5.1. Here, the ubiquitin as a terminal fragment is usually 

expressed and converted to an activated to a C-terminal thioester, while the substrate protein 

fragment is normally synthesized by solid phase peptide synthesis (SPPS). Several techniques were 

developed to position the mandatory thiol handle on the lysine residue. One of these techniques is the 

attachment of a glycyl-auxiliary group to the lysine of interest before incorporation into a substrate 

peptide by SPPS. In addition to the photocleavable auxiliaries developed by Muir group[137], the 

reductively removable ligation auxiliary 2‐(aminooxy)ethanethiol provide a more simple and faster 

ubiquitination strategy (Scheme 1A)[138]. However, only few targets were reported so far to be 

ubiquitinated using the glycyl-auxiliary mediated NCL such as H2B histone peptides or ubiquitin itself 

to form DiUb(K48)[137, 139]. Besides using an auxiliary reagent to perform the isopeptide ligation, the 

Muir group also coupled a cysteine on a specific lysine side chain using orthogonal protection groups. 

This allowed a direct isopeptide ligation with an expressed ubiquitin (Scheme 1B). This method was 

demonstrated on a semisynthesis of a monoubiquitinated H2B histone protein, in which after the 

desulfurization the product contained a single point mutation at the C-terminus of ubiquitin, namely 

G76A[140]. In another approach, the research groups of Brik and Liu developed independently a SPPS 

suitable δ- and γ-mercaptolysine building block (Scheme 1C)[141-142]. While the γ-mercaptolysine from 

the Liu group promotes ligation to the sidechain as well as on the backbone but wasn’t widely applied 

so far, the δ-mercaptolysine from the Brik lab was found to be highly efficient for isopeptide 

ligations[143]. With the installation of δ-mercaptolysine into ubiquitin and substrates the Brik group was 
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able to prepare all types of diubiquitin chains[144]. Furthermore, full synthesis of a K48-linked 

tetraubiquitin up to tetraubiquitinated α-synuclein in a sequential NCL were realized by using this 

building block[145-146]. 

 

 

Scheme 1: Native chemical ligation strategies for substrate ubiquitinations. A) Glycyl-auxiliary mediated strategy. 

B) Isopeptide cysteine strategy. C) δ- and γ-mercaptolysine ligation strategy[147-148]. 

 

Moreover, Chin and coworkers achieved the incorporation of δ-mercaptolysine into recombinant 

SUMO protein via evolution of a pyrrolysyl-tRNA synthetase/tRNACUA pair and perform a ligation with 

ubiquitin[149]. The group of Chin also pursued a completely different strategy for isopeptide formation, 

called genetically encoded orthogonal protection and activated ligation (GOPAL) (Scheme 2)[150]. 

 

 

Scheme 2: Synthesis of a linkage specific diubiquitin using the GOPAL approach[150]. 
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Thereby, the tert-butyloxycarbony (Boc) protected Lys is genetically incorporated at a desired position. 

After the ubiquitin expression the remaining lysine residues are orthogonally protected by a 

benzyloxycarbonyl (Cbz) group. Upon acidic Boc removal the ubiquitin is ligated with a globally Cbz 

protected donor ubiquitin C-terminal thioester via a N-hydroxysuccinimidyl ester intermediate formed 

in presence of silver (I). The resulted diubiquitin is subsequently deprotected under harsh acidic 

condition to generate native diubiquitin. This strategy was applied only to form K6- and K29-linked 

diubiquitins by the Chin lab[150]. Later this method was also used by the Fushman group to produce 

K11/K33-linked di-, tri- and tetraubiquitin but using the allyl group instead of Cbz, which require much 

milder deprotection conditions[151]. Although the ligations described above allow a controlled and 

specific native isopeptide bond formation, they suffer from distinct drawbacks such as slow ligation 

kinetics and the requirement of high substrate concentrations and denaturating conditions[150, 152]. 

Furthermore, the reactive groups need to be well exposed and therefore the reactions are usually 

performed in high salt concentrations, which may cause protein denaturation. In addition the NCL and 

EPL approaches are synthetically quite laborious, especially when the mercapto-building block needs 

to be synthesized first[138, 146]. It is not explicitly a disadvantage, but it should be noted, that the 

synthesized native ubiquitin isopeptide bonds are DUB cleavable and such conjugates are not prone 

for studies in cellular environment, when conjugate stability is of importance. 

 

 

3.4.2 Cysteine mediated isopeptide bond surrogates 

Since the formation of native isopeptide bonds is still challenging and not applicable on every desired 

substrate or site yet, several non-native linkages have been developed and applied to substrate 

ubiquitination. The cysteine-based ubiquitin conjugation is the most versatile method to form an 

isopeptide mimic by using the cysteine as an lysine surrogate (Scheme 3), which does not require 

extensive protein engineering and possesses a unique nucleophilic behavior among the natural amino 

acids[153]. In addition, due to the low abundance of the cysteine in the proteome[154], it is suited to be 

introduced by replacing a specific lysine in a substitution mutation in a desired substrate protein for 

site-specific modifications. This also means, that all intrinsic and solvent exposed cysteines need to be 

replaced by mutations[74]. In the majority of these methods the distal ubiquitin is expressed including 

a C-terminal intein fusion and is modified with a reactive handle after the thiolysis. Therefore, the 

cysteine-based conjugation can be performed without elaborative SPPS and the subsequent refolding 

steps. Such expressed donor ubiquitins were used to form disulfide crosslinkings by means of Ellman’s 

activated disulfide (Scheme 3A) to site-specifically monoubiquitinate H2B histones or α-synucleins[155-

156]. However, a series of studies have been published using disulfide ubiquitination[77, 155-157], the 

disulfide linkage still remain hydrolysable and might not be suitable for applications if reducing agent 
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or reactive thiols are involved. The formation of thioethers instead of disulfides gives the isopeptide 

bond surrogates an increase in redox stability. Here, the thiyl radical mediated thiol-ene coupling from 

the Strieter group[158] (Scheme 3B) allowed the generation of tri-ubiquitins with varied linkage sites but 

by now no other substrates other than ubiquitin was used by this method. Moreover, the linkage was 

still hydrolysable by DUBs due to a native amide bond at G76 position on ubiquitin[158]. Further, Brik’s 

research group presented two methods simultaneously. Thereby, they mono- or diubiquitinated α-

globin either via nucleophilic substitution on bromoacetamide moiety (Scheme 3C) or performed the 

conjugation with maleimide addition (Scheme 3D)[159]. The same group presented also a two-step 

conjugation, where the cysteine of the α-globin substrate was first reacted with chloroacetaldehyde 

under desaturating conditions before an oxime ligation was applied on the free aldehyde (Scheme 

3E)[160]. 

 

 

Scheme 3: Overview of different ubiquitin isopeptide mimetic formation strategies, which require a single 

cysteine residue as lysine replacement on the substrate protein and a C-terminal cysteine or another reactive 

handle on the donor ubiquitin for conjugation[148, 152, 161-162]. The individual reactions are discussed in the text. 

 

Notably, the isopeptide mimics provided by Brik et al. concerns only the first conjugated ubiquitin. The 

followed ubiquitin units were attached by means of NCL using δ- mercaptolysine and SPPS[159-160]. In 

another two-step approach, an azido moiety was installed on the substrate cysteine followed by 

copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) with the donor ubiquitin like modifier SUMO 

(Scheme 3F)[163]. Apart from the conjugated recombinant test protein in the study, this strategy did not 

find any application yet. A quite facile method to generate ubiquitinated substrate was published by 
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the group of Caddick. Here, the donor ubiquitin simply requires a C-terminal cysteine, which is available 

by standard mutagenesis and expressions techniques. The thiol reacts with an excess of 

dibromomaleimide or dibromopyridazinedione before substrate protein is added to the mixture 

(Scheme 3G). The resulted conjugate was exemplified on a site-specific linking of ubiquitins or GFP 

ubiquitination[162]. Nonetheless, detailed property comparison with the native isopeptide bond would 

be of interest, since the linkage between the proteins is clearly less flexible. Similar to the previous 

approach, Wilkinson et al. used also only cysteine residues on donor ubiquitin and substrate but in a 

stepwise crosslinking of these with 1,3-dicloroacetone to generate specific linked diubiquitins (Scheme 

3H)[164]. Later also monoubiquitinated and SUMOylated α-synucleins were produced using the same 

strategy, though the conjugation kinetics were rather slow[165]. A conceptually different approach 

shows an elimination of the substrate cysteine to dehydroalanine (Dha) as an electrophile. A thiol 

group is than able to undergo a 1,4-addition to the Dha to form a thioether isopeptide linkage mimic 

(Scheme 4). Merely only a ubiquitin peptide was conjugated to α-globulin protein by this method and 

the ubiquitin was completed by a subsequent NCL reaction. Moreover, the diastereoselectivity of the 

addition was rather low[166]. 

 

 

Scheme 4: Generation of Dha on a protein substrate with a subsequent 1,4-addition of a thiol containing 

ubiquitin peptide[166]. 

 

Some of the presented isopeptide surrogate strategies served already for studies addressing DUB and 

UBD specificity as well as ubiquitinated substrate behavior[147], but only a few substrate proteins were 

applied for these conjugation types. Even though, recent approaches such as cysteine-aminoethylation 

assisted ubiquitin ligation[167-168] or thiirane linkers directed ubiquitination[169] were developed, some 

issues of the cysteine mediated isopeptide bond mimic formation for instance denaturating reaction 

conditions, low reagent solubilities or high production efforts limit their applications. Therefore, novel 

feasible and high yielding chemical conjugation methods delivering native isopeptide bond isosteres 

are still of high interest in the field of ubiquitin research. 
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3.4.3 Genetically encoded unnatural amino acids for Isopeptide bond mimics generation 

The isopeptide mimic formation between a donor ubiquitin and a substrate thiol is usually limited for 

many proteins, since accessible free cysteine should be present on the surface. Otherwise several 

substitution mutations are necessary, which also might lead to the protein’s misbehavior, misfolding 

and loss of function. Synthetic methods to produce a desired protein with a site-specific reactive 

functionality for bioorthogonal conjugations are usually limited in protein size and yields[170]. Here, the 

genetic incorporation of an unnatural amino acid in a site-specific manner by genetic code expansion 

provides an opportunity to introduce various of functional groups to enable chemoselective 

bioconjugations[170]. This technology requires an engineering of an aminoacyl-tRNA-synthetase such as 

pyrrolysine- or tyrosyl-tRNA-synthetase (PylRS or TyrRS) to load the unnatural amino acids on the 

corresponding tRNA (tRNACUA) specified for the amber stop codon (UAG). Thereby, the genetic 

constructs containing informations for the tRNACUA, the designed aaRS and the protein of interest need 

to be transformed into the host cell[171]. Besides the genetically encoded amino acids in substrate 

proteins, which were incorporated for a NCL reaction in order to produce a native isopeptide linkage 

with ubiquitin[139, 149, 172], also several lysine derivates were incorporated to form a non-hydrolysable 

ubiquitin conjugate. The research group of S. Virdee incorporated a Boc-aminooxy-Lys using a mutated 

Methanosarcina barkeri PylRS/tRNACUA pair, which was previously established by Chin et al. in the 

GOPAL approach[150]. Upon Boc-deprotection they applied the hydroxylamine functionality in oxime 

ligation with an intein fusion expressed ubiquitin modified by a C-terminal aldehyde (Scheme 5A)[173]. 

 

 

Scheme 5: Genetically encoded lysine derivates with different functionalities and their application on isopeptide 

mimic bond formation with ubiquitin[173-176]. The individual reactions are discussed in the text. 
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In this manner several types of diubiquitin linkages and ubiquitinated SUMO have been prepared. 

Unfortunately, the Boc-deprotection conditions are highly acidic, which prevents the application on 

pH sensible proteins[173]. Another method showed a ubiquitin aldehyde forming a thiazolidine ring with 

a cysteine residue provided from a genetically incorporated thiaprolyl-Lys after deprotection, which 

was only shown on a formation on a single diubiquitin (Scheme 5B)[174]. The genetically encoded 

propargyl-Lys was already widely used in several bioconjugations[177]. The groups of Marx and Rubini 

applied this unnatural residue in a CuAAC reaction with azidohomoalanine (Scheme 5C), which was 

installed via selective pressure incorporation on ubiquitin[176]. This method allowed a simultaneous 

incorporation of both unnatural amino acids into one ubiquitin on desired positions and enabled the 

generation of distinct triazole-linked polyubiquitins and polyubiquitinated substrate protein, however 

no direct control over the ubiquitin chain polymerization was available[178]. An exceedingly creative 

approach is provided by the Lang group, in which a protein of interest is expressed with an internal Lys 

to azido-Gly-Gly-Lys substitution. Upon the azide reduction the sortase was used to ligate a specifically 

tagged ubiquitin with this protein in a site-specific manner (Scheme 5D). Although a native isopeptide 

bond was generated, the produced diubiquitin remained DUB stable but still recognizable by UBDs[175]. 

The technology of the genetic code expansion for incorporation of functional unnatural amino acid 

grants a powerful tool also for ubiquitination application. However, the tRNA-synthetase evolution 

remains quite laborious. The efficiency for the incorporation of a noncanonical amino acid is also 

dependent of the mutation position in the protein sequence. Furthermore, the installed unnatural 

amino acid might also cause structural disturbance after translation[179]. 

 

 

3.5 Ubiquitin-based probes for DUB targeting 

As discussed in the chapter 3.3 the DUBs are involved in regulations of numerous cellular processes. 

Dysregulation of these enzymes including their activity, substrate identification but also 

overexpression is often associated with a variety of human diseases such as neurodegeneration, 

inflammations and tumorigenesis at multiple levels[4-5]. Therefore, the DUBs became quickly 

considered as potential therapeutic target [4]. Here, the activity-based probes (ABPs) play an important 

role to study the enzymatic activity and their roles in biological processes even in complex biological 

environment. The ABPs mimic the natural DUB substrate and react covalently with the active site 

residue of the DUB to permit the detection of only the active population of the enzyme (Figure 12)[180]. 

In contrast, the probes that are not conjugating covalently to the active site nucleophile can be 

described as activity independent substrate specific ubiquitin-based probe. In this case the probe binds 

to the substrate target even if the active site is inhibited, as long as the recognition site is still available, 

and the covalent attachment occur with a nucleophile in proximity to the binding site.  
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A ubiquitin-based probe for DUB targeting typically consists of three components, namely the 

detection tag, the recognition site and an electrophilic moiety (Figure 12). The detection of a 

visualization element is used to recognize the probe-labeled proteins and is attached to the recognition 

site of the ABP directly or by means of a linker[181]. Thereby, fluorophore tags are usually used for direct 

and sensitive detection especially in cellular environment[182-183], whereas biotin or epitope tags like 

hemagglutinin (HA) or FLAG-tag serve as purification and enrichment handles but can also be visualized 

by corresponding peroxidase-conjugated antibodies or streptavidin[184-186]. A two-step labeling offers 

an introduction of a bioorthogonal functionality into the probe to conjugate the probe-labeled DUBs 

directly to the enrichment of purification tag[180]. This has an advantage over the alternative tagging 

strategies if the ABPs efficiency is affected by these but requires addition synthetical effort[187]. Due to 

the high molecular weight of the ubiquitin-based probes a tag is sometimes not required for purified 

DUB conjugation identification from SDS-PAGE, since the mass shift is unambiguously assignable[12]. 

Although the probe visualization was also achieved by radioiodination with Na125I, the method can lead 

to non-homogeneous labeling[12, 188]. 

 

 

Figure 12: Illustration of a typical ubiquitin ABP components and the activity principle for a cysteine protease 

DUB targeting[181] in comparison to an activity independent ubiquitin-based probe. 

 

The recognition site as the second component is essential for the selectivity towards the target. In 

contrast to ABPs for a large number of proteases [189], the full length ubiquitin is crucial to enable 

efficient binding to the DUBs. An extensive study on this subject has shown that at least a 12-mer 

peptide ABP of the ubiquitin C-terminus was in high concentrations just enough to conjugate only one 
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the tested DUBs[190]. One of the reasons is, that DUBs have large binding domains, which cover different 

surfaces of the ubiquitin and thus contribute to the binding affinity[84]. A further explanation is that 

some DUBs exist in inactive form and only upon binding the native substrate the catalytic site gets 

aligned into the active position[114]. Nevertheless, several small molecule activity-based probes for 

selected DUB targeting from UCH and USP subfamilies were already synthesized but most of them 

showed only moderate selectivity on a whole proteome level[191]. 

Enzymes with nucleophilic catalytic residues, more precisely serine, threonine as well as cysteine 

proteases were investigated by ABPs[192]. All these ABPs contained a reactive electrophilic group for 

covalent attachment to the enzyme. The functionality of the reactive group, also known as “warhead”, 

determines reactivity and selectivity for the specific active site residue. The diversity of the ubiquitin-

based probe warheads will be discussed in detail in chapter 3.5.2.  

While the fluorescent or tag free ubiquitin-based probes are analyzed directly, the commonly used 

handles are usually applied on a solid support immobilization after probe binding to the target enzyme. 

This enables the purification and enrichment of the bound enzymes from complex mixtures and upon 

release from the solid support either visualized first by SDS-PAGE and immunoblotting or are subjected 

to a protein digestion and further analyzed by mass spectrometry techniques for efficient DUB 

targeting (Figure 13)[180-181, 187]. 

 

 

Figure 13: General representation of a tag mediated and ubiquitin ABP bound DUB pull-down and subsequent 

analysis[187, 193]. 

 

Since the first ubiquitin activity-based probe development such probes have been successfully applied 

in the identification of new DUBs and DUB families[185, 194] as well as their distribution in cells[182] but 

also DUB activity profiling upon specific stimulations[11, 195]. Furthermore, the probes revealed linkage 

specificity of several DUBs[196] and simplified DUB targeted drug discovery by labeling and visualization 

of DUBs using ABPs, which were not inhibited by the investigated small molecule drug[10, 197]. 
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3.5.1 Preparation of ubiquitin-based probes 

The generation of active site directed ubiquitin-based probes proceeds similarly to ubiquitination 

probes by synthesis and semi-synthesis. The semi-synthesis can be subdivided into two approaches. 

Thereby, the trypsin-catalyzed transpeptidation at ubiquitin R74 residue to a C-terminal ethylester was 

the first known attempt for ubiquitin-based probe generation[198]. Later the method was expanded to 

form a highly reactive C-terminal Ub-azide, which was subsequently coupled to a suitable warhead 

(Scheme 6A)[188]. A more convenient probe preparation method is the ubiquitin expression in fusion 

with intein especially in combination with chitin binding domain to allow probe immobilization on 

chitin beads for facilitated purification. Upon the N→S shift and the thiolysis with 2-mercaptoethane 

sulfonate, the released and reactive intermediate can undergo nucleophilic acyl substitution with the 

chosen DUB warhead (Scheme 6B)[185]. In these two methods, if needed, the epitope protein label or 

an AviTag[199] for biotinylation can be directly expressed in fusion to the N-terminal ubiquitin sequence. 

A drawback of the semi-synthetic ubiquitin probe preparation is that without any mutation approaches 

the warhead can only be installed selectively on the C-terminal position. 

 

 

Scheme 6: Semi-synthetical and synthetical approaches for generation of ubiquitin-based probes with C-terminal 

warheads[9]. The individual categories are discussed in the text. 

 

In the full synthetical approach, the ubiquitin-based probe is synthesized Fmoc-based linear SPPS. The 

synthesis of full ubiquitin on the solid support challenges from its relatively large sequence length, 

which leads to a partial folding and aggregation of the polypeptide on the resin. Therefore, several 

pseudoproline building blocks are usually used to prevent these issues and thus simplified the ubiquitin 

generation by SPPS[200]. By means of microwave assisted SPPS the production of full ubiquitin within 

one day in excellent yields could be shown[201]. Further, the 2-chlorotrityl resin and its mild cleavage 

conditions allow the formation of fully side chain protected ubiquitin and thereby selective 
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modification of the C-terminus with a reactive handle (Scheme 6C)[200]. The chemical synthesis 

approach also enables a site-selective installation of variety of different tags directly on the solid 

support. Although the synthetic approach is a very powerful method for ubiquitin probe generation, 

the excessive use of protected amino acids, coupling reagents and organic solvents is much more cost 

intensive, especially when considering industrial production sizes[202]. 

 

 

3.5.2 Monoubiquitin probe warheads 

Most of the warheads for DUB targeting were developed to react with active site cysteine. These 

functionalities can be categorized in four reactivity types: the direct (1,2) addition, the conjugate (1,4) 

addition, a nucleophilic substitution and the disulfide exchange as a special form of substitution 

reaction (Figure 14). Ubiquitin-aldehyde (Ub-Al) and ubiquitin-nitrile (Ub-CN) are some of the first 

reported activity-based probes and reacted in direct 1,2 addition (Figure 14A)[203-204].  

 

 

Figure 14: Cysteine selective electrophiles used as warheads in ubiquitin activity-based probes. The red bond 

marks the electrophilic region attacked by active site thiol[12, 187].  
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Although the Ub-Al probe was applied to solve first crystal structures of Ub-DUB complexes and 

together with Ub-CN also involved in DUB mechanistic studies[130, 203], these probes were found to be 

reversible and the conjugates unstable under reducing condition used for SDS-PAGE[12]. To address 

these limitations the groups of Kessler and Ploegh established varieties of non-hydrolysable 

electrophilic vinyl probes for conjugate additions, namely Ub-VS, Ub-OEtVS, Ub-VME and Ub-VCN 

(Figure 14B)[185]. Especially the Ub-VME probe attained popularity through numerous studies[10, 205-206].  

Surprisingly, also a terminal alkyne on the ubiquitin propargyl (Ub-PA) probe provided by Ovaa and 

coworkers was found reactive against active site cysteines of DUBs. The probe conjugate showed great 

reducing and denaturation stability but was traceless cleavable by acids[207]. The ubiquitin probes 

reactive via nucleophilic substitution haven’t been employed as much in research (Figure 14C). 

However, the alkyl halide warheads react only with certain subgroup of DUBs and were crucial in 

identification of the OUT DUB family[12, 185]. In contrast, the Ub-AOMK probe proved to be highly 

electrophilic and was able to label not only DUBs but also the less reactive active cite cysteines of E1, 

E2 and E3 enzymes[208]. Furthermore, the Ub-Dha was also applied in targeting the ubiquitinating 

enzymes. Here, electrophilic character of the Michael acceptor was strongly activated upon forming a 

thioester with the E1 enzyme[183]. Moreover, a C-terminal disulfide probe as a new reactive warhead 

functionality was established by Ovaa et al. (Figure 14D). The Ub-DiS was able to capture DUBs from 

cell extracts and reductively release the DUBs after the enrichment process[209]. 

The presented warheads are applicable to seven of the eight DUB families, since the JAMM/MPN 

metalloprotease DUB family lacks a cysteine in the reactive cite and therefore the research group of 

Ovaa generated the first zinc chelating ubiquitin probe (Scheme 7). The zinc chelator 8-

mercaptoquinoline warhead was attached to the ubiquitin C-terminus by SPPS as discussed in the 

previous section and efficiently coordinated to the active site Zn2+ of distinct metalloprotease DUBs 

even from cell lysate[210]. 

 

 

Scheme 7: Illustration of chelating activity of the first reported metalloprotease DUB probe[210]. 

 

 

3.5.3 Ubiquitinated substrate probes 

While monoubiquitin probes are only able to occupy the S1 binding site of the DUBs and therefore 

provided no information about linkage or substrate specificity of DUBs the ubiquitinated substrate 
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probes were designed to label selected DUBs depending on chain linkage type in diubiquitin probes or 

on other conjugated DUB-interacting proteins by addressing also the S1’ or S2 binding sites of the DUBs 

(Figure 15). In principle the ubiquitinated substrate or diubiquitin probes are isopeptide mimic 

ubiquitinations, where a suitable warhead is placed between the two proteins or on at the C-terminus 

of the proximal ubiquitin, since ABPs supposed to be only reactive with the active site thiol of the 

cysteine protease DUBs[12]. The majority of the ubiquitinated substrate probes react in a conjugate 

(1,4)-addition and with an vinyl-based warhead and only differ by the type of the protein-protein 

conjugation and the linkage length [148]. 

The triazole-conjugated diubiquitin probe from the Kessler group provided all eight linkages 

(Figure 15A) and incubated them with lysate derived DUBs[211]. The electrophilic vinyl ubiquitinated 

probes prepared by NCL with subsequent thiol elimination (Figure 15B) or halide substitution by a thiol 

(Figure 15C) were synthetically demanding and only two linkage types by these methods were 

reported so far[212-213]. Nevertheless, the group of Zhuang was able to prepare a Ub-PCNA probe by the 

thiol conjugation method and employed the probe for identifying substrate specific DUBs[214]. In 

another method seven linkages were generated with an isopeptide linkage length and flexibility 

comparable to the native bond (Figure 15D). However, probes were prepared only with ubiquitin 

peptides in an aminolysis process from Ub-MESNa with Sulfo-NHS as a catalyst[215]. 

 

 

Figure 15: Structures of ubiquitinated substrate probe or diubiquitin probes. The prepared diubiquitin linkage 

type or other chosen substrate protein by these methods are listed on the right site. The reactive electrophilic 

region is marked red[148, 214]. The individual reactions are discussed in the text. 

 

Brik and coworkers made use of the Dha moiety to prepare ubiquitinated α-globin probe by means of 

NCL with subsequent cysteine elimination and were able to detect USP15 as a potential α-globin 

specific DUB (Figure 15E)[216]. Using the same strategy, they also prepared diubiquitins probes with the 
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Dha electrophile near a native isopeptide bond[217]. The above presented diubiquitin probes used to 

occupy the S1 and the S1’ sites of the DUB. The investigation of a possible S2 binding site on a DUB 

was achieved by a diubiquitin probe with the propargyl warhead on the proximal ubiquitin (Figure 15F). 

Using CuAAC chemistry six different linkage types were assembled for the C-terminal diubiquitin 

probe[196]. 

The synthesis of ubiquitinated substrate probes are a great tool to study DUB specificity. However, 

they require a sophisticated synthetic planning and control the resulted protein folding of the probe 

in order not to misinterpret the results in the DUB assays. Furthermore, none of the above presented 

probes, except the C-terminal diubiquitin probes, were explicitly described to be non-hydrolysable, 

since hydrolysis products may also bind DUBs and complicate the result interpretations. 

 

 

3.6 Staudinger-type reaction and its application for bioconjugation 

Among all the chemoselective functional groups for bioconjugation the azides are one of the most 

applied moieties in this category due to its high stability in physiological conditions and inert behavior 

in presence of biologically occurring functionalities. While their use in bioconjugation by means of 

copper(I)-catalyzed azide–alkyne cycloaddition and strain-promoted cycloaddition generate a stable 

triazole linkage, the reaction of an azide with phosphines in a Staudinger ligation leads to an amide 

bond or in a Staudinger-phosphite/phosphonite reaction to a P-N linkage, which is stable under 

physiological conditions. 

Already in 1919 Staudinger and Meyer reported that azides undergo a reaction with 

triphenylphosphine to form iminophosphophoranes under release of nitrogen (Scheme 8A)[218]. The 

reaction, today known as Staudinger reduction, starts with an attack of the phosphorus on the azide 

group to form a phosphazide intermediate. The subsequent intramolecular cyclization lead to a four-

membered ring transition state[219]. Upon nitrogen release the formed iminophosphorane/aza-ylide 

can be hydrolyzed in presence of water to obtain an amine and a stable phosphine oxide[220]. The 

reaction performed also smoothly under aqueous conditions. In order to make use of the reactivity to 

form conjugates Saxon and Bertozzi designed a phosphine with an intramolecular electrophilic trap to 

capture the aza-ylide in an intramolecular cyclization before a P-N hydrolysis occurs (Scheme 8B). Here, 

the phenyl substituents prevented the phosphine from hydrolysis but also limited its water solubility. 

These phosphine derivates were employed in amide bond formation and enabled chemoselective 

biotinylation of azido carbohydrate on cell surfaces[221].  

Shortly after the publication of the Staudinger ligation the groups of Bertozzi and Raines reported 

simultaneously a traceless version of the Staudinger ligation, where the phosphine oxide is cleaved in 

the final step to give a native amide bond (Scheme 8C)[222-223]. Raines’ variant used thioesters as 
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electrophilic moiety to conjugate two peptides with retained stereoselectivity as an alternative to a 

typical NCL reaction[223-225], while Bertozzi group also produced sufficient phosphine ester derivates[222]. 

The high chemoselectivity and the lack of toxic reagents makes the Staudinger ligation one of the most 

suitable reactions for modification of biomolecules in vitro as well as in living cells[225] and furthermore 

showed potential in cyclizations of side chain unprotected peptides[226]. Further mechanistic studies in 

ligation optimization revealed, that during the nucleophilic attack of the aza-ylide nitrogen the ring 

size of five atoms is favored over six atoms. Moreover, the reaction rates could be improved by 

increasing the electron density on the phosphorus atom by means of electron-donating substituent on 

phenyl groups of the phosphinothiols[227]. Performing the Staudinger ligation in non-polar organic 

solvents could further improve the conjugate yield[228]. 

 

 

Scheme 8: A) The mechanism of Staudinger reaction with subsequent water hydrolysis[219-220]. B) Staudinger 

ligation strategy[221]. C) Traceless Staudinger ligation strategy[222-223, 225]. 
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Although water soluble phosphanes led to higher yields for conjugations in aqueous conditions, the 

efficiency of the reaction suffers from side reactions such as water mediated premature hydrolysis of 

the iminophosphoranes and the phosphine oxidation, especially for aliphatic ones[225]. 

While the conjugation methods discussed above are based on phosphanes the Hackenberger group 

advanced a new chemoselective Staudinger-type reaction, namely Staudinger-phosphite reaction. In 

this bioorthogonal reaction with phosphites the azide forms phosphoramidate first before further 

hydrolysis to phosphoramidates (Scheme 9A)[229]. Compared to phosphines, phosphites show a greater 

stability upon air exposure, what makes them appropriate for aqueous reaction conditions even at 

room temperature. Nonetheless, phosphite are prone to hydrolysis, which becomes more significant 

with longer reaction times. Since the phosphite synthesis allows relatively convenient access to 

introduce useful functionalities and labels, the method was already applied in site-specific 

biotinylation[230], PEGylation[231-232], lipidation[233] and glycosylation[234] of peptides and proteins.  

 

 

Scheme 9: A) Staudinger-phosphite reaction[229]. B) Proposed ester substituent cleavage[235-236]. C) Staudinger-

phosphonite reaction in combination with CuAAC[237]. D) Staudinger-phosphonite reaction with subsequent thiol 

addition[238-239]. 
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Furthermore, the Staudinger-phosphite reaction enabled an access for selective lysine 

phosphorylations using photo- or base-labile protected phosphites and SPPS synthesis[240]. The 

preparation of unsymmetrical phosphites not only allows the incorporation of several functionalities 

on the azido biomolecule in one step but also give control over the leaving group by choosing 

appropriate substituents for this such as phenyloxy or benzyloxy groups[230]. In general, the aqueous 

hydrolysis of phosphorimidates can proceed by means of Arbuzov rearrangement[235] or via a direct 

nucleophilic attack of water on the phosphorous, which leads to dealkylation upon phosphorous-

oxygen double-bond formation[236] (Scheme 9B). 

Substitution of one alkoxy residue on the phosphite by an alkyl or phenyl group increased the control 

of the leaving group even further, since the P-C bond is exceedingly stable under the applied condition. 

Due to higher oxygen sensitivity the synthesized phosphonites were borane protected in one-pot 

process and guaranteed storability for more than a year without decomposition. The base mediated 

borane deprotection was applied directly before the Staudinger-phosphonite reaction. In this way, 

Hackenberger and his coworkers showed the first peptide PEGylation by phosphonamidates[237]. 

Furthermore, the borane protected alkynephosphonites allowed a sequential conjugation of two azide 

moieties, in which the first azide underwent a CuAAC reaction without triggering phosphonite 

reactivity. Only after the borane deprotection the phosphonite reaction with a second azide could 

occur (Scheme 9C). Using this strategy successful glycosylations of polyglycerol[241] as well as peptide 

PEGylations under aqueous conditions[242] could be shown. In another approach photo-cleavable 

triazole-phosphonamidate conjugates was described, in which the P-N bond got cleaved upon UV light 

irradiation to release a free amine[243]. 

In a further development of the reactivity unprotected and electron-rich alkyne- or vinyl-phosphonites 

were employed to generate electron-deficient phosphonamidates and thereby inducing electrophilic 

reactivity for a subsequent thiol addition in aqueous conditions and ambient temperatures 

(Scheme 9D). Furthermore, the choice of the ester substituent enabled finetuning of the thiol addition 

rate and even the properties of the final product. This two-step method proved to be a powerful for 

stable bioconjugations as demonstrated on stapled peptides, covalently linked proteins to cell 

penetrating peptides and fluorophores up to the generation of antibody-drug conjugates[238-239]. 

Although the phosphites and phosphonites are unreactive to functionalities in biological molecules, 

electrophilic disulfides can be attacked by the P(III)-species to form phosphorothiolates or 

phosphonothiolates, which was demonstrated clearly on phosphorylation of cysteines on peptides by 

Bertran-Vicente et al.(Scheme 10A)[244]. 

Recently the coworkers of Hackenberger group used this reactivity for functional phosphonites. Similar 

to Staudinger-phosphonite reaction the vinyl-phophonites were reacted with thiol groups to generate 

highly reactive phosphonothiolates. This functionality is not only convenient to introduce on peptides 
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and proteins but also compared to corresponding phosphonamidates has a much faster reaction rates 

and more electrophilic vinyl residue, which accelerates the thiol addition in bioconjugates 

(Scheme 10B)[245]. 

 

 

Scheme 10: A) Site-selective phosphite attack on electrophilic cysteines disulfides to form phosphorothiolates 

after hydrolysis[244]. B) Site-selective phosphonite attack on electrophilic cysteines disulfides to form activated 

phosphonothiolates after hydrolysis for subsequent cysteine addition[245]. 

 

 

3.7 Selective pressure corporation for incorporation of unnatural amino acids 

Chemoselectivity and site-specificity are the key points for efficient protein conjugations, which 

requires an installation of bioorthogonal functionality on a desired protein sequence position. Since it 

is not yet possible to synthesize all proteins of interest with designed functionalities or guarantee a 

correct folding, protein expression from E. coli with site selective incorporated unnatural amino acids 

can overcome these limitations. The expansion of the genetic code is a versatile method to address 

these needs. However, this strategy is accompanied with some challenges with were discussed in 

chapter 3.4.3. Here, the method of selective pressure incorporation (SPI) offers a simpler approach for 

incorporation of non-canonical amino acids (ncAAs) without additional genetical engineering. In 1957 

it was demonstrated that the replacement of methionine to selenomethionine (Se-Met) in E. coli 

bacteria led to quantitative incorporation of this unnatural amino acid into proteins on the original 

Met position[246]. The modern SPI strategy for unnatural amino acid installation relies on the use of 

auxotrophic in E. coli strains, in which the bacteria is unable to synthesize one or more of the natural 

20 amino acids by itself. Furthermore, the ncAA need to have structural and electronical similarities 

with the replaced natural amino acid to be considered as substrate for the corresponding aminoacyl-

tRNA synthetase[247]. Usually, the host bacteria cells are grown in medium containing all amino acids. 

Before the expression induction the medium is replaced by a minimal media, where the natural amino 

acid is replaced by the desired ncAA. To avoid the expressed protein contamination with the natural 

amino acid it is of interest to use transcription promoters, which are suppressed until an external 
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activation occurs. Although also amino acids such as proline, leucine, isoleucine, phenylalanine and 

tryptophan were applied in SPI variants, the technique was predominantly utilized for methionine 

substitution (Figure 16)[170]. In detail, functional groups bearing methionine analogs like 

azidohomoalanine (Aha)[248], homopropargylglycine (Hpg)[249] as well as homoallylglycine (Hag)[250] 

were successfully loaded on the methionyl-tRNA synthetase (MetRS) and incorporated into proteins.  

 

 

Figure 16: Schematic illustration of selective pressure incorporation of the non-canonical amino acids Se-Met, 

Aha, Hpg or Hag into expressed protein in methionine auxotrophic E. coli cells[247, 251]. 

 

However, the activation of the ncAAs by the MetRS usually proceeds more slowly[170], which requires 

condition optimization for each specific ncAA incorporation for efficient induced protein 

overexpression. Since this is a residue-specific approach and the replaced amino acid will be involved 

in all protein translations, the site-specificity on the target protein can only be achieved, when the 

respective gene contains only one of the codons for the substituted amino acid. For this reason, 

ubiquitin is an excellent target for site-specific SPI of functional methionine analogs as the initial and 

solely Met can be mutated without effect the protein structure and function. Subsequently, a Met 

codon can be introduced by substitution mutagenesis on desired position[176]. 
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4 Objectives 

4.1 Part 1: Phosphonamidate ubiquitin-based probe development 

The ubiquitination and deubiquitination is a complex and versatile process, which was investigated 

intensively in the last decades already. Nevertheless, many features including substrate specificity, 

enzyme activation, expression levels and the identification of further ubiquitin binders are not fully 

understood. Here, the development of ubiquitin-based probes simplified the identification, specificity 

and regulation of various DUBs. These probes bind covalently and predominantly with the active site 

thiol of cysteine protease DUBs and thus allow their detection and enrichment under physiological 

condition for further analysis. Although a wide range of different unspecific monoubiquitin probes has 

been applied already, production of DUB selective probes is of high interest. Moreover, installation of 

novel warheads for enzyme attachment could lead to discovery of new DUB families or other ubiquitin 

interacting proteins. At the same time, we believe, that the reduction of synthetic efforts in production 

of such probes would also increase their accessibility for applications. 

The goal of this project was therefore the development of a ubiquitin-based probe by means of 

bacterial fusion protein expression with a subsequent single chemical modification to generate a novel 

potent warhead for cysteine protease DUB targeting. For this purpose, we first intended to site-

selectively incorporate an unnatural amino acid bearing an aliphatic azido moiety into the ubiquitin 

sequence using selective pressure incorporation and further convert the functionality by the 

chemoselective Staudinger-phosphonite reaction to form an electrophilic alkynephosphonamidate. 

Most importantly, the alkynephosphonamidate should subsequently prove its ability to conjugate only 

proximity-induced cysteines of isolated DUBs as well as from cell lysate by using aliphatic and therefore 

low reactive phosphonamidates (Scheme 11). We also aim for development of innovative non C-

terminal ubiquitin probes for selective DUB targeting. Furthermore, conjugates should be accessible 

for distinct analytical methods and allow the enrichment of DUBs. Finally, DUB targeting in living cells 

should be achieved by attachment of cell penetrating peptides on phosphonamidate probes to 

increase their cell permeability. 

 

 

Scheme 11: Illustration of anticipated novel warhead generation in ubiquitin-based probes for DUB targeting. 
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4.2 Part 2: Development of ubiquitin vinylphosphonothiolate for thiol-thiol bioconjugation 

Next to proteasomal signaling, the ubiquitination of target proteins is associated with change of 

structure, function or localization of the conjugated target. The investigation of such ubiquitinated 

substrates provide important insights into their regulation and biological pathways. In order to study 

these probes in a cellular context the ubiquitin bioconjugates need to satisfy the criteria of reductive 

and hydrolytic stability. Therefore, numerous site-selective conjugation methods have been applied in 

protein ubiquitinations by means of chemical tools. Most of these methods either depend on multiple 

synthesis steps or require a foregoing laborious genetic engineering for incorporations of unnatural 

functional group into the protein. This aspect limits some of these methods from being widely used in 

biological research.  

The bioconjugation using cysteine reactive moieties became therefore exceedingly popular due to the 

unique nucleophilicity of the thiol group. Moreover, the cysteine has a relatively low abundance and 

is feasible to install into a protein by site-directed mutagenesis. Unfortunately, one of the most applied 

thiol reactive handle, the maleimide, suffers from partial thiol exchange and can produce 

inhomogeneous species due to the ring hydrolysis, which may affect the biological studies[252-253].  

In order to address these issues in protein ubiquitination, we wanted to utilize the formation of thiol 

reactive phosphonothiolates, which was recently investigated by Alice Baumann from the 

Hackenberger group, for ubiquitin conjugations. Therefore, we planned to express ubiquitin with a 

simple C-terminal glycine mutation to cysteine. Upon activation of the cysteine into an electron-

deficient disulfide, the addition of an electron-rich vinylphosphonite would lead to the formation of a 

thiol-reactive vinylphosphonothiolate. This strongly electrophilic probe should then be applied for thiol 

addition to biologically relevant protein targets bearing the desired cysteine point mutations 

(Scheme 12). Further subjects of this study were to determine the stability of the ubiquitinated 

substrates as well as their ability to be recognized by ubiquitin binding proteins. 

 

 

Scheme 12: Presentation of proposed thiol-thiol ubiquitin conjugation by means of a vinylphosphonothiolate 

linker. 

 

Additionally, in analogy to part 4.1, the ubiquitin vinylphosphonothiolate should also be examined in 

context of proximity-induced thiol addition and compared with corresponding ubiquitin 

alkynephosphonamidates. 
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5 Results and Discussion 

5.1 Responsibility assignments 

Christian P. R. Hackenberger and the author designed and planned the projects. The author 

participated in the project design. He expressed the ubiquitin mutants and synthesized shown peptides 

unless otherwise noted. Furthermore, he did the protein modifications and conjugation experiments 

including the characterizations by SDS-PAGE, Western blot, CD, NMR and MS. The author also 

performed the stability and kinetic studies as well as the evaluation of the lysate MS/MS studies. Kristin 

Kemnitz-Hassanin supported the expression and purification of the mentioned proteins. Furthermore, 

she prepared the human cell lysates and assisted in the cell uptake and microscopy experiments. The 

MS/MS measurements were carried out by Dr. Michal Nadler-Holly and Heike Stephanowitz in the 

group of Dr. Fan Liu. The MS/MS data evaluation for ubiquitin-DUB conjugates was largely performed 

by Heike Stephanowitz and Christian Stieger. Ines Kretzschmar synthesized and purified the ppTG21 

peptide and Anselm Schneider prepared the cR10-SH peptide. Detailed NMR analysis of a triazole 

product 7 was performed by Dr. Peter Schmieder and are shown in the appendix. The isolated DUBs, 

which are shown in the appendix and were applied in conjugation experiments, were expressed in the 

lab of Dr. Yogesh Kulathu. 

 

 

5.2 Phosphonamidate ubiquitin-based probe development 

5.2.1 Expression of L-azidohomoalanine containing ubiquitin mutants 

The installation of an azido-containing amino acid into the protein is the key step to incorporate an 

unsaturated phosphonamidate in the later stage. For our applications the azidohomoalanine (Aha) 

provided suitable conditions due to its chain length. Additionally, the similarities to methionine in size, 

shape and polarity makes Aha a good analogue for selected pressure incorporations (SPI)[254]. To make 

use of the SPI on ubiquitin we followed the protocol of Schneider et al.[248]. We started with the 

installation of a C-terminal azide on a UbG76. Using the NheI and XhoI restriction endonuclease sites 

the synthesized ubiquitin [2-76] DNA sequence was cloned into a pET28a vector containing a N-

terminal His6-tag followed by a thrombin protease cleavage site. To simplify detections in further 

experiments we decided to introduce a Human influenza hemagglutinin epitope peptide (HA) 

sequence as a tag on the N-terminus of the ubiquitin [2-76] sequence directly after the thrombin 

cleavage site (Figure 17A). The C-terminal Gly76 codon on ubiquitin [2-76] was replaced with Met by 

substitution mutagenesis to give the desired construct HA-UbG76M. The construct was transformed 

into a methionine auxotrophic Escherichia coli strain B834. Additionally, a pTARA vector, which 
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encodes T7-RNA-polymerase, was co-transformed to increase the overexpression of the desired 

protein. Transcription was initiated by a T7 promoter. The cells were grown at 28 °C in a new minimal 

media containing 0.75% L-arabinose and 45 µM methionine as limited amino acid. When the stationary 

phase was reached, 100 mg/L L-azidohomoalanine was added. The expression was induced by the 

addition of 1 mM IPTG and the cells were allowed to shake at 28 °C overnight. After harvesting and 

lysis of the cells the protein was purified by a Ni-NTA column. Since the initial ATG codon might result 

into incorporation of Aha at N- and C-terminus, the N-terminal fusion of a His-tag followed by thrombin 

cleavage solved this problem and yielded the desired HA-UbG76Aha 1a.  

 

 

Figure 17: A) Sequence of the used protein template containing the tag and the thrombin cleavage site. 

B) Schematic procedure for the expression of the azido ubiquitin mutants using selective pressure incorporation. 

 

The purified protein 1a was detected on the SDS-PAGE gel at the migration height of 10 kDa and was 

further confirmed by the ESI-TOF analysis (Figure 18). Using the method described above we continued 

with the expression of further shortened C-terminal mutants HA-UbG75Aha 1b and HA-UbR74Aha 1c. 

Furthermore, we were also interested in incorporating the warhead at a lysine position. Therefore HA-

UbK48Aha 1d and HA-UbK63Aha 1e were expressed using the same method. For further labeling we 

introduced a second mutation to the UbG76M construct by replacing the Lys48 with Cys to get 

UbK48C G76Aha 1f and the HA-tagged version HA-UbK48C G76Aha 1f (Figure 18B). Additionally, 

UbG76Aha 1g and UbK48C G76Aha 1h were expressed under the same conditions for applications, in 

which the HA-tag is not required. The auxotroph expressed ubiquitin mutants were usually isolated in 



 Results and Discussion 

 
55 

 

2-10 mg/L yield. Especially for double mutants the background expression before induction was very 

prominent, which results in proteins containing methionine instead of Aha. This side product could not 

be separated. Due to the fact that mass difference between Met and Aha is only 5 Da, we first needed 

to treat an ESI-MS protein sample with 100 eq. of TCEP before the measurements in order to reduce 

the azide to amine and then compare the relative amount of the side product from the MS spectrum 

(Figure 18C, D). The ionization differences in Met and reduced Aha side chains influenced the ion 

intensities, which result in lower protein quantification accuracy.  

 

 

Figure 18: A) Coomassie stain of the HA-UbG76Aha 1a expression before and after IPTG induction. B) Coomassie 

stain after protein isolation by His-NTA column and thrombin cleavage of the H6-tag. C) ESI-MS spectrum of the 

isolated HA-UbG76Aha 1a. C) ESI-MS spectrum of the isolated HA-UbG76Aha 1a after reduction with 100 eq. of 

TCEP shows the methionine containing side product HA-UbG76M. 

 

In order to increase the expression yield or reduce the basal expression, we changed expression 

temperature from 28 °C to 18 °C or varied expression times from 18 hours to seven hours. Both 

parameters did not significantly influence the expression yield of the desired protein regardless of the 

chosen mutant. Next, we decided to look deeper into the energy source of the cells and the promoter 

activation. The presence of glucose leads to low levels of cAMP, that prevents the transcription of the 

lac promoter and thus the background expression in pET systems[255-256]. Unfortunately, high amount 

of glucose in the media can cause catabolite repression of the expression even after induction with 

IPTG due to the inhibited expression of lactose permease, which actively helps to transport IPTG into 

the cell[257]. Based on this consideration we exchanged glucose with glycerol as the energy source in 

the media or reduced the amount of glucose from 0.75% to 0.38% w/w and added 0.38% w/w glycerol 

after IPTG induction. To reduce the Met containing ubiquitin from the basal expression we also 

supplemented the cells with 100 mg/L Aha during and after the growth phase (Figure 19). In the 

evaluation none of the varied conditions changed reliably the amount of the background expression 

or enhanced the expression yield, which is why we continued to perform the auxotrophic expression 
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using our starting protocol. Furthermore, a contamination by the methionine containing ubiquitin 

mutants did not harm in the further steps and in most of the cases this side product could be separated. 

 

 

Figure 19: A) Coomassie stain of the HA-UbG76Aha 1a expression at 28 and 18 °C. B) Coomassie stain of the HA-

UbK48C G76Aha 1g expression with variations of energy source and Aha additions during the growth phase.  

 

 

5.2.2 Establishment of Staudinger-phosphonite reaction conditions for proteins 

In this project the first goal was to find a suitable cysteine selective handle for protein conjugation, 

which can be site-selectively incorporated on ubiquitin. Here, phosphonamidates provide intrinsic 

cysteine selectivity and tunable reactivity[239]. The Staudinger-phosphonite reaction is without further 

amino acid modifications azide-specific and thus allows us to install the reactive moiety only on the 

incorporated azido-containing amino acid within the sequence. The detailed investigation of the 

Staudinger-phosphonite reaction on small molecules and the thiol addition on biomolecules was 

performed by Marc-André Kasper and on peptide level by Maria Glanz[238-239]. In contrast to these 

studies the application of the Staudinger-phosphonite reaction in the current study was more 

challenging because of the solvent limitation and the requirement of aliphatic azide moiety as we 

incorporated Aha into ubiquitin by selective pressure incorporation. These aspects result in lower 

reaction kinetics compared to previously used aromatic and benzylic azides. Consequently, elevated 

reaction temperatures were needed to produce the phosphonamidate in sufficient yields. Here, the 

aliphatic azide was advantageous to result in lower electrophilicity. In the selection of the proper 

phosphonite the O-diethyl-ethynylphosphonite was preferred due to its higher electrophilicity after 

conversion to phosphonamidates compared to vinylphosphonites, so that the overall electrophilicity 

in combination with the aliphatic azide in order to partially reduce thiol addition reactivity can be 

adjusted appropriately. Furthermore, the short diethyloxy-side chain should provide only minor steric 

hindrance in the protein-protein conjugations, especially when targeting the cysteine in the catalytical 

center. 
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The synthesis of the O-diethyl-ethynylphosphonite 3 was performed starting with diethyl 

chlorophosphite under inert conditions in THF according to the literature[241] (Scheme 13). Trying to 

isolate the purified product 3 failed due to oxidation processes during the column chromatography. 

 

 

Scheme 13: Synthesis of O-diethyl-ethynylphosphonite 3, protection and deprotection conditions. 

 

Even the borane protected and purified phosphonite 4 gave not the sufficient purity for a clean 

Staudinger-phosphonite reaction with aliphatic azide on protein level due to hydrolysis after 

deprotection with DABCO or by microwave assisted heating. On this account we decided to proceed 

using the crude phosphonite 3 with a purity of ≥90% from 31P-NMR ratio calculations for the 

phosphonamidate generation. To keep the protein folding intact during the Staudinger-phosphonite 

reaction, we next focused on investigating proper aqueous buffer conditions. The reactions were first 

performed on a water soluble test peptide Ac-LYRAhaAGK(5(6)-FAM)AYLG-NH2 5. The labeling by 5(6)-

FAM on a lysine improved UV absorption readout at 220 nm during LC-MS analysis. Starting with 50 

eq. of the phosphonite 3 to compensate the compound loss due to hydrolysis we screened the effect 

of buffer pH (5.0, 6.0, 7.0 and 8.0) on the conversion at 37 and 50 °C. The reactions were carried out 

under argon and degassed MES or Tris buffer. Surprisingly, the reactions at a pH of 5.0 to 6.0 gave with 

5-7% the lowest amount of the hydrolyzed peptide 8 and the maximal total peptide 5 conversion of 

53% at 50 °C. In addition to not observing any reactivity of the synthesized compound with cysteines, 

the HRMS analysis revealed not the desired phosphonamidate 6 after isolation, but the formation of 

compound 7 by the azide-alkyne cycloaddition with the hydrolyzed phosphonite (Scheme 14). Further 

NMR investigations by Dr. Peter Schmieder confirmed the structure of the triazole product 7. 

 

 

Scheme 14: Reaction between phosphonite 3 and the test peptide 5 under acidic buffer condition. 



 Results and Discussion 

 
58 

 

Fortunately, the desired product 6 was formed under basic pH as confirmed by ESI-MS (Table 3). The 

addition of acetonitrile to the buffer in a ratio of 4:1 (buffer:ACN) increased the solubility of the 

phosphonite 3 in the aqueous media and raised the conversion to the peptide 6 but also the hydrolyzed 

peptide 8. 

 

Table 3: Staudinger-phosphonite reaction between phosphonite 3 and the test peptide 5 under basic buffer 

conditions.  

 

Entry Conditions Conversion UV area of Product 6 

1 100 mM NH4HCO3 pH 8.6, 10 eq. phosphonite 3, 37 °C 40% 14% 

2 100 mM NH4HCO3 pH 8.6, 20 eq. phosphonite 3, 37 °C 37% 16% 

3 100 mM NH4HCO3 pH 8.6, 10 eq. phosphonite 3, 60 °C 47% 17% 

4 100 mM NH4HCO3 pH 8.6, 20 eq. phosphonite 3, 60 °C 71% 12% 

5 100 mM Tris pH 9.7, 10 eq. phosphonite 3, 60 °C 34% 15% 

6 100 mM Tris pH 9.7, 20 eq. phosphonite 3, 60 °C 79% 4% 

The rest of the reaction product was identified as the hydrolyzed peptide 8. 

 

After the ideal pH value of 8.6 for this reaction was determined, we observed an increased conversion 

of the starting material 5 by elevating the temperature from 37 to 60 °C, however this was 

accompanied by higher impurities and the product 6 formation stayed nearly unchanged. Most of the 

peptide 5 was lost to hydrolysis product 8. Doubling the phosphonite 3 amount did not improve the 

conversion further. We then proceeded to use the most promising condition (Table 3, entry 1) and 

tested the subsequent thiol addition of reduced glutathione (Figure 20A) with the formed 

phosphonamidate 6 in the crude reaction mixture after 24 hours. 

 

 

Figure 20: A) Staudinger-phosphonite reaction between phosphonite 3 in basic buffer with subsequent GSH thiol 

addition. B) UV spectrum (220 nm) of the LC-MS analysis after GSH addition shows complete conversion of the 

produced phosphonamidate 6 to the thiol adduct 9. 
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The LC-MS analysis revealed full conversion of the formed phosphonamidate 6 to the GSH conjugated 

product 9 after 21 hours. Still, the starting material 5 remained dominant in the UV spectrum 

(Figrure 20B). In order to improve the desired product formation for the Staudinger-phosphonite 

reaction, a sequential addition of the phosphonite 3 was performed every six hours, since no further 

significant conversion after five hours was observed for a single addition of the phosphonite 3 in buffer. 

 

 

Figure 21: A) Staudinger-phosphonite reaction between phosphonite 3 and the test peptide 5 in basic buffer. 

Reaction progression monitoring by UV absorption (220 nm): B) Single addition of phosphonite 3 and monitoring 

over 6 h. C) Sequential addition of 10 eq. phosphonite 3 every 6 h up to 40 eq..  

 

The subsequent phosphonite 3 addition (Figure 21A, C) of final 40 eq. resulted in 37% 

phosphonamidate 6 formation. In comparison, a single addition of 10 eq. phosphonite 3 gave only 15% 

of the product 6 (Figure 21A, B). Continuing the sequential addition above 40 eq. of the phosphonite 

3 led to peptide precipitations due to the high amount of THF in the solution.  

Next, we applied similar reaction conditions on protein level. The UbG76Aha 1g was concentrated to 

1 mM in 100 mM NH4HCO3 and degassed (Figure 22A). Then 20 eq. of the phosphonite 3 was added 

every 6 hours to a maximum of 60 eq. at 37 °C. After workup the reaction mixture was analyzed by 

MALDI. Only a low amount of UbG76Aha 1g was converted to the UbG76-phosphomaidate 10 (Figure 

22B). Moreover, partial protein aggregation was observed when more than 50 eq. of the phosphonite 

3 was added and the increase of the reaction time led to higher impurities. 
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Figure 22: A) Staudinger-phosphonite reaction between phosphonite 3 and the UbG76Aha 1g in basic buffer. 

B) MALDI spectrum of the reaction mixture after 18 h. 

 

According to these insufficient conversions in the Staudinger-phosphonite reaction on a protein level 

under aqueous conditions we switched to organic solvents. Ubiquitin is known to dissolve in DMSO by 

disordering its structure and is able to be refolded by fast diluting into a physiological buffer [207, 258]. 

Again, we first established the reaction conditions in DMSO on the test peptide 5. Our initial reaction 

performance at 50 °C and 2 days of reaction time under inert condition (Scheme 15) resulted in full 

conversion of 5 and no hydrolysis product 8 could be detected by LC-MS.  

 

 

Scheme 15: Reaction between phosphonite 3 and the test peptide 5 in DMSO. 

 

The phosphonamidate 6 was subsequently purified by a semi-preparative HPLC and isolated in 27% 

yield. Encouraged by the results on the test peptide 5 we probed the conditions further on ubiquitin. 

In order to dissolve the protein completely in DMSO without aggregation, the ubiquitin needed to be 

lyophilized from a volatile buffer and dried further for at least 1 hour at ≤10-2 mbar. We screened the 

reaction in DMSO under different conditions including temperature, protein and phophonite 3 

concentrations (Table 4). We compared the deconvoluted mass peaks intensities from ESI-MS of the 

starting material UbG76Aha 1g and the product UbG76P5 10 to evaluate the reaction performance, 

since the different protein species were impossible to separate in the retention time via analytical 

UPLC (Table 4). 
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Table 4: Staudinger-phosphonite reaction with UbG76 1g and phosphonite 3, analyzed with ESI-MS. 

 

Entry Conditions Peak intensity ratio (starting material 1g: product 10) 

1 1 mM 1g, 5 eq. 3, 50 °C, 2 d 1:0.63 

2 1 mM 1g, 10 eq. 3, 50 °C, 2 d 1:0.77 

3 1 mM 1g, 20 eq. 3, 50 °C, 2 d 0.83:1 

4 2 mM 1g, 5 eq. 3, 50 °C, 2 d 0.55:1 

5 2 mM 1g, 10 eq. 3, 50 °C, 2 d 0.21:1 

6 2 mM 1g, 10 eq. 3, 60 °C, 3 d 0.15:1 

 

Initially we tested the condition, which was applied before on the peptide level, but decreased the 

protein azide 1g concentration to 1 mM (Table 4, entry 3). The ESI-MS analysis showed a high 

conversion of the azide 1g to the desired UbG76-phosphonamidate 10. The MS spectrum was very 

noisy, which was an indication of a high number of side reactions occurred during the reaction. 

Decreasing the phosphonite amount in the reaction mixture resulted in an enhanced spectrum quality, 

but meanwhile the conversion of 1g decreased. Trying to compensate this problem, we changed to 

maximal possible protein 1g concentration in DMSO of 2 mM and added only 5 or 10 eq. of the 

phosphonite 3 (Table 4, entry 4-5). Indeed, both the conversion and the reaction purity increased. 

Continuing using only 10 eq. of the phosphonite 3 we optimized the product formation even further 

by increasing the reaction temperature by 10 °C and the reaction time by one day. Using temperatures 

well above 60 °C led to proportional rise of side product formations. Full conversion of the starting 

material 1g still could not be achieved due to protein contaminations with UbG76M. Nevertheless, 

using the optimized conditions (Table 4, entry 6) the UbG76-phosphonamidate 10 could be obtained 

after semi-preparative HPLC purification with a high purity and 10% yield. Same optimized conditions 

were then applied to the HA-tagged ubiquitin azidohomoalanine mutants (Figure 23). The reaction 

mixtures were quickly diluted in ammonium bicarbonate buffer to quench the reaction and refold the 

protein. The crude was purified by semi-preparative HPLC using 0.01% TFA in the eluent. The isolated 

phosphonamidates 11a-11e were directly neutralized with ammonium bicarbonate buffer pH 7.9 to 

avoid an acid catalyzed P-N bond hydrolysis, concentrated in the same buffer and lyophilized for 

storage. The proteins 11a-11e were obtained with 11-26% yield and in high purity (Figure 23B-F). The 
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fluctuations in the yield depended strongly on the quality of the auxotrophic expressed staring material 

1a-1e and the synthesized crude phopshonite 3. 

 

 

Figure 23: A) Staudinger-phosphonite reaction between phosphonite 3 and the HA-UbAha mutants in DMSO.  

B-F) Deconvoluted ESI-MS spectra of purified phosphonamidate products. 

 

The lyophilized ubiquitin-phosphonamidate was stable at −80 °C for at least two years. To reconstitute 

the protein, it was first dissolved in a small amount of DMSO (2 mM) and quickly diluted in PBS pH 7.4 

or in ammonium bicarbonate buffer pH 7.9. The ubiquitin-phosphonamidate solution was spin filtered 

to remove the residual DMSO. In the dissolved state at 4 °C the protein was stable for at least one year, 

since no decomposition could be detected by LC-MS analysis.  

In order to elucidate protein secondary structure changes after the chemical modification and the 

refolding, HA-UbG76P5 11a was compared to HA-UbG76Aha 1a by CD spectrometry (Figure 24). The 

ellipticity of the HA-UbG76Aha 1a did not change significantly after the chemical conversion to HA-

UbG76P5 11a, indicating that the modification does not significantly affect the folding of the protein. 

Furthermore, the spectra are comparable to an untagged wild-type ubiquitin[259]. 
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Figure 24: CD spectra overlay of HA-UbG76Aha 1a and HA-UbG76P5 11a in 50 mM Na2HPO4 pH 7.4 and the 

corresponding HT voltage. 

 

 

5.2.3 Selective DUB conjugation using ubiquitin-phosphonamidates 

For the application of the ubiquitin-based probes 11a-11e in DUB targeting by Staudinger-induced thiol 

addition we first tested the reaction of the C-terminal probe HA-UbG76P5 11a with a commercially 

available DUB UCH-L3. This enzyme is a small size cysteine protease, which recognizes and hydrolyzes 

an amide bond at the C-terminal glycine of ubiquitin and gets significantly inhibited in presence of K48-

linked diubiquitin[260]. In addition, we compared the thiol conjugation to a non-interacting protein eGFP 

C70M S147C 2 with an accessible cysteine on the surface[261]. For this investigation the UCH-L3 as well 

as an eGFP mutant 2 were incubated with 2.6 eq. of HA-UbG76P5 11a at pH 7.5 or pH 5.0 for a distinct 

time periods (Figure 9) at 37 °C in presence of DTT as reducing agent. The conjugation of 11a with UCH-

L3 was already detectable after 30 min by SDS-PAGE whereas no conjugation product could be 

observed with eGFP 2 mutant even after two hours at neutral pH (Figure 9B). At pH 5.0 no reactivity 

was detected with UCH-L3 after two hours, indicating that the addressable cysteines are 

predominantly protonated and therefore not nucleophilically active anymore. However, also structural 

changes of the UCH-L3 enzyme could not be excluded at this pH.  

For the reaction with eGFP 2 at neutral pH the thiol adduct 13 could only be observed after 24 hours. 

Extending the reaction to three days resulted in the increase of product 13 formation detected on the 

Coomassie gel (Figure 25C) and only then the product 13 intensity was almost comparable to the 

intensity of the UCH-L3 conjugated product 12a from a two hours reaction. These observations, which 

were also confirmed by ESI-MS analysis, illustrate the proximity-induced reactivity between HA-
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UbG76-phosphonamidate 11a with an accessible thiol on the ubiquitinating enzyme UCH-L3. To 

exclude other reactions than the Staudinger-induced thiol addition to form the Ub-DUB conjugate, 

especially after boiling the samples for the SDS-PAGE, we incubated the HA-UbG76Aha 1a with UCH-

L3 under the same conditions and, as expected, no conjugation product was detected by SDS-PAGE as 

well as ESI-MS. 

 

 

Figure 25: A) Staudinger-induced thiol addition of HA-UbG76P5 11a with UCH-L3 and eGFP C70M S147C 2. 

B) Coomassie-stained SDS-PAGE of the reaction progress of HA-UbG76P5 11a with UCH-L3 and eGFP 2 at pH 7.5 

in PBS buffer and at pH 5.0. in MES buffer C) Coomassie-stained SDS-PAGE of the reaction progress of HA-

UbG76P5 11a with eGFP 2 at pH 7.5 in PBS buffer and at pH 8.5 in phosphate buffer. 

 

Next we investigated the selectivity of the thiol addition at basic pH, since it was shown previously with 

small molecules, that aromatic alkynephosphonamidates undergo Staudinger-induced thiol addition 

more efficient at higher pH[239]. For this purpose, the HA-UbG76P5 11a was reacted with eGFP C70M 

S147 2 at pH 8.5 over three days at 37 °C. Already after eight hours the conjugation product 13 was 

detectable by SDS-PAGE (Figure 25C) and the maximum yield of 59% was reached after 24 hours as 

analyzed by in gel eGFP fluorescence comparison. The complete conversion of eGFP C70M S147 2 was 
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most likely prevented by intermolecular disulfide bond formations after long reaction times in the basic 

buffer. The experiments above showed that DUB selectivity of the ubiquitin-phosphonamidate is 

strongly regulated by the chosen pH. Increasing the pH from 7.5 to 8.5 makes cysteines more reactive 

and consequently enables the ubiquitin-phosphonamidate to undergo a thiol addition also with non-

interacting proteins (for non-interacting protein-protein conjugations see chapter 5.3.2). 

 

 

Figure 26: A) 1,4-addition of UCH-L3 and eGFP C70M S147C 2 to HA-UbG75VME. B) Coomassie-stained SDS-PAGE 

of the reaction progress of HA-UbG75VME with UCH-L3 and eGFP 2 at pH 7.5 in PBS. 

 

We next compared our results at neutral pH to the thiol conjugation with a commercially available, C-

terminal ubiquitin-based probe HA-UbG75VME, which was widely applied in active site cysteine DUB-

targeting previously[181, 188]. The commercial probe showed its maximum conjugation with the UCH-L3 

at 37 °C already after 30 min, but complete conjugation with the DUB could not be achieved neither 

(Figure 26). HA-UbG75VME also did not show any reactivity to eGFP C70M S147C 2 at pH 7.5 in two 

hours. Unfortunately, no evaluable ESI-MS spectrum of the probe and the conjugation product Ub-

UCH-L3 14 could be recorded, due to the heterogeneous mixture of the commercial HA-UbG75VME. 

Nevertheless, we could demonstrate that the C-terminal ubiquitin-phosphonamidate 11a is 

comparable in proximity-induced reactivity at neutral pH to a commercially available ubiquitin-based 

probe. 
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5.2.4 Control DUB conjugation with C-terminal chain length variation 

Considering that the thiol addition at neutral pH gives the best DUB selectivity, we next investigated 

whether the length variation of the unstructured C-terminus of ubiquitin-phosphonamidate could 

influence the reactivity and selectivity in DUB conjugation, especially to target the cysteine in the 

catalytic center. Since the distance between the recognized ubiquitin core structure and the C-terminal 

electrophilic moiety of the HA-UbG76P5 11a is larger than the distance in the wild-type distal 

diubiquitin, we mainly expected an improvement in catalytic cysteine conjugation  

 

 

Figure 27: Concept for C-terminal chain length comparison of the ubiquitin-based probes 11a-11c and a wild-

type diubiquitin. The energy minimized conformational changes due to chain length shortening were not 

considered in the classification.  

 

performance by using shorter C-termini (Figure 27). Therefor the HA-tagged ubiquitin probes 11a-11c 

were incubated with the deubiquitinating enzymes UCH-L3 and the 40 kDa catalytic domain of an 

ubiquitin specific protease 2 (USP2-CD), which is unspecific in chain linkage preference[34]. The 

reactions were performed at 37 °C up to three hours in presence of either TCEP or DTT as reducing 

agent (Figure 28A). The conjugation progress was visualized by Coomassie-stained SDS-PAGE. In 

addition, the conjugation product after 180 min reaction was analyzed by ESI-MS.  
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Figure 28: A) Staudinger-induced thiol addition of ubiquitin-based probes 11a-11c with UCH-L3 and USP2-CD. 

B) Coomassie-stained SDS-PAGE of the reaction progress of 11a-11c with UCH-L3 and USP2-CD at pH 7.5 and 

37 °C. 

 

The reaction between HA-UbG76P5 11a and USP2-CD showed similar conjugation efficiency as with 

UCH-L3. For both enzyme the maximum conversion was reached already after two hours (Figure 28B). 

The conjugation reaction of HA-UbG75P5 11b with both enzymes provided similar results, which 

indicates that missing one C-terminal Gly does not reduce the Ub to DUB affinity significantly. Also, the 

more comparable C-terminal chain length to the wild-type diubiquitin isopeptide amide bond did not 

enhance the reactivity, which suggests that the C-terminus is flexible enough to compensate chain 

length differences. In contrast to the probes 11a-11b above the conjugation reaction of HA-UbG75P5 

11c with the chosen enzymes proceeded very slow. Even after three hours the conjugation product 

12c was poorly formed and almost no conjugation product 16c was observed on the SDS-PAGE (Figure 

28B) and could not be detected by ESI-MS. The low reactivity of 11c towards the chosen DUBs can be 

explained by the lost interaction site between the ubiquitin and the enzyme by mutating the Arg74[262-

263] to Aha. The ionic interaction of Arg74 side chain was crucial to direct the C-terminus towards the 

catalytic center in the corresponding DUBs. Another explanation for the low reactivity would be the 

inadequate length of the C-terminus to reach the catalytic cysteine. 
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5.2.5 DUB conjugation condition optimization 

We addressed the issue of incomplete enzyme conjugation and tried to improve the thiol addition yield 

by optimizing our reaction conditions. At first, we tested whether the increased conjugation 

temperature we applied has an influence on the enzyme structure and function. After performing the 

reaction at 20 °C we observed a lower conjugation efficiency especially for UCH-L3 (Figure 29A) and 

concluded that the reaction at 37 °C was already optimal for our purposes. In case that not all the 

probe molecules have the proper folding to interact with the enzyme, we performed the conjugation 

with increasing HA-UbG76P5 11a equivalents up to 20 (Figure 29B). However, after 5 eq. no 

improvement for the conjugation was detectable for both enzymes in these experiments. 

 

 

Figure 29: A) Coomassie-stained SDS-PAGE of the reaction of UCH-L3 and USP2-CD with 11a at 20 or 37 °C, at pH 

7.5 for 2 h. B) Coomassie-stained SDS-PAGE of the reaction of UCH-L3 and USP2-CD with increased eq. of 11a at 

pH 7.5 and 37 °C. 

 

Moreover, we also tested a sequential addition of the HA-UbG76P5 11a to UCH-L3 in 0.5 eq. steps 

every hour up to 4 eq. Here, we did not observe further conjugated above 2.5 eq. (Figure 30A). Also, 

the sequential addition of 0.2 eq. USP2-CD up to 1 eq. relative to the phosphonamidate 11a every hour 

did not show increased addition efficiency (Figure 30B).  

Since we also could not observe an indication of a conjugation product cleavage during the heating at 

95 °C in SDS buffer, we assumed that the incomplete conjugation is dependent on the enzyme’s active 

structure. However, we excluded the theory of disulfide bond formation due to the presence of a 

reducing agent in the reaction mixture, which was also able to react marginally with our 

phosphonamidate ubiquitin probe as detected by ESI-MS. Addition of 1 mM DTT as reducing agent did 

not improve the DUB conjugation further.  
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Figure 30: A) Coomassie-stained SDS-PAGE of the reaction of UCH-L3 with sequential 11a addition at 37 °C and 

at pH 7.5 for 2 h. B) Coomassie-stained SDS-PAGE of the reaction of 11a with a sequential addition of USP2-CD 

at pH 7.5 and 37 °C. 

 

To prove whether the unreacted enzyme has its correct fold and is still functional, we decided to check 

the USP2-CD activity by a natural substrate DiUb(K63). Upon incubation of the enzyme with HA-

UbG76P5 11a or with HA-UbG75VME as a comparison, wild-type DiUb(K63) was added and the 

resulting mixture was left for three hours (Figure 31A). As a positive control, also the enzyme alone 

was kept at 37 °C for 2 hours before DiUb(K63) was added. 

 

 

Figure 31: A) Conjugation reaction of USP2-CD DUB with HA-UbG76P5 11a or HA-UbG75VME with a subsequent 

addition of wild-type DiUb(K63) to evaluate the unconjugated enzyme activity. B) SDS-PAGE of the conjugation 

reaction and the result after wt DiUb(K63) addition after 3 h. 

 

To our surprise, the remained unreacted USP2-CD enzyme was able to hydrolyze the DiUb(K63) 

(Figure 31B, Lane 8, 9). However, the hydrolysis efficiency of the preincubated USP2-CD with HA-

UbG75VME was lower compared to the preincubated USP2-CD with 11a. Concluding from the results 

it cannot be ruled out, that a population of the enzyme only adopts its active conformation upon 

interaction with the natural substrate. With this in mind, we believe that our initial reaction conditions 

for the conjugation for these commercially available DUBs were already optimal. 
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5.2.6 DUB conjugation with warhead position-dependent reactivity 

The enzymatic activity of DUBs is often regulated by conformational changes upon ubiquitin 

binding[114]. Furthermore, many of the DUBs exhibit ubiquitin linkage and substrate specificity[84, 264]. 

Previous studies have shown that the implementation of the lysine-linkage with a proximal ubiquitin 

in a diubiquitin activity based probe, in which the electrophilic warhead is located within this lysine-

linkage, provides linkage specific DUB labeling[212, 215]. Inspired by these discoveries, we investigated 

whether our lysine substituted HA-UbK63P5 11d and HA-UbK48P5 11e would also enable linkage 

specific DUB labeling. In this context a successful conjugation with the probes 11d and 11e would 

require at least a second binding domain (S1’) for the proximal ubiquitin (Figure 32) or at least a specific 

interaction around the warhead position of the probe for a proximity-induced thiol addition. 

 

 

Figure 32: Concept for binding and conjugation approach of a lysine substituted ubiquitin-phosphonamidates 

11d and 11e. 

 

In order to test the DUB conjugation preference we chose at first UCH-L3, which cleaves more 

efficiently ubiquitin from small unstructured peptides[131, 265], but shows only low hydrolytic activity 

towards lysine or linear linked polyubiquitin[131]. Furthermore, a low-linkage specific USP2-CD[264, 266] 

with a known reactivity towards K63C- and K48C-diUb probes[212], but providing only poor ubiquitin-

binding interface regarding the proximal ubiquitin S1’ position[267]. Besides the lysine mutant probes 

11d and 11e the results were compared to HA-UbG76P5 11a probe (Figure 33A). The ubiquitin-based 

probes were incubated with the chosen DUBs at 37 °C for 120 min in a neutral buffer containing either 

TCEP or DTT as reducing agent. Subsequently, the mixtures were analyzed by ESI-MS and SDS-PAGE 

(Figure 33B). As expected, we could not detect any reactivity of lysine substituted ubiquitin-

phosphonamidates 11d and 11e with UCH-L3 in contrast to the C-terminal mutant 11a. These 

observations suggest that no of the mutated lysines comes close to the active cysteine during the 

protein-protein interaction. However, the conjugation of USP2-CD with HA-UbK63P5 11d proceeded 

efficiently and comparable to the USP2-CD conjugation with HA-UbG76P5 11a. The addition product 

16d was also detectable by ESI-MS. Unexpectedly, the HA-UbK48P5 11e did not show conjugation to 

USP2-CD, which suggests that the reactivity might not only be controlled by the binding of the ubiquitin 

as a proximal S1’ part. 
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Figure 33: A) Staudinger-induced thiol addition of ubiquitin-based probes 11a, 11d and 11e with UCH-L3 and 

USP2-CD. B) Coomassie-stained SDS-PAGE of the reaction mixture of 11a, 11d and 11e with UCH-L3 and USP2-

CD at pH 7.5 and 37 °C after 120 min. 

 

Next, we applied the ubiquitin-based probes 11a, 11d and 11e to a commercially available 93 kDa 

heavy deubiquitinating enzyme USP5 (also known as isopeptidase T), a multidomain enzyme, which is 

responsible for hydrolysis of unanchored polyubiquitin chains in the cell[132]. It recognizes at least 

linear, K6-, K29-, K48- and K63 linked chains and has minimum of four ubiquitin binding sites (S1’, S1, 

S2, S3)[111, 132]. Furthermore, this enzyme shows a comprehensive interaction with the proximal 

ubiquitin in the S1’ position and the ubiquitin binding at this site is essential for the hydrolysis 

activity[111]. In addition to our probes 11a, 11d and 11e we incubated the HA-UbG75VME with the USP5 

short form for two hours at 37 °C in neutral buffer containing β-mercaptoethanol as reducing agent. 

In contrast to the DUBs used before the C-terminal probe 11a reacted only poorly with USP5 whereas 

HA-UbK63P5 11d and HA-UbK63P5 11e showed both a clear conjugation product formation on 

Coomassie-stained SDS-PAGE (Figure 34A, B). The commercial probe HA-UbG75VME did also result in 

a sufficient detectable conjugation with USP5 comparable to the lysine mutants 11d and 11e. 

Surprisingly the conjugation product 19 was detected at slightly higher kDa regions than 18d and 18e 
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on SDS gel performed under denaturating and reducing conditions. Repetition of the conjugation 

experiments led to the same result. Since the migration of the proteins is dependent on the number 

of coordinating SDS molecules[268], the distinct migration difference between the addition product 19 

and the lysine substituted probe adducts 18d and 18e can be explained by various cysteine conjugation 

sites, which lead to altered detergent binding. 

 

 

Figure 34: A) Conjugation products of ubiquitin-based probes 11a, 11d, 11e and HA-UbG75VME with USP5. 

B) Coomassie-stained SDS-PAGE of the reaction mixture of 11a, 11d, 11e and HA-UbG75VME with USP5 (short 

form) at pH 7.5 and 37 °C after 120 min. C) Coomassie-stained SDS-PAGE of the reaction progress of 11d with 

USP5 (short form). D) Coomassie-stained SDS-PAGE of the reaction progress of 11e with USP5 (short form). 

 

Performing a time-dependent USP5 conjugation with 11d and 11e we observed the product formation 

already after 30 min for both probes. The labeling intensity increased even after two hours of reaction 

time (Figure 34C, D). To avoid non-proximity-induced conjugations were always stopped after a 

maximum of three hours.  

In further investigations of the binding site of the lysine substituted probes, we assumed also that 

these probes might not target the catalytical cysteine in the DUB. In order to test this we incubated 

the USP2 and USP5 enzyme first with HA-UbG75VME probe, which react preferentially with the 

catalytic cysteine[180, 208], at 37 °C for two hours. Subsequently, the HA-UbK63P5 11d was added and 

reacted for the same time period. In another experiment the order of the added ubiquitin-based 

probes was reversed to check if the enzyme changes conformation upon the first binding and influence 
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the second ubiquitin interaction (Figure 35A). In the third experiment both probes were added at once 

to the corresponding DUBs and reacted for two hours. 

 

 

Figure 35: A) Sequential conjugation of ubiquitin-based probes HA-UbG75VME and HA-UbK63P5 11d with USP2-

CD or USP5. B) Coomassie-stained SDS-PAGE of USP2-CD conjugation by sequential addition of HA-UbG75VME 

and HA-UbK63P5 11d at pH 7.5 and 37 °C after 120 min. C) Coomassie-stained SDS-PAGE of USP5 (short form) by 

sequential addition of HA-UbG75VME and HA-UbK63P5 11d at pH 7.5 and 37 °C after 120 min. 

 

In the sequential reaction with USP2-CD no double conjugation could be detected, suggesting that 

both probes occupy either the same binding region or address the same cysteine. Interestingly the 

overall conjugation of the enzyme seems to increase, when using at least two different probes 

(Figure 35B). For the USP5 a double conjugation product 21 was confirmed by SDS-PAGE (Figure 35C). 

The result also shows that the probes do not share the same cysteine in the conjugation and are 

probably allocated to different binding sites. Furthermore, we observed higher double addition 

efficiency when starting with the conjugation of HA-UbK63P5 11d first, which suggest conformational 

changes upon probe binding and promotion of the second ubiquitin binding. Unfortunately, no 

meaningful ESI-MS intact protein spectra of the USP5 itself or the formed products could be recorded 

due to the heterogeneity of the purchased enzyme.  

Further isolated DUBs such as GST-UCH-L3, GST-USP2, His-USP21, Mindy2, vOTU, OTUD6A, OTUB1, 

GST-Atxn3 and His-CYLD, which were expressed in the group of Dr. Yogesh Kulathu (university of 

Dundee) as well as the commercial available viral DUB SARS-CoV-2-PLPro were tested in the 
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conjugation reaction with the probes 11a-11e. The results analyzed by SDS-PAGE can be found in the 

appendix (chapter 9.2). 

 

 

5.2.7 Investigation of formed ubiquitin-DUB conjugates by MS/MS analysis 

In order to obtain more information about cysteine selectivity in the conjugate formation between the 

ubiquitin-phosphonamidates and the corresponding DUBs, we performed MS/MS analysis of the most 

relevant conjugates discussed in the previous chapter. Therefore, the conjugate bands were cut out 

from a Coomassie-stained SDS gel and an in-gel digest was performed using trypsin for UCH-L3 and 

USP2-CD conjugates. For USP5 conjugates elastase or trypsin was used, since the digest carried out 

with trypsin led in some cases to poor sequence coverage in the MS spectra for this DUB. The digested 

proteins were treated with 0.1% TFA for one hour before the measurements to hydrolyze the P-N 

bond, which resulted in higher sequence coverage while the reacted cysteine stayed characteristically 

labeled by the phosphonate C(P5) (Scheme 16).  

 

 

Scheme 16: Phosphonamidate hydrolysis of digested ubiquitin-DUB conjugates to form a C(P5) label for MS/MS 

tracking. 

 

After the LC-MS measurements we started a search for all DUB peptides containing a mass adduct of 

+134.01 m/z for C4H7O3P as a phosphonate label. All the P5 modifications were detected exclusively 

on cysteines. The quality of the peptides match with the MS spectrum signals was represented by MS 

Amanda score[269]. The labeled cysteine was quantified with MaxQuant by means of labeled peptide 

signal intensities in comparisons of all remaining peptide intensities identified containing that 

particular cysteine site. For the HA-UbG76P5-UCH-L3 conjugate 12a with a total enzyme coverage of 

82.6% we detected only one DUB peptide containing the modification C(P5) with a reliable score. The 

cysteine C95, which belongs to the catalytic site[260], was modified to 99% (Figure 36A). The result 

confirms that the phosphonamidate indeed is reacting with the catalytic site of the enzyme. Comparing 

our findings with the crystal structure of Ub-VME conjugated with UCH-L3[115] (Figure 36B), we 

concluded similar ubiquitin-enzyme interaction, in which the K48 and the K63 sites are pointing away 

from the enzyme. Therefore, no conjugation can be expected using HA-UbK63P5 11d or HA-UbK48P5 

11e probes as verified by our experimental results in the previous section. 
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Figure 36: A) Highest scored DUB peptide containing the C(P5) modification by MS/MS analysis and calculated 

modification grade based on ion intensity. The modified Cys is shown in red. B) Crystal structure of Ub-VME-UCH-

L3 conjugate (PDB: 1XD3)[115]. 

 

For the conjugate HA-UbG76P5-USP2-CD 16a with a catalytic domain coverage of 82.1% three different 

positions were found carrying the modification C(P5) (Figure 37A). Due to low spectra quality and 

negligible ion intensities for two of the three identified peptides, a significant modification grade could 

only be calculated for the DUB peptide containing the active site C276[270], which is about 92% 

(Figure 37A). This result suggests that the C-terminal ubiquitin-based probe 11a reacted preferentially 

with the catalytic site as desired. With the probe 11d no peptides containing the modification C(P5) on 

the catalytic cysteine could be found. The probe 11d seems to bind also at the S1 position with the 

K63P5 site being not in proximity to the catalytic site and therefore no labeling of this cysteine can be 

expected. 

 

 

Figure 37: A) Highest scored DUB peptides containing the C(P5) modification by MS/MS analysis and calculated 

modification grade based on ion intensity. The modified Cys is shown in red. B) Crystal structure of Ub-USP2-CD 

complex with 6-thioguanine (PDB: 5XU8)[271], unimportant ions were not visualized. Cysteines, which were found 

modified in the MS/MS analysis, were additionally labeled yellow. 
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However, with a sequence coverage of 84.1% we detected the most C(P5) modification with a grade 

up to 99% on peptides belonging to the zinc-finger subdomain[263, 270] (Figure 37). Due to lack of 

essential fragment ions, we could not distinguish whether the modification is on C476 or C477. 

Nevertheless, based on these results we concluded, that the HA-UbK63P5 11d does not occupy the S1’ 

binding site as expected, but rather populates the same interaction sites with the USP2-CD like HA-

UbG76P5 11a and reacts with a zinc-finger cysteine in proximity to the warhead at the K63 position, 

which can be illustrated by a published Ub-USP2-CD crystal structure[271] (Figure 37B). Since the active 

site in this case is not labeled, we classified the HA-UbK63P5 11d as a substrate-based probe for further 

applications on USP2-CD. The zinc-finger subdomain is known to be involved in ubiquitin binding and 

disulfide formation between the zinc-finger cysteines during oxidative stress with a loss of zinc 

coordination may cause reduced ubiquitin binding ability[270]. It would be conceivable to use the HA-

UbK63P5 11d to detect such oxidation events on the enzyme zinc-finger directly by conjugation 

efficiency. Furthermore, the zinc binding region is absent in 9 of 54 putative human USPs[263] and 

therefore the HA-UbK63P5 11d probe may be suitable in application of selective DUB targeting. 

We continued to investigate the USP5 (short form) conjugates by MS/MS. The digest and the MS/MS 

analysis for the USP5 were performed multiple times, since the protein sequence coverage was often 

too low to give clear statements. Nevertheless, no sufficient data could be recorded for the HA-

UbG76P5-USP5 18a due to the low conjugate yields and insufficient USP5 sequence coverage after 

measurements.  

 

Table 5: Highest scored probe-modified USP5 peptides found in the MS/MS analysis. The modified cysteine is 

labeled in red. 

Vinylmethylester fragment adduct modified peptides 
found for HA-UbG75VME-USP5 conjugate 19: 

Modified 
Cys: 

MS Amanda 
Score: 

1. NLGNSCYLNSVVQVLFSIPDFQR C335 509.3 

C(P5) modified peptides found for  
HA-UbK63P5-USP5 conjugate 18d: 

  

1. YQLFAFISHMGTSTMCGHYVCHIK C793 405.58 

2. VCASEKPPK C815 339.08 

3. IPPCGWK C195 164.59 

C(P5) modified peptides found for  
HA-UbK48P5-USP5 conjugate 18e: 

  

1. VCASEKPPKDLGYIYFYQR C815 354.09 

2. VCASEKPPK C815 313.16 

 

Analysis of the conjugation product 19 formed from the commercial probe HA-UbG75VME and USP5 

delivered the vinylmethylester fragment adduct (+158.07 m/z for C6H10N2O3) on an active site cysteine 
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C335[272] (Table 5) with 74.9% of a total enzyme sequence coverage. Investigating the HA-UbK63P5-

USP5 conjugate 18d with a sequence coverage of 72.7% we observed C(P5) modifications with a 

reliable score mostly on C793 and C815 (Table 5). Additionally, DUB peptides were found carrying the 

C(P5) at the position C195, but only low spectrum quality could be achieved here. The modified 

cysteines found were visualized by using an existing crystal structure of a Ub-ethylamide-USP5 

conjugate[132] as a model (Figure 38). 

 

Figure 38: Crystal structure of Ub-ethylamide-USP5 conjugate (PDB: 3IHP)[132] visualize all cysteines in the 

enzyme. Cysteines, which were found modified in the MS/MS analysis, were additionally labeled yellow. 

 

Due to lack of specific peptide detections and multiple modification sites we decided not to calculate 

the modification grades. Similar C(P5) modification region was also observed by analyzing the HA-

UbK48P5-USP5 conjugate 18e. The USP5 sequence coverage was 73.5% and only C(P5) modification 

containing peptides at position C815 were detected. Since the region around C793 wasn’t covered in 

the spectra, we cannot make any propositions regarding the modification at this cysteine site. The 

MS/MS results of the conjugate 18d and 18e support our suggestions that the Lys substituted ubiquitin 

probes 11d and 11e interact with the S1’ site, which was previously found to bind free monoubiquitin 

and activate a subsequent Ub-AMC hydrolysis[111]. However, the probes 11d and 11e also showed no 

preferred reactivity towards the active site cysteine in USP5 compared to HA-UbG75VME. Instead, 

both probes were found to react with C815, but also with the in disulfide involved C793 and C195 next 

to the zinc-finger ubiquitin binding protein (ZnF-UBP) domain[132] (Figure 38). There is evidence to 

suggest that USP5 undergoes conformational changes upon ubiquitin binding and the ZnF-UBP is 

assisting the substrate delivery to the active site by domain motion[272-273]. The ambiguous cysteine 
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modifications by our Lys substituted probes 11d and 11e might be an indication of changes in enzyme 

conformation upon probe binding with variations in special distance between the warhead and the 

corresponding cysteines. 

 

 

5.2.8 Enzymatic activity investigation of ubiquitin-DUB conjugates 

After investigating the conjugation site, we tested how potent our probes are in inhibiting the 

enzymatic activity of the addressed DUBs. For this purpose, we applied Ub-AMC, a ubiquitin with a C-

terminal conjugated 7-amino-4-methylcoumarin (AMC). This reagent is widely used to monitor enzyme 

activity and applicable to a wide range of DUBs. Upon hydrolysis of the ubiquitin coumarin conjugate 

by an enzyme results in fluorophore de-quenching and a fluorescence increase can be detected over 

time (Figure 39A). By applying this method on Ub-DUB conjugate mixtures we expected to observe a 

much slower fluorescence increase due to either blocked catalytic site or ubiquitin binding region of 

the conjugated enzyme molecules (Figure 39B). The inhibition effect supposed to be proportional to 

the number of conjugated DUBs in the mixture. 

 

Figure 39: A) Enzyme activity assay using Ub-AMC as a fluorogenic substrate. The released fluorophore results in 

increased fluorescence detection over time. B) Illustration of a reduced fluorescence increase by applying the 

Ub-AMC assay on DUBs, which were previously conjugated with ubiquitin-based probes. 

 

We performed the activity assays for the DUB conjugates with the probes 11a, 11d and 11e. The results 

were compared with those of the enzyme alone or to the conjugate with the commercial probe HA-

UbG75VME. As an additional activity control for the assay we used HA-UbG76Aha 1a in combination 

with the enzyme. First, the specific DUB was incubated with the probes mentioned above for 2 hours 

at 37 °C. For the control without any probe, the enzyme was incubated under same the conditions with 

PBS only. The mixtures were subsequently diluted by 50 mM Tris pH 7.5 containing 1 mM EDTA and 1 
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mM DTT as a reducing agent. After addition of 250-500 nM Ub-AMC at 4 °C the solutions were 

immediately measured by fluorescence detector with an excitation of 345 nm and an emission of 445 

nm for a period of two hours in triplicates.  

For UCH-L3 we did not observe any significant kinetic differences in Ub-AMC hydrolysis between the 

enzyme samples, which were previously incubated with the probes 1a, 11d and 11e or the UCH-L3 

with Ub-AMC alone. In contrast the preincubation with HA-UbG75VME or HA-UbG76P5 11a did show 

significantly slower hydrolysis progression of the Ub-AMC (Figure 40A). The inhibitory effect was 

almost equal among these two probes. In general, the observation of the inhibition effects is consistent 

with the conjugation results from the SDS-PAGE, where approximately 50% of the enzyme was found 

converted after incubation with the tested C-terminal probes and no reactivity with other probes was 

detected. 

 

 

Figure 40: Enzyme activity assay with fluorescent readout based on Ub-AMC hydrolysis with Ex. 345 nm and Em. 

445 nm in 50 mM Tris pH 7.5, 1 mM EDTA, 1 mM DTT for 2 h. Data was collected every 30 sec and are visualized 

with connecting line. A) Enzymatic activity assay for UCH-L3 (25 pM) with Ub-AMC (250 nM) after preincubation 

with 3 eq. of the probe. B) Enzymatic activity assay for USP2-CD (7.5 nM) with Ub-AMC (500 nM) after 

preincubation with 3 eq. of the corresponding probe.  

 

After the data analysis for the USP2-CD measurements we did not find any difference in Ub-AMC 

hydrolysis efficiency comparing the enzyme alone and the one preincubated with 1a or 11e. The 

preincubation with HA-UbK63P5 11d probe reduced the USP2-CD enzymatic activity roughly by half. 

This observation was proportional to the conjugation conversions on the SDS-PAGE using the probe 

11d. The reduced Ub-AMC hydrolysis rate makes it clear, that the probe 11d is able to inhibit the 

enzyme without interacting with the active site, but by occupying the substrate binding site. Similar to 

UCH-L3, the USP2-CD preincubation with the commercial C-terminal probe HA-UbG75VME and our 

produced probe HA-UbG76P5 11a resulted in complete inhibition of the Ub-AMC hydrolysis 

(Figure 40B). Surprisingly, on the SDS gel the enzyme conversion to the conjugate was not detected to 

be higher than 50%. We concluded that after the conjugation reaction the residual enzyme is mostly 

unreactive due to conformational disturbance. 
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Regarding the collected data for Ub- AMC hydrolysis with USP5 (short form) we observed inconsistency 

in hydrolysis activity when preincubating the enzyme with the probes except for HA-UbK63P5 11d and 

HA-Ubg75VME, when using different commercially acquired batches of the enzyme. One of the results 

that stands out is that the HA-UbG76Aha 1a is able to inhibit the hydrolysis activity of USP5 

(Figure 41A). When performing the experiment with preincubation with the wild-type mono-ubiquitin 

(wtUb), we also observed the inhibiting effect (Figure 41B). Usually the Ub-AMC hydrolysis in presence 

of free mono-ubiquitin is reported to enhance catalysis due to enzyme activation. However, the 

enzyme wasn’t preincubated with the free mono-ubiquitin in these investigations[111]. We assumed 

that the inhibition effect of these 1a and wtUb can be explained by the conformational changes of 

USP5 to its inactive state during the preincubation and the hydrolysis activity variations between the 

batches might also be dependent on the total amount of the enzyme in the active state. As a conclusion 

no significant inhibitory effect of HA-UbG76P5 11a and HA-UbK48P5 11e in terms of conjugation could 

be detected for this enzyme. 

 

 

Figure 41: Performed USP5 (short form) activity assay with fluorescent readout based on Ub-AMC hydrolysis with 

Ex. 345 nm and Em. 445 nm in 50 mM Tris pH 7.5, 1 mM EDTA, 1 mM DTT for 2 h. Data was collected every 30 

sec and are visualized with connecting line. The USP5 (2.5 nM) enzyme was combined with Ub-AMC (500 nM) 

after preincubation with 10 eq. of the corresponding probe. A) Ub-AMC hydrolysis using USP5 batch 1. B) Ub-

AMC hydrolysis using USP5 batch 2 and preincubating additionally with wtUb. 

 

While the HA-UbG75VME showed always a full inhibition of USP5 we observed a drastic increase in 

Ub-AMC hydrolysis activity when preincubating the enzyme with the K63 substituted probe 11d 

relative to USP5 alone. This could further be an indication, that the probe 11d binds to the S1’ position 

and induce conformational changes to the active form. 

In order to test whether the USP5 is still able to cleave a natural substrate after the reaction with 

chosen probes, we added either K63- or K48-linked diubiquitin to the mixture and incubated for one 

or two hours at 37 °C. The samples for timepoint zero were quenched immediately upon DiUb addition. 

Nevertheless, for the experiments with DiUb(K63) the hydrolysis was complete for all the pretreated 

USP5 samples at timepoint zero as detected on SDS-PAGE (Figure 42A). Since the DiUb(K48) hydrolysis 
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is significantly slower, we expected to receive a more differentiated result[111]. Indeed, in the DiUb(K48) 

hydrolysis progress we could observe reduced mono ubiquitin generation after two hours incubation 

for 11a pre-treated USP5 (Figure 42B). The enzyme pre-reacted with HA-UbG75VME showed no 

hydrolysis of DiUb(K48), whereas 11d preincubated USP5 revealed an unexpected hydrolysis rate 

comparable to the USP5 alone. 

 

 

Figure 42: A) Coomassie-stained SDS-PAGE of the DiUb(K63) hydrolysis of USP5 (short form) pre-treated with 

11a, 11d, or HA-UbG75VME at pH 7.5 and 37 °C after 60 min. B) Coomassie-stained SDS-PAGE of the DiUb(K48) 

hydrolysis of USP5 (short form) pre-treated with 11a, 11d, or HA-UbG75VME at pH 7.5 and 37 °C after 120 min, 

bands at 40-70 kDa belong to DiUb(K48) fibrils produced during sample boiling[78, 258]. 

 

The inhibition efficiency of USP5 by ubiquitin-based probes varied in application on different natural 

substrates. The reason for this could be that specific DiUb linkages like DiUb(K63) can probably turn 

the non-conjugated USP5 into its active form. An enhanced hydrolysis rate by HA-UbK63P5 11d 

preincubated USP5 wasn’t observed using the natural substrates, but when S1’ is occupied by the 

probe in USP5 we would have expected a reduced hydrolysis rate for diubiquitin. 

 

 

5.2.9 Suitability of ubiquitin-phosphonamidate probes for DUB targeting in in lysates and cells 

Before the applying the phosphonamidate probes in cell lysates, we tested whether they label DUBs 

under more complex environment. First, we were interested in the conjugation efficiency of our 

probes with DUBs in presence of wild-type ubiquitin. Since the USP2-CD enzyme showed reactivity to 

a C-terminal and lysine substituted probe, we chose this enzyme and incubated it either with HA-

UbG76P5 11a or HA-UbK63P5 11d with increased equivalents of wild-type ubiquitin relative to the 

probe for two hours at 37 °C and subsequently performed a SDS-PAGE analysis (Figure 43A, B). The 
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conjugation product intensities from the gel were plotted against the added wtUb equivalents. In 

addition, control reactions were performed using a Cys-reactive FAM-maleimide instead of a ubiquitin 

probe (Figure 43C). 

 

 

Figure 43: A) Coomassie-stained SDS-PAGE of the USP2-CD reaction with HA-UbG76P5 11a under standard 

conditions in presence of wtUb and plotted conjugate intensity decrease with increased wtUb amounts. 

B) Coomassie-stained SDS-PAGE of the USP2-CD reaction with HA-UbK63P5 11d under standard conditions in 

presence of wtUb and plotted conjugate intensity decrease with increased wtUb amounts. C) FAM fluorescent 

and Coomassie-stained SDS-PAGE of the USP2-CD reaction with FAM-mal in presence of wtUb and plotted 

conjugate intensity decrease with increased wtUb amounts.  

 

We observed a significant decrease in conjugation efficiency of our probes already in presence of 5 eq. 

of the wtUb relative to the probes 11a and 11d. At 50 eq. of wtUb no DUB labeling could be detected 

anymore for both probes (Figure 43A, B). Contrary to the ubiquitin-phosphonamidates, the FAM-

maleimide did not show the same reaction behavior with USP2-CD up to 10 eq. of wtUb in the mixture 

due to protein interaction independent reactivity of the maleimide. The results are in agreement with 

our expectations, since an additional interaction partner can block the binding site for our probes and 

prohibit the proximity-induced conjugation. Considering this, higher probe concentration for lysate 

experiments should be employed to be competitive to the available DUB interaction partners in the 

mixture. Next, we investigated whether a non-interacting protein in the reaction mixture has an 

influence on the DUB conjugation. Here, the USP2-CD was incubated with 11a or 11d in presence of a 

14.5 kDa sized wild-type α-synuclein with increased equivalents relative to the probe concentration at 

37 °C for 2 hours in neutral buffer. Based on SDS-PAGE analysis we did not observe a notable 

conjugation product intensity decrease with raised wt α-Syn portions. Even at 100 eq. of wt α-Syn we 
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still detected the conjugation product for both applied probes (Figure 44A, B). The result supported us, 

that the ubiquitin-phosphonamidates are efficient in DUB targeting even at high concentrations of a 

non-interacting proteins. 

 

 

Figure 44: A) Coomassie-stained SDS-PAGE of the USP2-CD reaction with HA-UbG76P5 11a under standard 

conditions in presence of wt α-Syn B) Coomassie-stained SDS-PAGE of the USP2-CD reaction with HA-UbK63P5 

11d under standard conditions in presence of wt α-Syn. 

 

A high concentration of reactive thiols in the cellular environment, especially the antioxidant tripeptide 

glutathione, is another obstacle in the application for electrophilic probes in lysates and living cells. In 

order to prove the tolerance of the ubiquitin-phosphonamidate probes against the intracellular 

reactive thiols, we performed the conjugation reactions on UCH-L3 and USP2-CD also in presence of 

reduced glutathione with 2.6 eq. of the probes (Figure 45). Considering that the cytosol glutathione 

concentration is about 1-10 mM[274], the tested probes 11a and 11d did not show a significant 

reduction in conjugation efficiency up to 10 mM GSH.  

 

 

Figure 45: A) Coomassie-stained SDS-PAGE of the UCH-L3 reaction with HA-UbG76P5 11a under standard 

conditions in presence of GSH B) Coomassie-stained SDS-PAGE of the USP2-CD reaction with HA-UbG76P5 11a 

under standard conditions in presence of GSH. C) Coomassie-stained SDS-PAGE of the USP2-CD reaction with HA-

UbK63P5 11d under standard conditions in presence of GSH. 
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Nonetheless, in particular the C-terminal probe 11a showed distinct conjugation with GSH within two 

hours (Figure 45A). At 100 mM GSH concentration the UCH-L3 conjugation was almost prevented. 

Surprisingly, the K63-substituted probe 11d conjugation with USP2-CD however was less affected by 

the glutathione even at 100 mM (Figure 45C). In addition, we tested the conjugate stability against 

reactive thiols. After the reaction of HA-UbG76P5 11a with UCH-L3 or USP2-CD 30 eq. of GSH relative 

to the enzyme was added and the mixture was left for 2 hours (Figure 46A).  

 

 

Figure 46: A Staudinger-induced thiol addition of ubiquitin-based probes 11a with UCH-L3 or USP2-CD with 

subsequent GSH incubation for 2 h. B) Coomassie-stained SDS-PAGE of the UCH-L3 or USP2-CD reaction with HA-

UbG76P5 11a with and without subsequent GSH incubation. 

 

The reactions were analyzed by SDS-PAGE. No reduction in conjugation product intensity could be 

detected after incubation with reduced GSH (Figure 46B). This result suggests that no thiol substitution 

occurs after conjugation product formation. 

Depending on the cell line the intracellular concentrations of individual DUBs varies by several orders 

of magnitude[103]. Therefore, we also tested the conjugation effectiveness with increasing dilution 

under standard conditions without varying the probe and DUB values. We started an initial DUB 

concentration of 26.7 µM for UCH-L3 and 22.2 µM for USP2-CD. The DUBs were diluted with PBS 

containing 5 mM DTT at pH 7.5 before the ubiquitin-phosphonamidates 11a and 11d were added. In 

respect to the UCH-L3 conjugation reaction at 1:5 dilution we observed already a slight decrease in 

conjugation product 12a formation (Figure 47A). Whereas the conjugation performance with USP2-CD 

with both probes remained almost unchanged even at 1:10 dilution (Figure 47A, B). In application on 

cellular lysates we expected a further decrease in conjugation efficiency for low abundant DUBs. To 

counteract this, for lysate application higher cellular protein and added probe concentrations have to 

be considered. 
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Figure 47: A) Coomassie-stained SDS-PAGE of the UCH-L3 (26.7 µM initial conc.) and USP2-CD (22.2 µM initial 

conc.) reaction with HA-UbG76P5 11a (66.7 µM initial conc.) under standard conditions with increased dilution 

by PBS containing 5 mM DTT, pH 7.5. B) Coomassie-stained SDS-PAGE of the USP2-CD (22.2 µM initial conc.) 

reaction with HA-UbK63P5 11d (66.7 µM initial conc.) under standard conditions with increased dilution by PBS 

containing 5 mM DTT, pH 7.5. 

 

 

5.2.10 DUB targeting in cell lysate 

After intensive investigations on isolated DUBs conjugations we focused on the DUB targeting potential 

of ubiquitin-phosphonamidates on cell lysates. We first chose HEK293 cells for our studies, since this 

cell line has already been applied for DUB labeling demonstrations[275]. The HEK293 cells were lysed in 

a Tris buffer pH 7.5 containing among others 1 mM DTT and 0.5% Triton-X. The lysate was diluted to 

16.6 μg/μL protein concentration. For the application with the ubiquitin-based probes we used 40 μg 

lysate protein in each reaction. In our initial conditions we used only 1 μg (10 µM) of the ubiquitin-

phosphonamidate for DUB targeting in the lysate and incubated the mixture for 2 hours at 37°C similar 

to the reactions on isolated DUBs. The results were visualized by performing an anti-HA-tag Western 

blot. First, we compared the DUB conjugation with increasing the ubiquitin probe 11a concentration. 

Furthermore, we wondered whether specific protease inhibitors in the reaction mixture would prevent 

the conjugation (Figure 48A). Doubling of probe 11a concentration in the mixture strongly enhanced 

the labeling efficiency, whereas the presence of proteasome inhibitors did not influence the 

conjugation efficiency. In order to minimize off target labeling, we decided to use only 10 µM of the 

ubiquitin probe in further lysate experiments. Moreover, the lysates were supplemented with 1 mM 

PMSF to avoid undesired protein degradation. Next, we used boiled 11a and HA-UbG76Aha 1a as 

negative controls on lysate DUB labeling (Figure 48B). The Western blot showed a decreased labeling 

intensity by retaining the labeling pattern using boiled probe 11a in comparison to the normal 11a 

probe, which shows that the conjugation is dependent on the folding state of the ubiquitin probe. The 

HA-UbG76Aha 1a did not show any reactivity with the lysate proteins. In addition, we observed a 
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strong dependency of the labeling efficiency with the lysate protein concentration (Figure 48C). 

Nevertheless, the labeling pattern remained the same. 

 

Figure 48: A) Anti-HA-tag WB of conjugation reactions of 11a with HEK293 lysate protein in presence of protease 

inhibitors PMSF or cOmplete™ and variation of 11a concentrations. B) Anti-HA-tag WB of conjugation reactions 

of 11a, boiled 11a and 1a with HEK293 lysate protein. C) Anti-HA-tag WB of conjugation reactions of 11a with 

diluted HEK293 lysate protein. 

 

Although we were mainly interested in the DUB labeling under physiological conditions, we also tested 

whether pH variations of the lysate reaction mixture will also change the labeling pattern due to 

different pKa values of the cysteines in the mixture. For this reason, the probe 11a was incubated each 

with HEK293 lysate at pH range from 5.5 to 8.5 for two hours at 37 °C (Figure 49). From pH 5.5 to 6.0 

we did not observe any significant conjugations on the Western blot (Figure 49B). At the pH 6.5 first 

characteristic bands between 25 and 35 kDa were detectable. An additional characteristic band 

became detectable between 35 and 40 kDa from pH 7.0 on and another one between 15 and 25 kDa 

from pH 7.5 on. Further pH increase led to overall higher labeling intensity of the lysate proteins.  

 

 

Figure 49: A) Ponceau stain of conjugation reactions of 11a with HEK293 lysate protein at different buffer pH. 

B) Anti-HA-tag WB of conjugation reactions of 11a with HEK293 lysate protein at different buffer pH. 
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The experiments above showed that only small variations in the lysate pH can change the conjugation 

pattern of the ubiquitin-phosphonamidate. However, using lysate pH<7.5 offer an additional reactivity 

control for ubiquitin-phosphonamidates conjugations, when only specific interactive proteins are 

targeted. 

Finally, we compared the HEK293 lysate protein conjugations with all synthesized ubiquitin-

phosphonamidates 11a-11e. The ubiquitin probes were incubated with the lysate in a physiological 

buffer containing 1 mM DTT and 1 mM PMSF for distinct time periods at 37 °C. Western blot analysis 

using anti-HA-tag antibody showed only little labeling intensity increase at incubation times higher 

than two hours for all the probes except HA-UbG76P5 11a (Figure 50A). Surprisingly, all the applied 

probes revealed different labeling patterns with the lysate protein on the Western blot. Regarding the 

C-terminal probes the glycine truncated probe HA-UbG75P5 11b (Figure 50B) showed the highest 

reactivity to the proteins at 35 kDa compared to 11a. Whereas the twice-shortened probe 11c was 

clearly reduced in the ability to react with the proteins at 35 kDa, but still able to label the characteristic 

species around 25 kDa (Figure 50C). The lysine substituted probes 11d and 11e both favored the 

conjugation to protein larger than 40 kDa (Figure 50D, E). Here, the conjugation of proteins at 50 kDa 

was quite distinctive. 

 

 

Figure 50: Anti-HA-tag WB of conjugation reactions of HEK293 lysate protein at pH 7.5, 37 °C for distinct time 

periods with ubiquitin phophonamidates: A) Lysate reaction with HA-UbG76P5 11a. B) Lysate reaction with HA-

UbG75P5 11b. C) Lysate reaction with HA-UbR74P5 11c. D) Lysate reaction with HA-UbK63P5 11d. E) Lysate 

reaction with HA-UbK48P5 11e. 
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5.2.11 DUB pull-down from cell lysate 

After determining appropriate conditions for protein labeling in lysate, we considered to analyze 

enriched proteins detected on Western blot also by MS/MS. In order to separate the unreacted 

proteins from the conjugates we performed a pull-down protocol by means of anti-HA-tag antibody 

coated agarose beads. For a clean pull-down result, we had to optimize the reaction conditions even 

further. In preparation of three technical triplicates we treated 50 μL of 9 μg/μL lysate protein with 

6 μg of each ubiquitin-based probe 11a-11e and HA-UbG75VME for two hours at 37 °C at pH 7.5. Then 

the mixture was diluted and incubated with ca. 3 eq. of anti-HA agarose beads relative to the probe 

overnight at 4 °C (Figure 51). Shortening the antibody incubation to two hours neither influenced the 

pull-down efficiency nor resulted in more off-target protein conjugations. Besides using more harsh 

washing conditions with SDS as a detergent, we received a more reliable data by washing the samples 

six times with TBS with only 0.05% of Tween 20. The agarose bound antibody was removed by boiling 

and filtering of the protein solution in a non-reducing buffer. 

 

 

Figure 51: Pull-down protocol of lysate proteins after ubiquitin-based probe labeling using anti-HA-tag agarose 

beads with a subsequent protein digest and MS/MS analysis. 

 

The enriched protein samples were further purified by a short SDS-PAGE run and digested by trypsin. 

For a negative control, respectively background subtraction of undesired protein enrichment, we 
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performed the pull-down procedure also for lysates treated with HA-UbG75Aha 1a or the synthesized 

HA-tag peptide 24 with a flexible PEG spacer connected to a C-terminal phosphonamidate, which was 

obtained from HA-PEG-Aha peptide 23. To prove the pull-down success the enriched proteins from 

HEK293 lysate were also analyzed by anti-HA-tag Western blot. Taking the protein pull-down after the 

conjugation with 11a as an example we detected labeled protein also in the flow through phase 

(Figure 52A). This observation in the flow-through was limited almost for high mass proteins and loss 

did not depend on the reacting probe. Increasing the amount of the anti HA-agarose beads during the 

pull-down process did not improve the enrichment. We considered the amount of the lost labeled 

protein in the flow-through was low, because the flow-through was highly concentrated before the 

Western blot analysis. 

Comparing the pull-down of commercial HA-UbG75VME with the synthesized probes the C-terminal 

phosphonamidates 11a-11c showed a broader spectrum of protein enrichment and shared only few 

characteristic bands similarities (Figure 52B) on the Western blot. Regarding the lysine substituted 

probes 11d-11e the protein enrichment outcome was distinctly lower compared to 11a (Figure 52C). 

The pool of enriched proteins also differed significantly from the C-terminal probes 11a-11c. 

 

 

Figure 52: A) Anti-HA-tag WB of the flow through and the enriched HEK293 lysate protein derived from the pull-

down procedure after conjugation with 11a B) Anti-HA-tag WB analysis of pulled-down proteins using C-terminal 

probes 11a-11c and HA-UbG75VME .C) Anti-HA-tag WB analysis of pulled-down proteins using lysine substituted 

probes 11d-11e and the peptide HA-P5 24. 

 

We could also show on the anti-HA-tag Western blot that the pull-down with HA-UbG76Aha 1a and 

HA-P5 24 resulted in significantly lower protein enrichment as expected.  

For the MS/MS analysis of the lysate pull-down by the ubiquitin-based probes we performed the label-

free quantification (LFQ) of the detected proteins. To distinguish whether the detected proteins were 

partially bound by protein-protein non-covalent interactions with the ubiquitin we initially used the 

LFQs from HA-UbG76Aha 1a enrichment as negative control for a pairwise comparison with the data 
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from ubiquitin-based probes. Nonetheless, the observed high amount of the undesired background 

proteins led us to change the control sample. Instead of using a ubiquitin as a core element we decided 

to take the HA-P5 peptide 24. In the previous studies the peptide 24 described above did not show any 

reactivity towards DUBs at neutral pH at least for 8 hours as analyzed by ESI-MS and the efficient 

concentration of HA-P5 24 for the pull-down applications was also investigated by anti-HA-tag Western 

blot before. With the new negative control in hand we compared pairwise the enriched LFQ results 

from the HA-P5 24 peptide and HA-UbG76Aha 1a in a two-sided t-test p-values, visualized by a volcano 

plot (Figure 53A). Since the pull-down from HEK293 cell lysate provided inadequate reproducibility of 

the enrichment results including high variations in DUB availability, we decided to perform further pull-

down experiments from EL-4 mouse thymoma cell line lysates, which were also widely represented in 

DUB targeting studies[181] (Pull-down results from HEK293 cell lysate can be found in the Appendix, 

chapter 9.5). Although the previous lysate studies were performed on HEK293 cells, we were 

convinced that the knowledge gained can also be transferred to other cell lines. 

 

 

Figure 53: A) Volcano plot of pairwise comparison of enriched protein LFQs by HA-P5 24 relative to HA-UbG76Aha 

1a from EL-4 lysate. Statistical significance (-log10(p-value) from two-sample t-test) is plotted against fold 

enrichment (average -log2) from three technical replicates. B) Grouped proteins, which were found enriched by 

HA-P5 24 compared to HA-UbG76Aha 1a with an FDR= 0.1 and a minimal fold change S0= 0.02. 

 

Relative to HA-UbG76Aha 1a the enrichment with HA-P5 24 resulted in slightly higher protein amounts. 

After assigning most of these proteins to certain groups, it was striking that majority were proteins, 

which interact with phosphate or its derivatives (Figure 53B). It indicated that the phosphonamidate 

itself can be recognized by specific proteins in the cell and probably lead to a non-covalent binding or 

a proximity-induced addition with an adjacent cysteine. Regarding these observations we considered 
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that the HA-P5 24 was a more appropriate negative control for the ubiquitin-phosphonamidate pull-

down result evaluations, due to subtraction of phosphonamidate derived interaction partners. It is 

important to note, that the fold change of the enriched DUBs was nearly unaffected by the choice of 

the control sample, which is why we can neglect the DUB enrichment due to non-covalent protein-

protein interactions with the probe. In the next step we deployed a pairwise comparison of the LFQs 

of the C-terminal ubiquitin-based probes 11a-11c and HA-UbG75VME with the peptide 24 (Figure 54).  

 

 

Figure 54: Volcano plots of pairwise comparison of enriched protein LFQs by ubiquitin-based probes 11a-11c and 

HA-UbG75VME relative to HA-P5 24 from EL-4 lysates. Statistical significance (-log10(p-value) from two-sample t-

test) is plotted against fold enrichment (average -log2) from three technical replicates. The FDR was set up to 

0.05 with a minimal fold change S0= 0.1: A) Pairwise comparison of HA-UbG76P5 11a relative to HA-P5 24. 

B) Pairwise comparison of HA-UbG75VME relative to HA-P5 24. C) Pairwise comparison of HA-UbG75P5 11b 

relative to HA-P5 24. D) Pairwise comparison of HA-UbR74P5 11c relative to HA-P5 24. 
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Relative to the control compound 24 we were able to enrich 14 DUBs by HA-UbG76P5 11a with a 

protein false discovery rate (FDR) cutoff of 5% (Figure 54A). The most background proteins enriched 

were identified as proteasomal subunits, which is not surprising, since some of these proteins such as 

Rpn10/PSMD4 acts as ubiquitin receptor[276-277]. Furthermore, pull-down of the proteasome associated 

DUBs USP14, UCH-L5[275] and PSMD14[278] may also led to co-enrichment of the proteasomal subunits. 

Some E1-E3 enzymes were also detected enriched but were not examined further in these studies due 

to their inconspicuously low number. Applying the commercial probe HA-UbG75VME we could enrich 

20 DUBs and almost only proteasomal subunits as background proteins (Figure 54B). Interestingly, for 

this ubiquitin-based probe the choice of one of the two control probes 1a or 24 did not influence the 

enrichment fold change in the pairwise comparison. A total of 16 DUBs were enriched in the 

statistically significant window (FDR= 0.05, S0= 0.1) using the truncated C-terminal probe HA-UbG75P5 

11b (Figure 54C). Compared to the HA-UbG76P5 11a we could identify higher enrichment of the DUB 

OTUD7B with the shorter probe. However, the proteasome subunit enrichment as well as the DUB 

PSMD14 was drastically reduced for the probe 11b. Similar observations could be made for the pull-

down result with HA-UbR74P5 11c (Figure 54D). Here we detected 14 enriched DUBs, but with a clear 

fold change decrease compared to the probes 11a and 11b. In general, we could conclude, that 

shortening the C-terminus of ubiquitin-based probe by one glycine improves the DUB labeling from 

lysate at least on the presented DUB pool but minimizes the affinity to proteasomal subunit proteins.  

 

 

Figure 55: Volcano plots of pairwise comparison of enriched protein LFQs by ubiquitin-based probes 11d-11e 

relative to HA-P5 24 from EL-4 lysates. Statistical significance (-log10(p-value) from two-sample t-test) is plotted 

against fold enrichment (average -log2) from three technical replicates. The FDR was set up to 0.05 with a minimal 

fold change S0= 0.1: A) Pairwise comparison of HA-UbK63P5 11d relative to HA-P5 24. B) Pairwise comparison of 

HA-UbK48P5 11e relative to HA-P5 24. 
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A further shortening of the C-terminus causes only an affinity loss for most of the DUBs to the probe. 

No particular selectivity towards certain DUBs was observed by shortening the C-terminus of the 

probe. 

Next, we analyzed the DUB enrichment from the EL-4 cell lysate by the lysine substituted probes HA-

UbK63P5 11d and HA-UbK48P5 11e (Figure 55) using the same statistical parameters as the C-terminal 

probes. We were able to enrich three DUBs with the probe 11d (Figure 55A). As expected, one of the 

prominent DUBs in the significant area was USP5, since we showed the high reactivity of the probe 

with the isolated UPS5 in the previous chapters. However, the enrichment of UCH-L3 was rather 

unexpected due to no reactivity of the isolated form of the DUB. Similar situation was observed for the 

enrichment with HA-UbK48P5 11e (Figure 55B). In addition to the DUBs detected with 11d pull-down, 

using the 11e probe we identified a unique enrichment of USP3, another ZnF-UBP domain containing 

enzyme[279], which was found to remove K63-linked polyubiquitins from specific substrate proteins and 

is involved in DNA damage response[280]. 

We further performed a pairwise comparison of the C-terminal probe HA-UbG76P5 11a with the lysine 

substituted probes HA-UbK63P5 11d (Figure 56A) or HA-UbK48P5 11e (Figure 56B). 

 

 

Figure 56: Volcano plots of pairwise comparison of enriched protein LFQs by ubiquitin-based probes 11d-11e 

relative to HA-UbG76P5 11a from EL-4 lysates. Statistical significance (-log10(p-value) from two-sample t-test) is 

plotted against fold enrichment (average -log2) from three technical replicates. The FDR was set up to 0.05 with 

a minimal fold change S0= 0.1: A) Pairwise comparison of HA-UbK63P5 11d relative to 11a. B) Pairwise 

comparison of HA-UbK48P5 11e relative to 11a. 

 

The pull-down results could also show that the lysine substituted probes 11d and 11e are notably more 

reactive towards the USP5 enzyme and more selective in the enrichment of DUBs. Furthermore, we 
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found a strong enrichment of the enzyme HDAC6 (histone deacetylase 6) with the lysine substituted 

probes only (Figure 56). This enzyme is known to bind strongly mono- and polyubiquitins by its C-

terminal ZnF-UBP domain and transport ubiquitinated misfolded proteins to aggresomes[281]. A 

deubiquitinating activity could not be proven so far[282]. Since HDAC6 is also reported to be co-purified 

with the UCH-L1 and UCH-L3 enzymes due to direct interactions[282], we assume that the enrichment 

of these two DUBs in our pull-down experiments for 11d and 11e (Figure 55) is most likely attributed 

to this property. In addition, we noticed a tendency of the probes 11d and 11e to label rather DUBs 

and other proteins containing the ZnF-UBP region. However, not all detected DUBs such as USP16 and 

USP39, which covering this domain, were able to react with these probes. 

Taking together, the pull-down experiments demonstrated, that the ubiquitin-based 

phosphonamidate probes 11a-11e can be successfully applied in DUB enrichment and detection from 

lysates. Further, varying the position of the phosphonamidate warhead enabled selective DUB 

targeting compared to the C-terminal probes. Besides the DUBs, these probes were also detected to 

react with other ubiquitin interacting proteins in lysate. 

 

 

5.2.12 Fluorescent ubiquitin-phosphonamidate 

In addition to the epitope labeled ubiquitin-based phosphonamidates discussed in the previous 

chapters we developed fluorescent labeled probe by using a double substitution mutant 

UbK48C G76Aha 1h. Here, the cysteine as a nucleophile offers a versatile opportunity to install a 

variety of commercially available fluorescent building blocks. In order to modify the protein 1h twice 

we needed to react the cysteine first, since the Staudinger-phosphonite reaction did not tolerate the 

presence of a free thiol in the mixture[238]. Also, the conversion of the cysteine into disulfides before 

the phosphonite 3 addition prevented the generation of a phosphonamidate. We assumed the 

conjugation of the K48C first with FAM-maleimide would provide a sufficiently stable product for the 

following Staudinger-phosphonite reaction on G76Aha. Therefore, the ubiquitin derivate 1h was 

reduced by DTT and subsequently reacted with FAM-maleimide (Scheme 17).  

 

 

Scheme 17: FAM-maleimide conjugation with UbK48C G76Aha 1h. 
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The ESI-MS analysis revealed full conversion of 1h to the desired product 25a and the product with 

hydrolyzed maleimide 25b. The excess of FAM-maleimide was removed with simultaneously 

rebuffering the protein into 50 mM NH4HCO3 by spin-filtration. The protein mixture 25a and 25b was 

lyophilized and dissolved in dry DMSO under argon atmosphere. Then, similar to the previously 

described ubiquitin-phosphonamidates, 10 eq. of the phosphonite 3 was added and the mixture stirred 

at 60 °C for three days (Scheme 18). 

 

 

Scheme 18: Staudinger-phosphonite reaction between phosphonite 3 and the FAM-UbK48C G76Aha 25b. 

 

After removing the residual small molecules and DMSO by spin-filtration, we could not observe starting 

material 25a and 25b by ESI-MS, but only the product FAM-UbK48C G76P5 26a and 26b with the 

detected mass of 9368 Da and 9386 Da. Encouraged by the purity of the reaction we avoided further 

purification of the product and after rebuffering into PBS pH 7.4 we continued with the application 

experiments. First, we started the conjugation with commercially available DUBs UCH-L3 and USP2-CD 

(Figure 57A).  

 

 

Figure 57: A) Conjugation reaction of the DUBs UCH-L3 and USP2-CD with FAM-UbK48C G76P5 26. B) FAM 

fluorescent and Coomassie-stained SDS-PAGE of time-dependent reaction of UCH-L3 and eGFP C70M S147C 2 

with 26. C) FAM fluorescent and Coomassie-stained SDS-PAGE of time-dependent reaction of USP2-CD with 26. 

D) FAM fluorescent and Coomassie-stained SDS-PAGE of time-dependent reaction of HEK293 lysate with 26. 
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The time-dependent reactions were analyzed by SDS-gel by means of fluorescein fluorescence and 

Coomassie stain. In the reaction of the mixture of 26a and 26b with UCH-L3 we observed a slightly 

slower conjugation compared to the HA tagged probe 11a at 37 °C and pH 7.5 (Figure 57B). Surprisingly, 

ESI-MS analysis of the UCH-L3 conjugate 27 revealed only the mass, in which the maleimide is 

completely hydrolyzed, while no mass could be detected for the conjugate 28. A similar reduction in 

reactivity was also observed in the conjugation with USP2-CD (Figure 57C). Nevertheless, the probe 

mixture of 26a and 26b did not show any reactivity to eGFP C70M S147C 2 (Figure 57B) during the 

same time period, which shows that the proximity-induced reactivity was retained. Due to the 

excellent and fast fluorescence detection we decided to react the ubiquitin probe 26a/b with cell 

lysate. After 120 min of the reaction we already detected the maximum intensity of the labeling of the 

HEK293 lysate protein (Figure 57D). Comparing the band intensities of the fluorescent probe mixture 

of 26a/b labeling on SDS-PAGE with Western blot analysis of the HA-UbG76P5 11a (Figure 50A) from 

HEK293 lysate, we noticed a clearly lower relative intensity for proteins at 35 kDa region for the 

fluorescent probe 26a/b conjugation. These results led to the assumption, that the fluorophore at the 

position K48 has a significant negative effect on binding specific proteins. On the other hand, this might 

lead to increased selectivity towards proteins, which binding regions are not affected by the FAM 

modification. It must be considered, that changing the FAM modification position within the ubiquitin 

sequence can deliver different conjugation partners or complete loss of selective ubiquitin binding. 

 

 

5.2.13 Cell penetrating ubiquitin-phosphonamidates for DUB targeting in living cells 

The DUB targeting from cell lysate does not reflect necessarily the real DUB distribution and activity in 

the cell. By disrupting the cell organization, the original DUB localizations and concentrations are no 

longer available. The ensuing loss of regulations and potential protein complex dissociations may 

significantly affect the DUB activity[182]. Hence, the DUB profiling from living cells can provide more 

detailed information about their activity and regulations. Unfortunately, the ubiquitin-based probes 

are unable to penetrate the cell membrane by themselves and therefore the development of cell-

permeable probes is of highly interest to enable DUB conjugation within the cytoplasm of a living cell. 

In addition to the electroporation approach [183] and the use of pore-forming toxins[283], the attachment 

of a cell penetrating peptide (CPP) to the ubiquitin-based probe to cross the membrane appears more 

attractive regarding a potential cell damage. Here, the cyclic-CPPs (cCPP) have been shown to exhibit 

a greater potential to deliver even large cargos into the cytosol in high concentrations[284]. In order to 

produce a cell permeable ubiquitin-phosphonamidate probe we first chose the cTAT peptide modified 

with a phosphonamidate 30 as described in the literature[239] to conjugate with UbK48C G76Aha 1h by 

Staudinger-induced thiol addition (Scheme 19). Furthermore, we synthesized a TAMRA fluorophore 



 Results and Discussion 

 
97 

 

labeled cTAT-phosphonamidate 32 for the cargo delivery tracking during microscopy and conjugated 

it equally with 1h. Both reactions proceeded with a previous reduction by DTT. The conjugation was 

set up in PBS pH 7.4 at 37 °C. Subsequently, the crude was purified by size exclusion chromatography 

to give cTAT-UbK48 G76Aha 33a in 77% and TAMRA-cTAT-UbK48 G76Aha 33b in 46% yield and high 

purity confirmed by ESI-MS analysis. 

 

 

Scheme 19: Staudinger-phosphonite reaction of cCPP 30 and 32 with UbK48C G76Aha 1h. 

 

Next, the cCPP conjugates 33a and 33b were lyophilized and then dissolved in dry DMSO under argon 

atmosphere. Here, the TAMRA fluorescent probe 33b showed only poor solubility in DMSO at room 

temperature.  

 

 

Scheme 20: Staudinger-phosphonite reaction of the cCPP-Ub conjugates 33a and 33b with the phosphonite 3. 
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After addition of the phosphonite 3 the reaction was stirred at 60 °C for three days (Scheme 20) 

comparable to the previous Staudinger-phosphonite reactions. The quenching was carried out using 

ammonia bicarbonate buffer pH 7.9 and the small molecules were removed by spin-filtration. In case 

of the reaction with 33b, after the quenching the protein was found aggregating partially. 

Nevertheless, both products 34a and 34b could be confirmed by ESI-MS analysis and the product was 

obtained in 3% yield after semi-preparative HPLC purifications. Probe 34b was used without further 

purification due to its high aggregation potential. We next tested the time-dependent conjugation 

activity of the cTAT-UbK48C G76P5 34a towards the commercial DUBs UCH-L3 and USP2-CD (Figure 

58A) as well as eGFP C70M S147C 2 as negative control. Regarding the size of the cTAT modification, 

the conjugation performance with UCH-L3 proceeded without detectable loss of reactivity as analyzed 

by Coomassie-stained SDS-PAGE (Figure 58B). However, a slightly loss of reactivity was observed in the 

conjugation of USP2-CD (Figure 58C). In contrast, the conjugation with the eGFP 2 was not detected 

even after 180 min of reaction. Curiously, both conjugation products 35a and 36a could not be 

detected by ESI-MS. We assumed the cTAT modification either reduced the ionization potential or 

expanded the charge distribution of the conjugates, which prevented the detection of the compounds 

from crude due to sensitivity limitations. 

 

 

Figure 58: A) Conjugation reaction of the DUBs UCH-L3 and USP2-CD with cTAT-UbK48C G76P5 34a. 

B) Coomassie-stained SDS-PAGE of time-dependent reaction of UCH-L3 and eGFP C70M S147C 2 with 34a. 

C) Coomassie-stained SDS-PAGE of time-dependent reaction of USP2-CD with 34a.  

 

Performing the conjugation reaction of TAMRA-cTAT-UbK48C G76P5 34b with the DUBs UCH-L3 and 

USP2-CD we observed a drastic decrease in reactivity on SDS-gel (Figure 59B) even after 180 min of 

reaction time. The reactivity loss is unlikely to be only attributed to the size of the TAMRA-cTAT 
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modification, but probably also to the change in the ubiquitin fold induced by the hydrophobic 

character of the TAMRA fluorophore. Although the conjugation products 35b and 36b could not be 

analyzed by ESI-MS, they could be clearly detected by the in gel TAMRA fluorescence (Figure 59B). 

Even if the probe 34b is not efficient enough to be applied for live cell DUB targeting, the result showed 

how far ubiquitin modification can be tolerated in the probe generation and in the subsequent DUB 

conjugations. 

 

 

Figure 59: A) Conjugation reaction of the DUBs UCH-L3 and USP2-CD with cTAT-UbK48C G76P5 34b. 

B) Coomassie-stained SDS-PAGE of reaction of UCH-L3, USP2-CD and eGFP C70M S147C 2 with 34b. C) TAMRA 

fluorescent SDS-PAGE of reaction of UCH-L3, USP2-CD and eGFP 2 with 34b.  

 

For the initial cell uptake experiments on HeLa cells we decided to use the probe 33b instead of the 

phosphonamidate containing probe 34b, since the cell penetrating efficiency is supposed to be 

monitored independently from the reactive moiety. The internalization was compared to TAMRA-cTAT 

azide 31 alone and to TAMRA labeled ubiquitin 37 as negative control. Each candidate was incubated 

in 30 µM concentrations with the HeLa cells in HEPES buffer for one hour at 37 °C and 5% CO2. 

Subsequently, the cells were washed with DMEM and imaged in DMEM supplemented with 25 mM 

HEPES and 10% FBS. Compared to the cell uptake of the TAMRA-cTAT azide 31, which demonstrated 

high cell permeability and predominantly nuclear localizations as detected by TAMRA fluorescence 

(Figure 60B), the uptake of the TAMRA-cTAT conjugated probe 33b was dramatically reduced and more 

densely localized outside of the nucleus, detected as red dots (Figure 60A). In contrast, the TAMRA 

ubiquitin probe 37 showed no cell permeability (Figure 60C). The repetition of the uptake experiments 
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with increased probe concentrations up to 75 µM enhanced the uptake of 33b and especially 31 even 

further but did not lead to a broader distribution of 33b within the cytoplasm. With the assumption 

that the probe 33b might be internalized by an endocytotic mechanism, we performed the uptake 

experiments on HeLa cells with a preincubation and in presence of a macropinoctytosis inhibitor 

Cytochalasin D[285] to prove it. Indeed, the probe delivery into the cell was diminished and the applied 

probe was adsorbed on the membrane surface. 

 

 

Figure 60: Confocal images of cellular uptake of A) the cCPP-UbK48C G76P5 33b, B) the TAMRA-cTAT azide 31 

and C) TAMRA-UbK48C G76Aha 37 in HeLa cells at 30 µM after 1 h incubation at 37 °C and compared to 

D) untreated HeLa cells under same conditions. 

 

Since the endocytotic internalization is an energy dependent process[286], we carried out the uptake 

experiments also at 4 °C to prohibit such internalization pathways. Again, a significant decrease in the 

uptake of the probe 33b was observed. Incubation of the cells with 33b up to four hours at 37 °C 

improved only slightly the cytosolic and nuclear uptake but did not lead to an overall endosomal escape 

as desired (Figure 61). Instead, increased clusters of the fluorescent probe 33b were found outside the 

cell. The extracellular accumulation of cCPP-UbK48C G76P5 33b was located inside vesicles, which 

indicates exosome secretion after endocytic uptake of the probe.  

To address the issue of endosomal trapping we first considered to use a basic amphiphilic and 

membrane-destabilizing peptide such as ppTG21[287] as additive. According to the literature an 

endosomolytic activity was promising, when using 30 eq. of this peptide relative to the cargo[288]. In 

order to realize the solubility for the necessary ppTG21 equivalents, we had to reduce the 

concentration of our cargo compound 33b to 5 µM. 
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Figure 61: Confocal overlay images of cellular uptake of 30 µM 33b in HeLa cells after 1-4 h incubation at 37 °C. 

 

Besides, Anselm Schneider from the Hackenberger group discovered enormous increase in cytosolic 

cell uptake of cR10 conjugated proteins, when also free R10 and cR10/cR10-SH was added to the cells 

during the incubation. Therefore, the opportunity was taken to internalize also cCPP-UbK48C G76P5 

33b with cR10 as additive. We applied the recommended concentration of 33b to 5 µM and the cR10-

SH[289], provided from Anselm Schneider, to 10 µM. For comparison reasons we also used cTAT 29 as 

additive using same concentration as above. The HeLa cells were incubated for one hour at 37 °C with 

33b with and without the described additives.  

 

 

Figure 62: Confocal tile scan images of cellular uptake of A) 5 µM 33b in HeLa cells in presence of B) 150 µM 

ppTG21, C) 10 µM cTAT 29 or D) 10 µM cR10-SH after 1 h incubation at 37 °C. 
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While we kept the previous microscope settings, we detected only very low TAMRA intensity of 

internalized probe 33b without any additives (Figure 62A), which was localized mostly in endosomes. 

Using the additive ppTG21 unfortunately neither improved the uptake nor the endosomal escape of 

the cCPP ubiquitin conjugate 33b (Figure 62B). Also, the incubation in presence of cTAT 29 as additive 

did not affected the uptake of 33b (Figure 62C). In contrast, the addition of cR10-SH enhanced 

drastically the internalization of cCPP-UbK48C G76P5 33b (Figure 62D) and indicated that the positive 

charged arginine chains are crucial for cargo transport across the cell membrane in this situation. 

Compared to the previous uptake experiments, here the TAMRA fluorescence was also detected 

distributed in cytosol, nucleus and especially in nucleolus, which was also previously observed with 

non-cleavable cCPP conjugates[289-290]. Furthermore, significantly less endosomal trapping could be 

visually spotted using the cR10-SH as additive in comparison to the uptake without this 

supplementation. However, only 24% ± 5% of the whole cell population were found to be penetrated 

by the probe as counted from three independent tile scans images. Performing the incubation of the 

HeLa cells with 5 µM 33b up to four hours we did not observe higher cell uptake numbers, even in 

presence of the cR10-SH additive (Figure 63). In case of the uptake of 33b supplemented with cR10-SH 

no increased endosomal localization of the cargo could be detected even after four hours of 

incubation. 

 

 

Figure 63: Confocal overlay images of cellular uptake of 5 µM 33b with and without the cR10-SH additive in HeLa 

cells after 1 and 4 h incubation at 37 °C. 

 

Previous experiments on cell uptake for cR10 conjugated ubiquitin-based probes in the literature 

showed superior uptake values compared to our results, but the study struggled of the probe being 

trapped in endosomes[182]. In order to increase the cargo internalizing cell population, we decided to 
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change the conjugated cCPP to the more efficient cR10[182, 290] in combination with the cR10-SH 

additive. In addition, for upcoming immunoprecipitation experiments upon DUB targeting we 

conjugated the cR10-phosphonamidate 38 with HA-UbK48C G76Aha 1f. The conjugation product 39 

was subsequently converted to the phosphonamidate cR10-(HA-)UbK48C G76P5 40 in a same manner 

described for previous probes. The reconstitution of the probe 40 in PBS pH 7.4 or ammonia 

bicarbonate pH 7.9 resulted in high aggregation. Furthermore, the purification by semi-preparative 

HPLC was not successful, due to the high polarity of the compound 40. After removing small molecules 

by spin-filtration and conformation of the product 40 formation by ESI-MS (Figure 64B) we continued 

to test the crude in UCH-L3 and USP2-CD DUB conjugation (Figure 64A). 

 

 

Figure 64: A) Conjugation reaction of the DUBs UCH-L3 and USP2-CD with cR10(HA-)UbK48C G76P5 40. 

B) Deconvoluted ESI-MS spectrum of the crude 40. C) Coomassie-stained SDS-PAGE of time-dependent reaction 

of UCH-L3 and USP2-CD with 40. 

 

The conjugation of both UCH-L3 and USP2-CD seemed not to be affected by the presence of the highly 

charged cR10, since the maximal product intensity on Coomassie-stained SDS-PAGE was already 

reached after 120 min of the reaction comparable to the conjugation with HA-UbG76P5 11a. Before 
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performing the cell uptake investigations, we applied the ubiquitin probe 40 in pull-down experiments 

in EL-4 cells lysates with subsequent MS/MS analysis. Although seven enriched DUBs could be 

detected, the enormous amount of undesired protein enrichment, especially ribosomal units, made us 

doubt about the further applications for the cR10-(HA-)UbK48C G76P5 40. No cell uptake experiments 

were therefore attempted for the new probe 40. We assumed that the conjugated cR10 is responsible 

for binding of undesired protein, which result in proximity-induced thiol addition. Moreover, the cCPP 

might also influence the antibody interaction with the HA-tag during the enrichment. Therefore, the 

development of cCPPs with a cleavable linker, which remain stable during the Staudinger-phosphonite 

reaction, need to be considered for cell penetrating ubiquitin probes. 
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5.3 Development of ubiquitin vinylphosphonothiolates for thiol-thiol bioconjugation 

5.3.1 Synthesis of ubiquitin vinylphosphonothiolate  

The formation of phosphonamidates requires an azido moiety, which on proteins first has to be 

installed via unnatural azido amino acid by elaborative methods like amber codon suppression[291] or 

selective pressure incorporation[248]. In contrast, the phosphonothiolates can be generated starting 

from a cysteine thiol. In this case, only a single cysteine substitution mutation on the desired protein 

sequence is necessary. Based on the previous work, that shows a selective reactivity of phosphites with 

electrophilic disulfides to form phosphocysteine[244], Alice Baumann from the Hackenberger group 

investigated the reactivity of activated disulfides with vinylphosphonite in detail on small molecules 

and peptides[245]. Adopting the conditions from these studies we continued with the 

vinylphosphonothiolate generation on a full protein. Therefore, we expressed ubiquitin [2-76] with 

cysteine mutation on the former glycine position 76. Next, the new mutant UbG76C 43 was converted 

into electrophilic disulfide 44 using 50 eq. of the Ellman's reagent (Scheme 21). Although on small 

molecules the activated disulfide generation was carried out with 2,2’-dithiobis(5-nitropyridine), which 

lead to a higher polarity of the substrate thiol, the solubility of this reagent in protein buffer was 

insufficient for quantitative disulfide formation. Incomplete activated disulfide formation would 

require subsequent product separations otherwise side products would dominate in the subsequent 

reaction with the phosphonite. Regarding this aspect, the challenge was that the UbG76C 43 quickly 

formed homodimers and therefore needed to be reduced by DTT directly before Ellman’s reagent 

addition. After quantitative formation of the UbG76C-Ellman’s 44 the excess of the activation reagent 

was removed by means of spin-filtration and the product was lyophilized for the next step. The protein 

was then dissolved in dry DMSO containing 1% TFA under argon atmosphere before addition of the 

freshly synthesized vinylphosphonite 45 solution in THF (Scheme 21).  

 

 

Scheme 21: Generation of the activated disulfide 44 and further conversion to phosphonothiolate UbG76CP5 46. 
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The acidification of the solvent proved to be essential for a clean phosphonothiolate formation on 

protein level, since previous studies by Alice Baumann on peptides containing free amines showed no 

product generation under neutral conditions. In addition, the acidic solvent prevented the formed 

product to be reattacked by the remaining 2-nitro-5-thiobenzoic acid in the mixture. In order to find 

the optimal conditions to form vinylphosphonothiolates 46, several reaction parameters were 

screened (Table 6).  

 

Table 6: Screening of different conditions for optimal vinylphosphonothiolate formation on 44. The specified 

values for the product 46 and homodimer 47 formation were calculated relative to the sum of all identified 

protein peaks detected by ESI-MS. 

Entry Eq. phosphonite 45 Total conc. 

of 44 in mM 

T in °C Reaction 

time in h 

Detected 

Product 46 

Homodimer 47 

formation 

1 2 2.5 rt 1 17% 62% 

2 10 2.1 rt 1 29% 32% 

3 10 2.1 37 16 45% 30% 

4 40 1.3 37 16 41% 38% 

5 50 2.0 rt 16 53% 33% 

6 50 2.0 37 16 53% 29% 

7 50 + 50 after 13 h 1.4 rt 16 77% 19% 

8 50 + 50 after 13 h 1.4 37 16 79% 15% 

9 50 1.4 60 4 76% 24% 

10 100 1.5 37 16 70% 15% 

 

Compared to small molecules and peptides, in which the reaction was complete in less than two 

minutes at room temperature with only two eq. of the vinylphosphonite 45, the product formation on 

protein level was significantly slower and required overnight incubations[245]. Increasing the 

equivalents of the vinylphosphonite 45 led to more phosphonothiolate formation and reduced the 

generation of UbG76C homodimer 47 as the major side product, but exalted other side reactions, 

especially when elevated temperatures were used. Moreover, the dilution of the DMSO by high THF 

amounts caused the dissolved protein to aggregate, which is why we decided to reduce the initial 

protein 44 concentration from 2.5 to 1.4 mM. We observed full conversion of 44 and high product 

formation by addition of 100 eq. of the phosphonite in two portions (Table 6, entry 7, 8). Thereby, the 

ESI-MS analysis revealed a slightly cleaner spectrum, when performing the reaction at room 

temperature, which facilitated the purification by semi-preparative HPLC and the pure UbG76CP5 46 

was isolated in 24% yield after lyophilization. A mixed fraction with 68% purity was also isolated with 

17% yield. Interestingly, when increasing the reaction temperature to 60 °C, we could also observe full 
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conversion of the activated UbG76C disulfide 44 and a satisfying product 46 formation within only four 

hours (Table 6, entry 9). Furthermore, we also found that incubating the UbG76C homodimer 47 with 

50 eq. of the phosphonite 45 at least at 60 °C also led to phosphonothiolate formation (Figure 65A, C) 

and whereas performing the reaction at room temperature the homodimeric disulfide 47 remained 

stable over 16 hours as detected by ESI-MS analysis (Figure 65B). 

 

 

Figure 65: A) Phosphonothiolate formation from homodimeric disulfides 47 at 60 °C. B) Deconvoluted ESI-MS 

spectrum of disulfide 47 incubation with the phosphonite 45 at rt after 16 h. C) Deconvoluted ESI-MS spectrum 

of disulfide 47 incubation with the phosphonite 45 at 60 °C after 16 h. 

 

 

Figure 66: A) UbG76CP5 46 decomposition products in phosphate buffer. B) Coomassie-stained SDS-PAGE 

showing stability of vinylphosphonothiolate UbG76CP5 46 at neutral and basic pH at rt or at 37 °C over 3 days. 
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The stability of the generated phosphonothiolate in aqueous conditions was of high importance for 

further applications. Therefore, the isolated probe 46 was dissolved in phosphate buffer either at pH 

7.5 or 8.5 (Figure 66A) after reconstitution in DMSO. The stability tests were performed at room 

temperature as well as at 37 °C. The results were monitored by ESI-MS analysis or SDS-PAGE 

(Figure 66B). In contrast to the stability of small molecules vinylphosphonothiolates, which at pH 7.4 

remained to 90% intact at rt and 37 °C over 90 hours[245], we observed a significant P-S bond hydrolysis 

for UbG76CP5 46 at 37 °C already after 24 hours. In addition, the formed UbG76C 43 was undergoing 

slowly thiol addition with the remaining UbG76CP5 46. The P-S hydrolysis was accelerated in buffer pH 

8.5, so that the side-products could already be detected at room temperature after 24 h. After three 

days at 37 °C we saw that almost all UbG76CP5 46 was decomposed in the ESI-MS spectrum. 

Nevertheless, the ubiquitin vinylphosphonothiolate 46 could be stored for weeks at 4 °C in neutral 

buffer without detectable hydrolysis.  

 

 

5.3.2 Vinylphosphonothiolates for protein-protein conjugation 

Ubiquitination of proteins is a common post-translational modification and is involved in essential 

cellular processes[292]. Investigation of the biological function of different ubiquitin chain linkages as 

well as the activity impact of the ubiquitination on protein substrates remain challenging in the current 

research. Therefore, techniques for homogenous and site-specific substrate ubiquitinations are in 

great demand for functional studies[293-294]. In this context we believed that the ubiquitin 

vinylphosphonothiolate would be promising for protein modifications, since previous experiments 

performed by Alice Baumann on small molecule phosphonothiolates showed already a quick thiol-

addition rate to cysteines on peptides and full antibodies[245]. While thiol addition to 

alkynephosphonamidates results predominantly in Z-double bond products[239], addition to 

vinylphosphonothiolates gives rise to conjugates bearing a sp3-hybridized C-C bond. The latter are 

more flexible and a closer mimic to a natural isopeptide bond. Despite the relatively low stability of 

the ubiquitin vinylphosphonothiolate 46 under physiological buffer conditions at elevated 

temperatures, we first reacted the model protein eGFP C70M S147C 2 with 10 eq. of ubiquitin derivate 

46 for distinct time periods at pH 7.5 and 8.5 and 37 °C (Figure 67A). At pH 7.5 we were able to detect 

the conjugation product 49 already after two hours of the reaction time. After 72 hours we calculated 

the maximum consumption of the eGFP 2 to 73% by in-gel relative intensity comparison (Figure 67B). 

In contrast, the conjugation product 13 of the reaction between ubiquitin-phosphonamidate 11a and 

eGFP C70M S147C 2 under comparable conditions was only detectable after 24 hours (Figure 25, 

chapter 5.2.3). When performing the reaction at pH 8.5 the formation of the conjugation product 49 

after two hours was almost doubled compared to pH 7.4 reaction. After 24 hours an eGFP 2 conversion 
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of 81% was reached but did not increase further with the reaction time (Figure 67B). The clean 

conjugate 49 formation after 24 hours was also verified by ESI-MS analysis (Figure 67C). As discussed 

in the previous chapter the major side-product we observed especially at pH 8.5 besides the disulfides 

was the diubiquitin 48 formation from the decomposed starting material (Figure 67A, B). Nevertheless, 

the parallel conjugation reaction with the targeted protein proceeded in an adequate rate and 

consumed the ubiquitin vinylphosphonothiolate 46 before its decomposition. The uncomplete 

conversion of the eGFP 2 is probable due to disulfide formation, since after 24 hours at pH 8.5 the 

starting material 46 was still detectable by ESI-MS in sufficient quantity. 

 

 

Figure 67: A) UbG76CP5 46 conjugation with eGFP C70M S147C 2 at pH 7.5 and 8.5 showing the desired product 

49 and the non-reducible side-products 43 and 49. B) Coomassie-stained SDS-PAGE of the conjugation reaction 

of UbG76CP5 46 with eGFP 2 at pH 7.5 and 8.5 with temporal progress. C) Deconvoluted ESI-MS spectrum of the 

conjugation reaction of 46 with eGFP 2 at pH 8.5 after 24 h. 

 

Next, we wanted to extend the application of vinylphosphonothiolate mediated ubiquitination to a 

clinically relevant protein such as α-synuclein, which aggregations and fibrillations can be found 

accumulated in Alzheimer’s and Parkinson’s diseases[295-296]. Furthermore, the majority of α-synuclein 

identified from Lewi-bodies in Parkinson’s diseases showed to be mono- and diubiquitinated at specific 

lysines[297]. Inspired by the approaches of A. Brik[297] and M. R. Pratt[156, 298] we devoted ourselves to the 

K6 ubiquitination of α-synuclein. We expressed a K6 substituted α-synuclein α-SynK6C 50 and upon 

disulfide reduction with DTT 5 eq. of the protein was incubated with UbG76CP5 46 in PBS buffer 
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adjusted to pH 8.0 at 37 °C (Figure 68A). Using the cysteine protein in excess proved to be more 

efficient in terms of minimization the side-product generation like the diubiquitin 48. The reaction was 

allowed to proceed for three days before purification by size exclusion chromatography. The Ub-α-Syn 

conjugate 51 was obtained as a pure fraction in 8% yield as analyzed by ESI-MS and Coomassie-stained 

SDS-gel (Figure 68B, C). Surprisingly, although the starting material 46 tends to decompose, the 

conjugation product proved to be completely stable for at least five months at 4 °C in neutral buffer. 

 

 

Figure 68: A) UbG76CP5 46 conjugation with α-SynK6C 50 at pH 8.0. B) Coomassie-stained SDS-PAGE of the 

conjugation reaction of UbG76CP5 46 with α-SynK6C 50. C) Deconvoluted ESI-MS spectrum of the conjugation 

product Ub-α-Syn conjugate 51. 

 

To test whether the non-hydrolyzable phosphonothiolate-linked ubiquitinated α-synuclein 51 can still 

be recognized by ubiquitin-binding proteins, especially by the ubiquitination machinery, we incubated 

the isolated Ub-α-Syn 51 with commercially acquired E1 and Ubc1 (E2-25k)[299] enzymes to enable 

ubiquitination on K48 of the proximal ubiquitin. In order to prevent polyubiquitination we employed 

UbK48M 52 in the enzymatic reaction (Figure 69A). The mixture was first reacted overnight before a 

second ATP portion was added and reacted for additional six hours. Subsequently, the mixture 

analyzed by silver-stained SDS-PAGE and ESI-MS (Figure 69B, C). Indeed, we could observe a clear 

formation of the diubiquitinated α-synuclein 53, which showed that the isopeptidic surrogate linked 

ubiquitin is tolerated by the ubiquitination machinery. To guarantee that the applied E1 and E2 

enzymes worked properly we performed the reaction also only with UbK48M 52 as negative- and N-

terminally His-tagged ubiquitin as positive control (Figure 69B). Moreover, Western blot analysis using 

anti-polyUb(K48) antibodies confirmed the desired K48-linkage on the Ub2-α-Syn 53 (Figure 69D). We 

assume that using UbK48C or another lysine mutant for enzymatic ubiquitination would allow the 
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attachment of a subsequent ubiquitin vinylphosphonothiolate. With this the method would provide a 

tool for customized semi-synthetic ubiquitinations for further biological investigations. 

 

 

Figure 69: A) Enzymatical ubiquitination of 51 with UbK58M 52. B) Silver-stained SDS-PAGE for ubiquitination of 

51, His6-Ub and UbK48M 52. C) Deconvoluted ESI-MS of the crude. D) Anti-polyUb(K48) WB of the reaction 

mixture gave evidence of the K48-linked product 53. 

 

To test whether we also can generate a hydrolytically stable diubiquitin by this technique the ubiquitin 

vinyphosphonothiolate 46 was subjected to the conjugation with UbK48C 54. For the diubiquitin 

formation we applied same conditions as for α-SynK6C 50 conjugation (Figure 70A). A clean product 

55 formation was observed via ESI-MS analysis and Coomassie-stained SDS-PAGE (Figure 70B). The 

crude was purified by size exclusion chromatography to give the pure DiUb(K48) 55 in 27% yield. The 

conjugate 55 remained stable in neutral buffer at 4 °C for at least five months. Compared to the native 

isopeptide bond in a diubiquitin, which consists of six atoms from backbone to backbone, the created 
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isopeptide bond surrogate contains seven atoms including phosphorous and sulfur with new bond 

angles compared to the native bond. This may lead to new low energy states, change the conformation 

of the generated linker in the DiUb(K48) 55 compared to the natural isopeptide bond and thus 

influence its overall protein folding that differs from the wild-type DiUb(K48). To investigate that issue, 

we performed an anti-polyUb(K48) Western blot using wild-type DiUb(K63) as negative- and DiUb(K48) 

as positive control (Figure 70C). Both the wild-type DiUb(K48) and 55 were successfully detected by 

the antibody. Since this detection is relying on the primary structure of the proteins, they were also 

analyzed by CD spectrometry (Figure 70D). The obtained spectrum of 55 did not show significant 

differences to the wild-type DiUb(K48). This suggests that the conformation of the protein dimer 

remained after the conjugation. 

 

 

Figure 70: A) UbG76CP5 46 conjugation with UbK48C 54 at pH 8.0. B) Coomassie-stained SDS-PAGE of the 

reaction mixture of 46 with 54 after 3 d and compared the starting material 46 and to the wild-type 

DiUb(K63)/(K48). C) Anti-polyUb(K48) WB of the reaction mixture of 46 with 54 and compared the starting 

material 46 and to the wild-type DiUb(K63)/(K48). D) CD spectra overlay of the wild-type DiUb(K48) and 55 in 50 

mM Na2HPO4 pH 7.4 and the corresponding HT voltage. 

 

In order to demonstrate the stability of the conjugate in presence of deubiquitinating enzymes the 

DiUb(K48) and 55 and the wild-type variant were exposed to USP2-CD or UCH-L3 for two hours at 37 °C 

in neutral buffer containing 1 mM DTT. The enzymatic hydrolysis of the wild-type substrate to mono-

ubiquitin by USP2-CD was complete after the given reaction time, whereas the unnaturally linked 

DiUb(K48) 55 stayed intact as detected by Coomassie-stained SDS-gel (Figure 71A). UCH-L3 showed 

only low activity on the wild-type DiUb(K48) and no activity on the conjugate 55 (Figure 71B). Taking 

together the collected results, we believe that the vinylphosphonothiolate mediated ubiquitination of 

single lysine substituted substrate proteins can provide stable constructs for functional studies in 

biological environment without the risk of deubiquitinations. 
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Figure 71: A) Coomassie-stained SDS-PAGE of 55 and wild-type DiUb(K48) incubation with USP2-CD for 2 h to 

test the isopeptide linkage resistance against enzymatic hydrolysis. B) Coomassie-stained SDS-PAGE of 55 and 

wild-type DiUb(K48) incubation with UCH-L3 for 2 h to test the isopeptide linkage resistance against enzymatic 

hydrolysis. 

 

 

5.3.3 Vinylphosphonothiolates for DUB targeting applications 

Besides the ubiquitinations of substrate proteins we investigated whether the ubiquitin 

vinylphosphonothiolates are capable for selective DUB conjugations. Therefore, we tested the probe 

46 in a time-dependent reaction with the commercially available DUBs UCH-L3 and USP2-CD under 

neutral conditions at 37 °C (Figure 72A).  

 

 

Figure 72: A) UbG76CP5 46 conjugation with UCH-L3 and USP2-CD at pH 7.5. A) HA-UbG75CP5 60 conjugation 

with UCH-L3 and USP2-CD at pH 7.5. C) Coomassie-stained SDS-PAGE of the time-dependent conjugation reaction 

of UbG76CP5 46 with UCH-L3 and USP2-CD at pH 7.5. D) Coomassie-stained SDS-PAGE of the time-dependent 

conjugation reaction of HA-UbG75CP5 60 with UCH-L3 and USP2-CD at pH 7.5. 
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Regarding the previous conjugation experiments with non-interacting eGFP C70M S147C 2 (compare 

Figure 67B), we expected selective labeling only for reaction times below 120 min. Since the HA-

UbG75P5 11b (chapter 5.2.4) gave broad DUB labeling results, we expressed HA-UbG75C 58 and 

converted it via activation to HA-UbG75C-Ellman’s disulfide 59 as an intermediate step to HA-

UbG75CP5 60 as described for UbG76CP5 46. The HA-UbG75CP5 60 was also applied to USP2-CD and 

UCH-L3 time-dependent conjugation (Figure 72B). The DUB addition using UbG76P5 46 proceeded 

identically to the corresponding phosphonamidate ubiquitin probe 11a as detected by Coomassie-

stained SDS-PAGE (Figure 72C), while HA-UbG75CP5 60 struggled in USP2-CD conjugation (Figure 72D) 

indicating that the C-terminus might be too short to reach the reactive cysteine of this DUB. 

Nevertheless, we continued the studies with the HA-labeled probe 60 on HEK293 lysate. As we know 

from the previous chapter, the non-proximity-induced conjugation is already detectable after two 

hours of reaction with a substrate protein. Performing time-dependent HEK293 incubation with the 

probe 60 at pH 7.5 at 37 °C, we detected a more uniform labeling above 30 minutes of reaction time 

on anti-HA-tag Western blot (Figure 73A, B), which suggests the formation of random protein 

conjugates predominated. In this context, for ubiquitin interacting protein labeling we decided not to 

incubate the probe 60 longer than 30 minutes with a protein mixture to be examined. 

 

 

Figure 73: A) Ponceau stained nitrocellulose membrane of time-dependent reaction of HEK293 lysate with HA-

UbG75CP5 60 at pH 7.5 at 37 °C. B) Anti-HA WB of time-dependent reaction of HEK293 lysate with HA-UbG75CP5 

60 at pH 7.5 at 37 °C. 

 

Afterwards we applied the probe 60 also in our pull-down assay from HEK293 and EL-4 cell lysates 

using the same techniques as described in detail previously (chapter 5.2.11). We prepared three 

technical triplicates of 50 μL of 9 μg/μL lysate protein and incubated them with 6 μg of HA-UbG75CP5 

60 for only 30 minutes at 37 °C at pH 7.5. After HA-tagged proteins pull-down and tryptic digest of the 

enriched proteins the samples were analyzed by MS/MS and LFQs of the detected proteins were 
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collected. The collected data from EL-4 lysates was visualized by a volcano blot in a pairwise 

comparison with the enrichment with HA-P5 24 using previous parameters (Figure 74A). Using the HA-

UbG75CP5 60 probe we could enrich 9 DUBs with a moderate fold change. While we found no 

significant differences in the DUB enrichment compared to the phosphonamidate 11b, the enhanced 

pull-down of other ubiquitin binding protein such as ubiquitinating enzymes was surprisingly striking. 

In a pairwise LFQ comparison of 60 with 11b we detected an E2 (UBE2G2) and four E3 (CBL, TRIM28, 

TRIM32, UBR5) enzymes to be more enriched by the vinylphosphonothiolate probe 60 (Figure 74B). 

Furthermore, we identified an enrichment of Cullin-5 (CUL5), molecular scaffold protein that binds 

among others to the RING domains RBX1 or RBX2, which act as E3 ligase complex[300-301]. Interestingly 

Cullin-5 is not known to bind ubiquitin by itself. An enormous fold change in enrichment was observed 

for UFD1L, which by association with NPLOC4 transfers ubiquitinated proteins to the proteasome. Both 

UFD1L and NPLOC4 are known to bind ubiquitin[301-302].  

 

 

Figure 74: Volcano plots of pairwise comparison of enriched protein LFQs by HA-UbG75CP5 60 relative to HA-P5 

24 or HA-UbG75P5 11b from EL-4 lysates. Statistical significance (-log10(p-value) from two-sample t-test) is 

plotted against fold enrichment (average -log2) from three technical replicates. The FDR was set up to 0.05 with 

a minimal fold change S0= 0.1: A) Pairwise comparison of 60 relative to 24. B) Pairwise comparison of 60 relative 

to 11b. 

In contrast to the vinylphosphonothiolate probe 60, none of phosphonamidate probes 11a-11e and 

HA-Ub75VME were potent to enrich such ubiquitin binding proteins. The reason for this observation 

might be on the one hand the lower nucleophilicity of the catalytic cysteine in some E2-E3 enzymes 

and on the other hand the phosphonamidates probably are not reactive enough to act as a substrate‐

based probes with a cysteine adjacent to an ubiquitin-binding domain for the majority of interacting 

proteins. However, those proteins enriched in the pull-down must be investigated in the isolated state 
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to confirm the proximity-induced reactivity. Nevertheless, we believe that the vinylphosphonothiolate 

probe 60 and its derivates applied in biomolecular studies can help to decipher the ubiquitin 

interactions even further. 
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6 Summary and Outlook 

6.1 Part 1: Phosphonamidate ubiquitin-based probe development 

This study describes the first preparation of functional protein phosphonamidates for proximity-

induced thiol conjugation. More precisely, new electrophilic ubiquitin-based probes for DUB targeting 

were introduced and applied for conjugation of isolated DUBs as well as for DUB enrichment from cell 

lysates. 

In the context of this work, we utilized the selective pressure incorporation for expression of 

hemagglutinin tag-fused ubiquitin mutants bearing azidohomoalanine as an unnatural amino acid at 

one of five different positions each (G76Aha, G75Aha, R74Aha, K63Aha, K48Aha). The ubiquitin 

mutants were successfully applied in Staudinger-phosphonite reactions in DMSO using an electron-

rich diethyl-ethynylphosphonite to form HA-ubiquitin-phosphonamidate probes 11a-11f. 

The C-terminal ubiquitin probes (G76P5, G75P5, R74P5) 11a-11c were demonstrated, followed an 

optimized conjugation protocol, to react clearly with a variety of isolated cysteine protease DUBs 

within two hours at neutral pH, which was investigated for UCH-L3 and USP2-CD DUBs in detail. In 

contrast, the conjugation to the test protein eGFP C70M S147C 2 was only efficient at basic pH and a 

reaction time of at least eight hours. The rapid reactivity with DUBs was attributed to the proximity-

induced thiol conjugation caused by protein-protein interactions with the ubiquitin. Furthermore, the 

reactivity was compared to the commercially available ubiquitin-based probe HA-UbG75VME. While 

the C-terminal probes reacted with a broad range of cysteine protease DUBs, the non C-terminal 

probes HA-UbK63P5 11d and HA-UbK48P5 11e showed reactivity only towards specific DUBs. Here, 

the probes 11d and 11e were able to conjugate efficiently the DUB USP5, but only 11d also labeled 

USP2-CD.  

The MS/MS analysis of the mentioned DUB conjugates revealed that the C-terminal probe 11a reacted 

almost exclusively with the active site cysteine of UCH-L3 and USP2-CD. In contrast, the HA-UbK63P5 

11d labeled only a cysteine zinc-finger subdomain far from the catalytic site. According to the MS/MS 

results for USP5-probe conjugates, the 11d and 11e were found attached to cysteines near to the S1’ 

ubiquitin binding site, whereas the HA-UbG75VME probe modified the active site cysteine and was 

most likely bound at the S1 site of the enzyme.  

Our kinetic studies regarding the hydrolysis of the Ub-AMC probe displayed clearly a decrease in 

catalytic activity of UCH-L3 and USP2-CD DUBs upon treatment with the developed probes 11a and 

11d. Moreover, the catalytic rate decrease by addition of the 11d probe demonstrates that the enzyme 

is not only inhibited by probes targeting the catalytic site but also when the ubiquitin binding site is 

occupied. While we initially expected to obtain similar results for USP5, we were surprised to observe 

an enhanced catalytic activity in Ub-AMC hydrolysis, when the enzyme was conjugated with the HA-
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UbK63P5 11d. This result could be explained by the enzymes conformational change into the active 

form upon binding of the reactive probe 11d to the S1’ region, while the S1 site is free and the catalytic 

core open. Further, this assumption was supported in an additional experiment by means of hydrolysis 

of natural diubiquitin substrates (K48 and K63), in which no increase in enzymatic rate was observed.  

 

After demonstrating that the HA-ubiquitin-phosphonamidate still operates in the presence of high 

glutathione concentrations or off-target proteins and remains sensitive under diluted conditions, the 

corresponding probes were subjected to HEK293 cell lysate for DUB labeling. By using anti-HA-tag 

Western blot, we could detect a relatively broad lysate labeling by the probes. However, the labeling 

pattern was found to depend on the respective ubiquitin mutant probes. 

Encouraged by these results, we performed pull-down experiments of HA-tagged proteins from 

HEK293 and EL-4 cell lysates after incubation with the probes 11a-11e using an optimized protocol. 

The enriched lysate proteins were successfully identified and quantified by MS/MS analysis and the 

results visualized by volcano plots. Although a large variety of DUBs with relatively high statistical 

significance were enriched by means of the C-terminal HA-ubiquitin-phosphonamidates, the pull-down 

with the commercial probe HA-UbG75VME showed greater enrichment values for the majority of the 

detected DUBs. We assume that the steric demand and the geometry of the alkynephosphonamidate 

warhead lowers the conjugation rate and is responsible for the lower enrichment of several DUBs. 

Moreover, we observed a correlation between shortening the C-terminus of the ubiquitin probe (11a 

to 11c) and decreased affinity to most DUBs but also the proteasomal subunits. In comparison to the 

C-terminal probes, the HA-UbK63P5 11d and K48P5 11e only enriched selected DUBs from the lysate. 

In addition, with the lysine substituted probes 11d and 11e we were able to strongly enrich the 

ubiquitin binding protein HDAC6 (histone deacetylase 6), which has no known deubiquitinating 

activity. This result demonstrates an extended substrate scope of our lysine substituted probes to also 

target ubiquitin binding proteins. 

In addition to the ubiquitin-based probe labeling by an epitope tag, we succeeded to prepare a 

fluorescent probe FAM-UbK48C G76P5 26 and conjugated it to the isolated DUBs UCH-L3 and USP2-

CD. The resulting conjugation showed only a slightly decreased efficiency compared to the HA-tagged 

probe 11a. A lysate protein labeling with subsequent fluorescent readout was also achieved by means 

of this probe.  

Despite the bulky fluorophore modification on the ubiquitin surface, the probe 26 retained its 

selectivity towards DUBs. This observation encouraged us to develop also a cell penetrating peptide 

ubiquitin conjugate probe for DUB targeting experiments in living cells. Therefore, we first conjugated 

cTAT or TAMRA-cTAT phosphonamidates 30 and 32 to UbK48C G76Aha 1h. Upon the 

alkynephosphonamidate warhead generation, the cell permeable probes 34a and 34b were shown to 
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undergo DUB labeling in vitro. Cell uptake experiments on HeLa cells using the TAMRA-cTAT-UbK48C 

G76Aha 33b led to undesired endosomal uptake of the probe almost exclusively. Only by co-addition 

of a cR10-SH peptide we could observe the probe internalization into cytosolic area without endosomal 

trapping. In order to enhance the internalization efficiency, we produced also a cR10 bearing probe 

cR10-(HA-)UbK48C G76P5 40. Unfortunately, the probe not only suffered from solubility issues during 

the Staudinger-phosphonite synthesis, but also showed a significant labeling of off-target proteins in 

enrichment studies. This was attributed to cR10 binding to random proteins due to the high charge of 

the peptide. Consequently, for cell uptake experiments with subsequent DUB enrichment we need to 

redesign our probe by introducing a cleavable linker between the ubiquitin probe and the cCPP. This 

design allows for cleavage of the cCPP before the pull-down procedure, avoiding unspecific binding.  

 

Our investigations on ubiquitin-based probes demonstrated that an alkynephosphonamidate is 

suitable to be applied as a warhead for cysteine proteases. Furthermore, we showed that the P5 

probes and the conjugates were stable under physiological conditions and can be applied for protein 

pull-downs or in combinations with other modifications such as fluorophores or CPPs. Although the C-

terminal phosphonamidate probes are less reactive in DUB targeting than the commercial VME probe, 

the simple installation of the P5 group at a desired position within the protein sequence allows the 

generation of lysine substituted ubiquitin-based probes and thus the conjugation of only specific DUBs 

and other specific ubiquitin binding proteins. We believe that such probes can be utilized further in 

the identification and characterization of novel DUBs or interacting proteins especially when zinc-

finger domains are involved in the probe binding.  

 

 

6.2 Part 2: Development of ubiquitin vinylphosphonothiolates for thiol-thiol bioconjugation 

In this work we utilized a phosphonite-disulfide reaction on disulfide-activated ubiquitin cysteine 

mutants to generate a ubiquitin vinylphosphonothiolate. The high electrophilic character of this 

moiety was used for thiol additions on proteins as a new ubiquitination method. In detail, we activated 

the expressed UbG76C 43 mutant by Ellman’s reagent for a subsequent conversion to UbG76CP5 46 

by means of a reaction with diethyl-vinylphosphonite in DMSO. Using optimized conditions, we were 

able to obtain the probe 46 in 24% isolated yield. The vinylphosphonothiolate 46 showed only limited 

stability at room temperature and at neutral pH, owing to P-S bond hydrolysis. The decomposition was 

accelerated at higher temperatures and basic pH. Nevertheless, the probe 46 was storable for weeks 

at 4 °C. 

Employing UbG76CP5 46 in protein conjugations we observed a rapid addition to eGFP C70M S147C 2 

in buffer even at neutral pH. The reaction was further accelerated at pH 8.5. Moreover, in contrast to 
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the vinylphosphonothiolate 46, the conjugation product 49 remained stable in neutral buffer. We 

further extended the application to prepare biologically relevant conjugates such as Ub-α-Syn 51 and 

K48-linked diubiquitin 55. Ub-α-Syn 51 was further accepted in an enzymatic ubiquitination to form 

K48-linked Ub2-α-Syn 53. This demonstrated that the ubiquitinated substrate can be recognized by 

ubiquitin binding proteins despite the artificial phosphonothiolate linkage. Furthermore, the initial 

artificial ubiquitination can act as a signal for enzymatic ubiquitinations to produce site-specific 

polyubiquitinated substrates. Regarding the generated K48-linked diubiquitin 55, we observed no 

significant conformational difference in comparison with the wild-type DiUb(K48) by circular 

dichroism. In addition, the anti-polyUb(K48) also recognized the artificially linked diubiquitin 55, which 

suggests that our phosphonothiolate linker can mimic the isopeptide bond. We also could not observe 

any hydrolysis products upon treatment of the conjugate 55 with chosen DUBs.  

With these results we demonstrated a new reliable and simple method to generate isopeptide bond 

mimics for protein ubiquitinations starting from cysteine mutants. Besides its possible applications in 

monoubiquitinations of biologically relevant targets, this chemistry might also be suitable for branched 

ubiquitin chain formations. Although the vinylphosphonothiolates generation was applied only for 

ubiquitin proteins so far, we believe that the linker can be installed on other proteins, which are also 

soluble in DMSO and can be reconstituted by refolding. 

In order to demonstrate the utility of vinylphosphonothiolates in ubiquitin-based probes for DUB 

targeting, we applied UbG76CP5 46 as well as HA-UbG75CP5 60 in conjugation with UCH-L3 and USP2-

CD. While both probes were efficient in labeling UCH-L3 within only 30 min, the conjugation of HA-

UbG75CP5 60 to USP2-CD was low-yielded due to the shorter C-terminus. Further application of the 

probe 60 in protein pull-down from EL-4 lysates led to enrichment of not only DUBs but also several 

E2-E3 enzymes and ubiquitin binding proteins, which we attribute to the higher electrophilicity of the 

vinylphosphonothiolate over the alkynephosphonamidates. 

Similar to alkynephosphonamidate ubiquitin-based probed, the vinylphosphonothiolate probes are 

also suitable for proximity-induced conjugation of ubiquitin interacting proteins. In particular, the 

phosphonothiolate probes are appropriate to target the less reactive E1-E3 enzymes and form stable 

conjugates, enabling for further characterization. In continuation of the project, the labeling conditions 

could be optimized for more selected E1-E3 enzymes enrichment by varying the pH and reaction time 

but also the length of the C-terminus of the phosphonothiolate probe. Moreover, the development of 

ubiquitin vinylphosphonothiolate probes on lysine-substituted cysteine mutants would be of interest 

to target ubiquitin interacting proteins, which contain less reactive cysteine residues on their binding 

surface. 
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7 Experimental Section 

7.1 General information 

7.1.1 Chemicals and solvents 

Chemicals and solvents were purchased from Merck (Merck group, Germany), TCI (Tokyo chemical 

industry CO., LTD., Japan) and Acros Organics (Thermo Fisher Scientific, USA) and used without further 

purification. Dry solvents were purchased from Acros Organics (Thermo Fisher Scientific, USA). 

Protected amino acids and resins for SPPS were purchased from Novabiochem (Merck, USA) or Iris 

Biotech GmbH (Germany). Unprotected amino acids were purchased from Carl Roth GmbH & Co. KG 

(Germany). The deubiquitinating enzyme UCH-L3 (Catalog #: E-325), USP2-CD (Catalog #: E-504) and 

SARS-CoV-2-PLPro (Catalog #: E-611) were purchased from Boston Biochem Inc. (USA). The 

deubiquitinating enzyme USP5 (short form, human, BML-UW9695-0025), Ub-AMC (BML-SE211-0025) 

and HA-UbG75VME (BML-UW0880-0025) were purchased from Enzo Life Sciences GmbH (Germany). 

The peptide ppTG21 was synthesized and purified by Ines Kretzschmar (FMP, group of Prof. C. R. P. 

Hackenberger), the cR10-SH was synthesized and purified by Anselm Schneider (FMP, group of Prof. C. 

R. P. Hackenberger), NHS-phenyl-phosphonamidate was synthesized by Marc-André Kasper (FMP, 

group of Prof. C. R. P. Hackenberger). The DUBs GST-UCH-L3, GST-USP2, His-USP21, Mindy2, vOTU, 

OTUD6A, OTUB1, GST-Atxn3 and His-CYLD were expressed and provided by the group of Dr. Yogesh 

Kulathu from university of Dundee. 

 

7.1.2 CD spectroscopy 

CD-Spectra were recorded at room temperature on a JASCO J-720 spectrometer using 0.1 cm path 

length quartz cells. The CD spectra were collected at 260-185 nm rage with a scanning speed of 100 

nm/min and 30 accumulations and a data pitch of 0.1 nm. The ellipticity is reported as the mean 

residue ellipticity [θ] in degrees cm2 dmol-1. 

The synthesized HA-UbG76P5 11a was compared to HA-UbG76Aha 1a: 

The ubiquitin samples were rebuffered to 50 mM Na2HPO4 pH 7.4 using spin-filtration (MWCO: 3 kDa, 

Sartorius, Germany). The protein concentrations were determined by BCA assay (HA-UbG76P5 11a: 

1.14 mg/mL, 115 μM; HA-UbG76Aha 1a: 0.86 mg/mL, 87 μM). 

The synthesized DiUb(K48) 55 was compared to commercially available wild-type DiUb(K48): 

DiUb(K48) samples were rebuffered to 50 mM Na2HPO4 pH 7.4 using spin filtration (MWCO: 10 kDa, 

Sartorius, Germany). The protein concentrations were determined by BCA assay (synthetic DiUb(K48) 

55 19: 9.34 µg/mL, wtDiUb(K48): 5.27 µg/mL). 
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7.1.3 UPLC-UV and low-resolution mass spectrometry 

UPLC-UV traces were recorded at 220 nm on a Waters Acquity H-class instrument (Waters Corporation, 

Milford, Massachusetts, USA) equipped with a quaternary solvent manager, a Waters autosampler and 

a Waters TUV detector with an Acquity UPLC BEH C18 column (300 Å, 1.7 µm, 2.1 mm x 50 mm) with 

a flow rate of 0.6 mL/min (Waters Corp., USA). If not mentioned otherwise, the following standard 

gradient was used: A: 0.1% TFA in H2O; B: 0.1% TFA in ACN, 5-60% B 0.5-3.0 min. The low-resolution 

mass spectra were recorded on a Waters Acquity QDa detector with an electrospray ionization (ESI) 

ion source. 

 

7.1.4 High-resolution mass spectrometry 

The peptides 5, 6 and 7 were analyzed with Agilent 6220 TOF Accurate Mass coupled to an Agilent 

1200 LC (Agilent Technologies, USA) and measured at 35 °C between 100-2000 m/z. The Accucore RP-

MS column (30 x 2.1 mm; 2.6 μm particle size) was used and eluted with a flow rate of 0.8 mL/min and 

the following gradient was used: A: 0.1% TFA in H2O; B: 0.1% TFA in ACN, 5-99% B 0.2-1.1 min. 

 

7.1.5 High-resolution and intact protein mass spectrometry 

Intact proteins and peptides were analyzed using a Waters Acquity H-class instrument equipped with 

a quaternary solvent manager, a Waters sample manager-FTN, a Waters PDA detector (measured at 

220 nm) and a Waters column manager with an Acquity UPLC protein BEH C4 column (300 Å, 1.7 µm, 

2.1 mm x 50 mm) or for peptides the Acquity UPLC BEH C18 column (300 Å, 1.7 µm, 2.1 mm x 50 mm). 

Proteins and peptides were eluted with a flow rate of 0.3 mL/min. The following gradient was used: A: 

0.01% FA in H2O; B: 0.01% FA in ACN, 5-95% B in 6 min. Mass analysis was conducted with a Waters 

XEVO G2-XS QTOF analyzer and electrospray ionization (ESI) ion source. Proteins were ionized in 

positive ion mode applying a cone voltage of 40 kV. Raw data was deconvoluted and analyzed with 

MaxEnt 1. 

 

7.1.6 Mass spectrometry for MS/MS 

The MS/MS measurements were done by Dr. Michal Nadler-Holly and Heike Stephanowitz (FMP, group 

of Dr. Fan Liu). Heike Stephanowitz analyzed the conjugates 12a, 16a and 16d. Christian Stieger (FMP, 

group of Prof. C. R. P. Hackenberger) analyzed the conjugates 18a, 18d, 18e and 19. These analyses are 

discussed in chapter 5.2.7. 
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After in-gel digestion peptides were dissolved in water and analyzed by a reversed-phase capillary 

liquid chromatography system (Dionex Ultimate 3000 NCS-3500RS Nano, Thermo Scientific) connected 

to an Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific, Germany). A PepMap C-18 trap-

column (Thermo Fisher Scientific, Germany) of 0.075 mm ID x 50 mm length, 3 µm particle size was 

used for sample loading. Peptide separation was performed with a 200 cm µPACTM column 

(PharmaFluidics, Ghent, Belgium) with a flow rate of 750 nL/min with a following gradient: A: 0.1% FA 

in H2O; B: 0.1% FA in ACN, 4-50% B in 59 min. FT survey scans were acquired in a range of 350 to 1500 

m/z with a resolution of 120000 (FMHM) and an AGC target value of 4e5. Precursor ions with charge 

states 2-5 were isolated with a mass selecting quadrupole (isolation window m/z 1.2) with 10 s dynamic 

exclusion. Precursor ions were fragmented using stepped higher-energy collision dissociation (HCD). 

Stepped HCD MS/MS spectra were acquired with 27-30-33% normalized collision energy (NCE). The 

maximum injection time was set to 54 ms to collect 2e4 precursor ions. Fragment ion spectra were 

obtained with a resolution of 15000 (FWHM) in the Orbitrap. 

 

7.1.7 MALDI-TOF mass spectrometry 

The MALDI spectra were recorded on a Bruker LT microflex using a 2,5-DHAP matrix. Proteins in 50 

mM ammonia bicarbonate buffer pH 7.9 (1 µL) were mixed with 2% TFA solution in H2O (2 µL) and the 

2,5-DHAP matrix solution (2 µL). The mixture was transferred on a MSP 96 target polished steel BC and 

allowed to crystallize before measurements. 

 

7.1.8 Semi-preparative HPLC 

Semi-preparative HPLC was performed on a Shimadzu prominence HPLC system (Shimadzu Corp., 

Japan) with a CBM20A communication bus module, a FRC-10A fraction collector, 2 pumps LC-20AP, 

and a SPD-20A UV/VIS detector, using a VP250/21 Macherey-Nagel Nucleodur C18 HTec Spum column 

(Macherey-Nagel GmbH & Co. Kg, Germany).  

For protein purification a Vydac® protein C4 column (10 µm, 300 Å, 10 mm ID x 250 mm L, 

Cat#214TP1010) was used. The following gradient was used: Method A: (A: H2O + 0.1% TFA, B: ACN 

+0.1% TFA, 30-70% B in 35 min), flow rate 5 mL/min. The peptides were purified using a VP250/21 

Macherey-Nagel Nucleodur C18 HTec Spum column (Macherey-Nagel GmbH & Co. Kg, Germany). The 

following gradient was used: Method B: (A: H2O + 0.1% TFA, B: ACN +0.1% TFA, 20-70% B in 40 min), 

flow rate 10 mL/min. 
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7.1.9 Preparative HPLC 

Preparative HPLC was performed on a Gilson PLC 2020 system (Gilson Inc, WI, Middleton, USA) using 

a VP 250/32 Macherey-Nagel Nucleodur C18 HTec Spum column (Macherey-Nagel GmbH & Co. Kg, 

Germany). The following gradient was used: Method C: (A: H2O + 0.1% TFA, B: ACN +0.1% TFA, 10-70% 

B in 35 min), flow rate 30 mL/min. 

 

7.1.10 Size exclusion chromatography  

Protein purification by size exclusion chromatography was conducted with an ÄKTA FPLC system (GE 

Healthcare, USA) equipped with a P-920 pump system, a UPC-900 detector, a FRAC-950 fraction 

collector and Superdex 75 10/300 GL column (GE Healthcare, USA), with a flow of 0.8 mL/min for 

ubiquitin and eGFP protein probes.  

 

7.1.11 NMR 

NMR spectra were recorded with a Bruker Ultrashield 300 MHz spectrometer and a Bruker Avance III 

600 MHz spectrometer (Bruker Corp., USA) at ambient temperature. Chemical shifts δ are reported in 

ppm relative to the shift of tetramethylsilane. 

 

7.1.12 SDS-PAGE 

SDS-PAGE gels were prepared using standard protocols. If not other mentioned, all samples were 

heated at 95 °C in SDS sample buffer containing β-mercaptoethanol prior to loading. Gels were run in 

a Mini-PROTEAN system from Bio-Rad at 250 V for 30 mins. Bands were detected with standard 

Coomassie R250 stain or by silver stain.  

 

7.1.13 Western blots  

The blotting was performed directly after SDS-PAGE. The gels were incubated in transfer buffer and 

then transported to a 0.45 μm nitrocellulose membrane in a Mini-Trans Blot chamber (Bio-Rad 

Laboratories GmbH) at 200 A for 50 min. The membrane was stained first by Ponceau S and imaged by 

ChemiDoc Imaging System (Bio-Rad Laboratories GmbH). Then the membrane was washed quickly 

with PBS and blocked with Roti-block for 2 h followed by incubation with the respective antibody 

1:1000 and 5% BSA in TBS-T for 60 min at rt. The membrane was then washed with TBS-T 3x5 min. All 

blots used were incubated with an HRP-tagged (horseradish peroxidase) secondary antibody before 

visualization. The membrane was treated with Western ECL Blotting substrates (Bio-Rad Laboratories 

GmbH) for visualization and the bands were detected with a ChemiDoc Imaging System. 



 Experimental Section 

 
125 

 

7.1.14 Protein concentration determination 

Protein concentration were determined by absorption spectroscopy measurements at 280 nm using 

the extinction coefficient and molecular weight of the protein on a NanoDrop ND-1000. In addition, or 

as alternative concentrations were determined by BCA assay (Thermo Fisher Scientific, USA) according 

to the manufacturers protocol. 

 

7.1.15 Automated peptide synthesis 

The automated solid-phase peptide synthesis was carried out with Syro I (MultiSyn Tech GmbH) by 

Ines Kretzschmar (FMP, group of Prof. C. R. P. Hackenberger) using 0.05 mmol scale reactors and 4 eq. 

of Fmoc-protected amino acids for each coupling and DMF as the solvent. (2-(1H-benzotriazol-1-yl)-

1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) or 2-(1H-Benzotriazole-1-yl)-1,1,3,3-

tetramethylaminium tetrafluoroborate (TBTU) was used as a coupling reagent. 

 

7.1.16 Confocal microscopy 

The cell uptake experiments were imaged by Laser-Scanning-Microscope (LSM) 710 (ZEISS, Germany) 

using laserdiode CW (λ=405 nm) for Hoechst 33342 and diode pumped solid state (DPSS) laser (λ=561 

nm) for TAMRA excitation. Plan-apochromat (100x/1.40, 64x/1.40, 40x/1.20 oil DIC) objectives were 

used. 
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7.2 Part 1: Phosphonamidate ubiquitin-based probe development 

7.2.1 Auxotrophic Expression and purification of ubiquitin mutants 

The ubiquitin sequence was synthesized by GeneArt AG and cloned into pET28a using NheI and XhoI 

restriction endonuclease sites. The NdeI restriction site was deleted.  

The UbG76M mutant was created by substitution mutagenesis using pET28a vector containing the Ub 

sequence and using the following primer: 

 

UbG76M: 

fwd: CGTCTGCGTGGTATGTAACTCGAGCAC 

rev: GTGCTCGAGTTACATACCACGCAGACG  

UbK63M: 

fwd: GATTATAACATTCAGATGGAAAGCACC 

rev: CAGGGTGCTTTCCATCTGAATGTTATAATC  

UbK48M: 

fwd: GATTTTTGCAGGTATGCAGCTGGAAGATG 

rev: CATCTTCCAGCTGCATACCTGCAAAAATC  

 

The UbK48C G76M mutant was created by substitution mutagenesis using pET28a vector containing 

the UbG76Aha sequence and using the following primer: 

 

UbK48C G76M: 

fwd: GCGTCTGATTTTTGCAGGTTGCCAGCTGGAAGATGGTCG  

rev: CGACCATCTTCCAGCTGGCAACCTGCAAAAATCAGACGC  

 

The HA-tag was incorporated by insertion mutagenesis using the UbG76M plasmid as template and 

the following primer: 

 

HA-UbG76M: 

fwd: CTAGCTAGCTACCCATACGATGTTCCAGATTACGCTCAGATTTTTGTTAAAACCCTGACCGGTAAAACC 

rev: GTGCTCGAGTTAACCACGCAGACG 
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The HA-UbG75M and HA-UbR74M mutants were produced by deletion mutagenesis using HA-

UbG76M plasmid as template and the following primer: 

 

HA-UbG75M: 

fwd: ATGTAACTCGAGCACCACC 

rev: ACGCAGACGCAGAACCAG 

HA-UbR74M: 

fwd: ATGTAACTCGAGCACCAC 

rev: CAGACGCAGAACCAGATG 

 

The HA-UbK48M and HA-UbK63M mutants were produced by insertion mutagenesis using UbK48M 

and UbK63M plasmids as template and the following primer: 

 

HA-UbK63M: 

fwd: CTAGCTAGCTACCCATACGATGTTCCAGATTACGCTCAGATTTTTGTTAAAACCCTGACCGGTAAAACC 

rev: GGTGGTGGTGCTCGAGTTAACC  

HA-UbK48M: 

fwd: CTAGCTAGCTACCCATACGATGTTCCAGATTACGCTCAGATTTTTGTTAAAACCCTGACCGGTAAAACC 

rev: GGTGGTGGTGCTCGAGTTAACC  

 

The HA-UbK48C G76M mutant was created by substitution mutagenesis using pET28a vector 

containing the HA-UbG76Aha sequence and using the following primer: 

 

HA-UbK48C G76M: 

fwd: GCGTCTGATTTTTGCAGGTTGCCAGCTGGAAGATGGTCG  

rev: CGACCATCTTCCAGCTGGCAACCTGCAAAAATCAGACGC  

 

 

HA-ubiquitin sequence with His6-tag (green) and thrombin cleavage site (blue) and the HA-tag (violet): 

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCGCTAGCTACCCATACG

ATGTTCCAGATTACGCTCAGATTTTTGTTAAAACCCTGACCGGTAAAACCATTACCCTGGAAGTTGAACCGAGC

GATACCATTGAAAATGTGAAAGCCAAAATCCAGGACAAAGAAGGTATTCCGCCTGATCAGCAGCGTCTGATTT

TTGCAGGTAAACAGCTGGAAGATGGTCGTACCCTGAGCGATTATAACATTCAGAAAGAAAGCACCCTGCATCT

GGTTCTGCGTCTGCGTGGTGGT 
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The HA-ubiquitin mutant DNA-sequence in a pET28a vector containing an N-terminal His6-tag and a 

thrombin cleavage site was used. This plasmid together with T7 polymerase containing pTARA vector 

was transformed into auxotrophic E. Coli cell line B834. One colony from the LB-Agar plate containing 

30 µg/mL Kanamycin (Fa. Roth #T832.3) and 34 µg/mL Chloramphenicol (Fa. Roth #388.2) was picked 

for the overnight culture. To start with OD600 of 0.05 5-10 mL of overnight culture were added to 500 

mL NMM medium containing 45 µM methionine as limited amino acid, 0.75% arabinose, 30 µg/mL 

kanamycin and 34 µg/mL chloramphenicol. The cells were growing at 28 °C and 180 rpm overnight 

until the stationary phase was reached. Then azidohomoalanine (100 mg/L) was added and the cells 

were incubated for 30 min at 37 °C. Subsequently, the expression was induced by adding 1 mM IPTG 

(Fa. Thermo Scientific, #R0392) and was shaken at 28 °C for 16-18 h at 180 rpm. The cells were 

harvested by centrifugation at 4000 RCF for 15 min at 4 °C, washed with 1xPBS pH 7.4, centrifuged 

again and resuspended in 30 mL lysis buffer (PBS pH 7.4, 10 mM imidazole). The Lysis was performed 

by microfluidizer. The lysate was centrifuged at 50000 RCF for 15 min at 4 °C and the supernatant was 

purified by HisTrap (Cytiva, 17-5255-01) with lysis buffer as binding buffer. The protein was eluted with 

1xPBS pH 7.4 containing 500 mM imidazole. After desalting with HiPrep 26/10 desalting column (GE, 

#17-5087-01) in 20 mM Tris pH 8, 150 mM NaCl, 2.5 mM CaCl2, the His6-tag was cleaved with thrombin 

(1U/mL) (Bovine thrombin, Fa. Merck Millipore #605157) at rt overnight. The cleaved protein was 

purified by HisTrap in 1xPBS pH 7.4, 10 mM imidazole as binding buffer to remove remained His6-taged 

protein. The flow-through fraction was collected and the buffer was exchanged to 50 mM NH4HCO3 pH 

7.8 by spin-filtration (MWCO: 3kDa, Sartorius, Germany) at 8000 RCF. The protein concentration was 

determined by NanoDrop® at 280 nm (ε = 5960 M-1 cm-1). The expressed protein was isolated in 2-

10 mg yield for 1 L expressions. 

 

HA-UbG76Aha 1a: 

Protein sequence: Thrombin cleavage site and spacer residues in blue, HA-tag highlighted in violet, Ub 

in black, G76Aha highlighted in red: 

GSASYPYDVPDYAQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLH

LVLRLRGAha 

 

 

Figure 1S: Coomassie-stained SDS-PAGE of collected fractions of HA-UbG76Aha 1a after HisTrap. 
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Figure 2S: Raw ESI-MS spectrum and the deconvoluted mass of HA-UbG76Aha 1a. HA-UbG76Aha 1a 

deconvoluted ESI-MS: 9890.1 Da (calc. MW: 9889.2 Da). 

 

 

HA-UbG75Aha 1b:  

Protein sequence: Thrombin cleavage site and spacer residues in blue, HA-tag highlighted in violet, Ub 

in black, G75Aha highlighted in red: 

GSASYPYDVPDYAQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLH

LVLRLRAha 

 

 

Figure 3S: Coomassie-stained SDS-PAGE of collected fractions of HA-UbG75Aha 1b after HisTrap. 
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2967606

9941.3008
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Figure 4S: Raw ESI-MS spectrum and the deconvoluted mass of HA-UbG75Aha 1b. HA-UbG75Aha 1b 

deconvoluted ESI-MS: 9834.6 Da (calc. MW: 9832.1 Da). 

 

 

HA-UbR74Aha 1c:  

Protein sequence: Thrombin cleavage site and spacer residues in blue, HA-tag highlighted in violet, Ub 

in black, R74Aha highlighted in red: 

GSASYPYDVPDYAQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLH

LVLRLAha 

 

 

Figure 5S: Coomassie-stained SDS-PAGE of collected fractions of HA-UbR74Aha 1c after HisTrap. 
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Figure 6S: Raw ESI-MS spectrum and the deconvoluted mass of HA-UbR74Aha 1c. HA-UbR74Aha 1c deconvoluted 

ESI-MS: 9677.8 Da (calc. MW: 9675.9 Da). 

 

 

HA-UbK63Aha 1d:  

Protein sequence: Thrombin cleavage site and spacer residues in blue, HA-tag highlighted in violet, Ub 

in black, K63Aha highlighted in red: 

GSASYPYDVPDYAQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQAhaEST

LHLVLRLRGG 

 

 

Figure 7S: Coomassie-stained SDS-PAGE of collected fractions of HA-UbK63Aha 1d after HisTrap. 
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2.85e79677.8008

28460246

9649.3008
1253994

9681.1006
4725391

9697.0000
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Figure 8S: Raw ESI-MS spectrum and the deconvoluted mass of HA-UbK63Aha 1d. HA-UbK63Aha 1d 

deconvoluted ESI-MS: 9819.0 Da (calc. MW: 9818.1 Da). 

 

 

HA-UbK48Aha 1e:  

Protein sequence: Thrombin cleavage site and spacer residues in blue, HA-tag highlighted in violet, Ub 

in black, K48Aha highlighted in red: 

GSASYPYDVPDYAQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGAhaQLEDGRTLSDYNIQKEST

LHLVLRLRGG 

 

 

Figure 9S: Coomassie-stained SDS-PAGE of collected fractions of HA-UbK48Aha 1e after HisTrap. 

 

m/z
800 1000 1200 1400 1600 1800 2000 2200

%

0

100

SS_180202_HA-Ubk63Aha_1 327 (4.360) Cm (325:333) 1: TOF MS ES+ 
4.49e7982.7103

44920308
982.8129
44838252

1092.0105
35501672

1228.2670
29285036

1228.5250
20705220

1228.6398
16230454

1228.7688
12153433

1403.7249
7691598

mass
8000 9000 10000 11000

%

0

100

SS_180202_HA-Ubk63Aha_1  327 (4.360) M1 [Ev-794162,It33] (Gs,0.850,635:2280,0.10,L33,R33); Cm (325:333)
4.88e89819.0000

488296288

9790.5000
33681880

8877.9004
27395754

9871.8008
32515642



 Experimental Section 

 
133 

 

 

Figure 10S: Raw ESI-MS spectrum and the deconvoluted mass of HA-UbK48Aha 1e. HA-UbK48Aha 1e 

deconvoluted ESI-MS: 9819.1 Da (calc. MW: 9818.1 Da). 

 

 

HA-UbK48C G76Aha 1f: 

Protein sequence: Thrombin cleavage site and spacer residues in blue, HA-tag highlighted in violet, Ub 

in black, K48C and G76Aha highlighted in red: 

GSASYPYDVPDYAQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGCQLEDGRTLSDYNIQKESTLH

LVLRLRGAha 

 

 

Figure 11S: Coomassie-stained SDS-PAGE of collected fractions of HA-UbK48C G76Aha 1f after HisTrap. 
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982.9159
24579950

1091.7950
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Figure 12S: Raw ESI-MS spectrum and the deconvoluted mass of HA-UbK48C G76Aha 1f. HA-UbK48C G76Aha 1f 

deconvoluted ESI-MS: 9865.1 Da (calc. MW: 9864.1 Da). 

 

 

UbG76Aha 1g:  

Protein sequence: Thrombin cleavage site and spacer residues in blue, Ub in black and G76Aha 

highlighted in red: 

GSASQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGLQLEDGRTLSDYNIQKESTLHLVLRLGAha 

 

  

Figure 13S: Coomassie-stained SDS-PAGE of collected fractions of UbG76Aha 1g after HisTrap. 
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Figure 14S: Raw ESI-MS spectrum and the deconvoluted mass of UbG76Aha 1g. UbG76Aha 1g deconvoluted ESI-

MS: 8805.4 Da (calc. MW: 8805.0 Da). 

 

 

UbK48C G76Aha 1h:  

Protein sequence: Thrombin cleavage site and spacer residues in blue, Ub in black, K48C and G76Aha 

highlighted in red: 

GSASQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGCQLEDGRTLSDYNIQKESTLHLVLRLGAha 

 

 

Figure 15S: Coomassie-stained SDS-PAGE of collected fractions of UbK48C G76Aha 1h after HisTrap. 
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Figure 16S: Raw ESI-MS spectrum and the deconvoluted mass of UbK48C G76Aha 1h. UbK48C G76Aha 1h 

deconvoluted ESI-MS: 8779.6 Da (calc. MW: 9832.1 Da). 

 

 

7.2.2 eGFP C70M S147C 2 expression and purification 

The eGFP mutant C70M S147C 2 was expressed and purified according to the literature[239] by Kristin 

Kemnitz-Hassanin (FMP, group of Prof. C. R. P. Hackenberger). 

 

eGFP C70M S147C 2 protein sequence: Thrombin cleavage site and spacer residues highlighted in blue; 

eGFP highlighted in black; C70M and S147C highlighted in red: 

GSHMGSIQMVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGV

QMFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYN

YNCHNVYIMADKQKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMV

LLEFVTAAGITLGMDELYK 

 

  

Figure 17S: Coomassie-stained SDS-PAGE of collected fractions of eGFP C70M S147C 2 after size exclusion 

chromatography. 
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Figure 18S: Raw ESI-MS spectrum and the deconvoluted mass of eGFP C70M S147C 2. eGFP C70M S147C 2 

deconvoluted ESI-MS: 27765 Da (calc. MW: 27766 Da). 

 

 

7.2.3 Synthesis of O-diethyl-ethynylphosphonite 3 

 

Under inert condition a solution of diethylchlorophosphite (1 mmol, 144 μL) was cooled to −78 °C and 

ethynyl magnesium bromide (0.5 M, 1.1 mmol, 2.2 mL, 1.1 eq.) in THF was added slowly and the 

solution was allowed to warm up to rt while stirring for 1 h. The diethyl-ethynylphosphonite 3 was 

used as crude and the quantities were calculated based to on 31P-NMR analysis. For application on 

proteins, 4 mL of dry THF were added to dilute the product 3 to 0.166 M before using. 

31P-NMR (122 MHz, THF) δ = 128.58 ppm. 

The NMR data are consistent with the literature[239]. 

 

 

7.2.4 Synthesis of O-diethyl-ethynylphosphonite borane complex 4 
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The crude 3 in THF (10 mmol, 21 mL) was cooled to 0 °C. Then the BH3·THF (1 M, 1.1 eq. 11 mmol, 11 

mL) was added slowly under argon atmosphere and the mixture was stirred for 2 h while the 

temperature could increase to rt. After solvent removal, the crude mixture was purified by column 

chromatography with EtOAc/n-hexane (8:92). The pure product was isolated as a colorless oil (1.1 g, 

6.87 mmol, 69%). 

1H-NMR (300 MHz, CDCl3): δ = 4.17 (dqd, J = 8.5, 7.1, 1.5 Hz, 4H, 2xCH2), 3.16 (d, J = 7.1 Hz, 1H, CH), 

1.38 (t, J = 7.1 Hz, 6H, 2xCH3), 0.65 (m, 3H, BH3) ppm. 31P-NMR (122 MHz, CDCl3) δ = 105.81 (dd, 

J = 168.9, 82.7 Hz) ppm. 

The NMR data are consistent with the literature[241]. 

 

 

7.2.5 O-diethyl-ethynylphosphonite borane complex 4 deprotection with DABCO 

 

O-diethyl-ethynylphosphonite borane complex 4 (50 mg, 0.31 mmol) was dissolved in 0.6 mL dry THF 

and a pre-dried DABCO (1.5 eq., 51.3 mg, 0.46 mmol) was added. The mixture was stirred at 50 °C for 

2 h. Subsequently, a 31P-NMR spectrum of the crude was recorded showing less than 63% purity of the 

product 3. 

31P-NMR (122 MHz, THF) δ = 127.71 ppm. 

The MS analysis of the produced compound 3 was not possible due to compound hydrolysis and low 

signal to noisy ratio for small mass region. Since the compound 3 is already published and has a 

characteristic 31P-NMR shift, we decided that the NMR analysis was sufficient to identify this 

compound. 

 

 

7.2.6 Microwave assisted O-diethyl-ethynylphosphonite borane complex 4 deprotection 

 

O-diethyl-ethynylphosphonite borane complex 4 (40 mg, 0.25 mmol) was dissolved in 2 mL dry EtOH 

under argon atmosphere and irradiated with microwaves (60 W) in a sealed vessel for 2 h at 85 °C. 
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Subsequently, a 31P-NMR spectrum of the crude was recorded showing less than 71% purity of the 

product 3. 

31P-NMR (122 MHz, EtOD-d6) δ = 127.70 ppm. 

 

 

7.2.7 Synthesis of fluorescent test peptide 5 

 

The peptide 5 was synthesized in a 0.2 mmol scale on a Rink Amide resin with a loading of 0.14 mmol/g. 

The synthesis was performed manually. The Fmoc-L-azidohomoalanine (2.5 eq.) was double coupled 

with [O-(7-Azabenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium-hexafluorphosphat] (HATU) (2.5 eq.) 

and N,N-Diisopropylethylamin (DIPEA) (5 eq.) in DMF for 1 h each. The remaining Fmoc-amino acids (5 

eq.) were coupled using Ethyl (hydroxyimino)cyanoacetate (Oxima) (5eq.), O-(1H-6-

Chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HCTU) (5 eq.) and DIPEA 

(10 eq.) in DMF for 1 h at rt. The 5(6)-carboxyfluorescein (FAM) (376.32 mg, 1 mmol, 5 eq.) was coupled 

with HATU (380.2 mg, 1 mmol, 5 eq.) and DIPEA (2 mmol, 340 μL, 10 eq.) in 6 mL DMF for 1 h. The 

Fmoc group was removed using piperidine (25% v/v) in DMF for 3x2 min. The cleavage from the resin 

and the side-chain deprotection was carried out with TFA:TIS:H2O (95:2.5:2.5 v/v/v) within 3 h at rt. 

The crude peptide 5 was purified using the preparative HPLC using method C. The product 5 was 

isolated as a white powder (106.37 mg, 65 μmol, 32%) and analyzed by UPLC-UV (A: 0.1% TFA in H2O; 

B: 0.1% TFA in ACN, 5-95% B 0.5-18.0 min, tR: 5.38 min). 

Test peptide 5 HRMS: m/z: 819.8846 [M+2H]2+ (calc. m/z: 819.8759). 

 

 

Figure 19S: UPLC-UV chromatogram of test peptide 5. 
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7.2.8 Reaction of phosphonite 3 with the test peptide 5 in acidic buffer 

 

The peptide 5 (28 mg, 0.017 mmol) was dissolved in 17 mL of degassed 100 mM MES buffer at pH 6.0 

under argon atmosphere. Then the freshly synthesized 3 (50 eq. 0.85 mmol, 1.82 mL) was added as 

crude mixture. The resulting reaction mixture was stirred at 50 °C for 3 days, whereas the conversion 

was monitored by LC-MS analysis. The crude product was purified using the preparative HPLC using a 

C18 column with the method C giving a pure product 7 in 7% (1.99 mg, 1.2 µmol) yield. The product 

was analyzed by UPLC-UV using standard gradient (tR: 1.93 min). 

Peptide 7 HRMS: m/z: 1728.7557 [M+H]+ (calc. m/z: 1728.7317), 864.8695 [M+2H]2+ (calc. m/z: 

864.3775). 

 

 

Figure 20S: UPLC-UV chromatogram of peptide 7. 

 

 

7.2.9 Reaction of phosphonite 3 with the test peptide 5 in basic buffer 

 

The peptide 5 (0.25 mg, 0.15 µmol) was dissolved in 20 µL of degassed 100 mM ammonia bicarbonate 

buffer at pH 8.6 under argon atmosphere. Then 5 µL ACN and the crude mixture of freshly synthesized 

crude 3 (10 eq., 144 mM, 1.5 µmol, 10.4 µL) were added. The resulting mixture was stirred at 37 °C for 
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24 h, whereas the conversion was monitored by UPLC-UV and MS analysis under standard gradient 

(peptide 6 tR: 2.35 min, peptide 5 tR: 2.39 min). The obtained product 6 was not isolated. 

Peptide 6 MS: m/z: 864.24 [M+2H]2+ (calc. m/z: 864.38). 

 

 

Figure 21S: UPLC-UV chromatogram of peptide 6. 

 

 

7.2.10 Test reaction of peptide 6 with reduced GSH 

 

A solution of GSH (20 eq., 180 mM, 3 µmol, 16.7 µL) in 100 mM ammonia bicarbonate buffer pH 8.5 

was added to the crude mixture of 6 (chapter 7.2.9) (0.25 mg, 0.15 µmol) and the reaction was shaken 

at 37°C for 21 h. Subsequently, the mixture was analyzed by UPLC-UV using standard gradient (peptide 

9 tR: 2.19 min, peptide 5 tR: 2.39 min). 

Compound 9 MS: m/z: 678.90 [M+2H]3+ (calc. m/z: 678.96). 
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Figure 22S: UPLC-UV chromatogram of reaction mixture with peptide 9 and 5. 

 

 

7.2.11 Reaction of phosphonite 3 with 1g in basic buffer 

 

The lyophilized UbG76Aha 1g (0.46 mg, 52 nmol) was dissolved in 50 µL 100 mM ammonia bicarbonate 

buffer pH 8.6 and subsequently degassed. The diluted crude phosphonite 3 (20 eq. 1.04 µmol, 10 µL) 

was added every 6 h up to 60 eq. in total and the mixture was shaken at 37°C. Subsequently, the 

reaction was spin-filtered (MWCO: 3kDa, Sartorius, Germany) at 8000 RCF for four times in 50 mM 

ammonia bicarbonate buffer pH 8.6 to remove the THF and the small molecules. The solution was 

analyzed without further purification by MALDI-TOF. 
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Figure 23S: MALDI-TOF spectra of crude UbG76P5 10, 7 kDa-20 kDa spectrum (left) and 8 kDa-10 kDa spectrum 

(right). UbG76P5 10 MALDI: 8899 Da (calc. MW: 8895 Da). 

 

 

7.2.12 Staudinger-phosphonite reaction of phosphonite 3 with test peptide 5 in DMSO 

 

The peptide 5 (30 mg, 18 µmol) was dissolved in 4 mL dry DMSO under argon atmosphere. The crude 

phosphonite 3 (20 eq., 0.36 mmol, 0.72 mL) was added. The mixture was stirred at 50 °C for 2 d. Then 

the mixture was diluted with 20 mL of water and lyophilized. The dried crude was purified by 

preparative HPLC using a C18 column with method C. Thereby, the pure product 6 was isolated in 27% 

(8.42 mg, 4.9 µmol) yield and analyzed by UPLC-UV (A: 0.01% FA in H2O; B: 0.01% FA in ACN, 5-95% B 

in 6 min, tR: 2.87 min). 

Peptide 6 HRMS: m/z: 1727.7663 [M+H]+ (calc. m/z: 1727.7505), 864.3885 [M+2H]2+ (calc. m/z: 

864.3789). 
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Figure 24S: UPLC-UV chromatogram of test peptide 6. 

 

 

7.2.13 Staudinger-phosphonite reaction of phosphonite 3 with UbG76Aha 1g in DMSO 

 

The lyophilized protein UbG76Aha 1g (4.72 mg, 0.536 µmol) was dissolved in 250 µl dry DMSO under 

argon atmosphere. The crude phosphonite 3 (10 eq. 5.36 µmol, 36.2 µL) was added and the resulted 

mixture was stirred at 60 °C for 3 d. Then the crude was immediately quenched by addition of 20 mL 

50 mM NH4HCO3 buffer pH 7.9, spin-filtered (MWCO: 3kDa, Sartorius, Germany) at 8000 RCF for four 

times in the same buffer and purified by semi-preparative HPLC (method A) with a C4 column (Vydac 

C4 214TP1010). The product 10 was isolated in 10% (0.5 mg, 562 nmol) yield. 
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Figure 25S: Raw ESI-MS spectrum and the deconvoluted mass of UbG76P5 10. UbG76P5 10 deconvoluted ESI-

MS: 8895.8 Da (calc. MW: 8895.1 Da). The impurity with the mass 8809 Da belongs to the hydrolyzed UbG76P5 

10, which was formed during the elongated acidic purification. 

 

 

7.2.14 General procedure for optimized synthesis of HA-Ub-phosphonamidate 

 

The lyophilized protein HA-ubiquitin-Aha mutant was dissolved in dry DMSO under argon atmosphere. 

Crude diethyl-ethynylphosphonite 3 (10 eq.) was added and the reaction mixture was stirred for 3 d at 

60 °C. Then 20 mL of 50 mM NH4HCO3 buffer pH 7.9 was added and spin-filtered (MWCO: 3 kDa) at 

8000 RCF. The crude product was purified by semi-preparative HPLC (method A) with a C4 column 

(Vydac C4 214TP1010). The product was isolated and directly lyophilized. 

The HA-ubiquitin-phosphonamidate was refolded according to the literature[207] by dissolving the 

protein in DMSO (10 mg/mL) and diluting it, depending on application, to 1 mg/mL with PBS pH 7.5 or 

50 mM phosphate buffer pH 8.5 or 100 mM MES buffer pH 5.0. 

The dissolved protein was spin-filtered (MWCO: 3kDa, Sartorius, Germany) in the corresponding buffer 

at 8000 RCF for four times to remove the DMSO. 
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7.2.15 Synthesis of HA-UbG76P5 11a 

 

The HA-UbG76P5 11a was synthesized according to the general procedure from HA-UbG76Aha 1a 

(4.24 mg, 428 nmol) and crude diethyl-ethynylphosphonite 3 (0.156 M, 4.28 µmol, 27.4 µL, 10 eq.) in 

250 μL DMSO. The product was purified using the method A and could be isolated with 23% yield (1.0 

mg, 100 nmol). 

 

 

Figure 26S: Raw ESI-MS spectrum and the deconvoluted mass of HA-UbG76P5 11a. HA-UbG76P5 11a 

deconvoluted ESI-MS: 9979.8 Da (calc. MW: 9979.2 Da). 

 

 

7.2.16 Synthesis of HA-UbG75P5 11b 

 

The HA-UbG75P5 11b was synthesized according to the general procedure from HA-UbG75Aha 1b 

(4.39 mg, 446 nmol) and crude diethyl-ethynylphosphonite 3 (0.153 M, 4.46 µmol, 29 µL, 10 eq.) in 

220 μL DMSO. The product was purified using the method A and could be isolated with 18% yield (0.8 

mg, 81 nmol). 
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Figure 27S: Raw ESI-MS spectrum and the deconvoluted mass of HA-UbG75P5 11b. HA-UbG75P5 11b 

deconvoluted ESI-MS: 9922.8 Da (calc. MW: 9922.2 Da). 

 

 

7.2.17 Synthesis of HA-UbR74P5 11c 

 

The HA-UbR74P5 11c was synthesized according to the general procedure from HA-UbR74Aha 1c (5.50 

mg, 568 nmol) and crude diethyl-ethynylphosphonite 3 (0.151 M, 5.68 µmol, 38 µL, 10 eq.) in 300 μL 

DMSO. The product was purified using the method A and could be isolated with 13% yield (0.75 mg, 

76 nmol). 

 

 

Figure 28S: Raw ESI-MS spectrum and the deconvoluted mass of HA-UbR74P5 11c. HA-UbR74P5 11c 

deconvoluted ESI-MS: 9766.5 Da (calc. MW: 9766.0 Da). 
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7.2.18 Synthesis of HA-UbK63P5 11d 

 

The HA-UbK63P5 11d was synthesized according to the general procedure from HA-UbK63Aha 1d (5.07 

mg, 516 nmol) and crude diethyl-ethynylphosphonite 3 (0.163 M, 5.16 µmol, 32 µL, 10 eq.) in 300 μL 

DMSO. The product was purified using the method A and could be isolated with 26% yield (1.32 mg, 

133 nmol). 

 

 

Figure 29S: Raw ESI-MS spectrum and the deconvoluted mass of HA-UbK63P5 11d. HA-UbK63P5 11d 

deconvoluted ESI-MS: 9909.1 Da (calc. MW: 9908.1 Da). 

 

 

7.2.19 Synthesis of HA-UbK48P5 11e 

 

The HA-UbK48P5 11e was synthesized according to the general procedure from HA-UbK48Aha 1e (5.05 

mg, 515 nmol) and crude diethyl-ethynylphosphonite 3 (0.158 M, 5.15 µmol, 33 µL, 10 eq.) in 300 μL 

DMSO. The product was purified using the method A and could be isolated with 11% yield (0.57 mg, 

57 nmol). 
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Figure 30S: Raw ESI-MS spectrum and the deconvoluted mass of HA-UbK48P5 11e. HA-UbK48P5 11e 

deconvoluted ESI-MS: 9908.1 Da (calc. MW: 9908.1 Da). 

 

 

7.2.20 pH-dependent reaction between HA-UbG76P5 11a and eGFP C70M S147C 2 

 

To a solution of eGFP C70M S147C 2 (4 mg/mL, 4 µg, 1 µL, 144.1 pmol, 1 eq.) in PBS pH 7.5 was added 

HA-UbG76P5 11a (2 mg/mL, 6 µL, 1.2 nmol, 8.3 eq.) in PBS pH 7.5 to the final concentration of 20.6 

µM eGFP 2. The mixture was left to react at 37 °C for distinct time periods. 

To a solution of eGFP C70M S147C 2 (4 mg/mL, 4 µg, 1 µL, 144.1 pmol, 1 eq.) in 50 mM Na3PO4 buffer 

pH 8.5 was added HA-UbG76P5 11a (2 mg/mL, 6 µL, 1.2 nmol, 8.3 eq.) in 50 mM Na3PO4 buffer pH 8.5 

to the final concentration of 20.6 µM eGFP 2. The mixture was left to react at 37 °C for distinct time 

periods. 

The reactions were quenched by adding 5 µL 2xLaemmli sample buffer containing 0.5 µL 2-

mercaptoethanol and boiling the resulting mixture for 10 min at 95 °C. 

The yield after the reaction at pH 8.5 after 24 h (59% yield) was quantified by in-gel-fluorescence of 

eGFP 2 (excitation = 489 nm, emission = 509 nm) using the remaining starting material as reference 

and calculated by Image LabTM software. 
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For MS analysis the reaction mixture was treated with TCEP (10 eq. 1 µmol, 311 µg) before injection. 

 

 

Figure 31S: Raw ESI-MS spectrum and the deconvoluted mass of crude eGFP-Ub 15.  eGFP C70M S147C 2 

deconvoluted ESI-MS: 27764 Da (calc. MW: 27766 Da), eGFP-Ub 15 deconvoluted ESI-MS: 37743 Da 

(calc. MW: 37745 Da). 

 

 

7.2.21 General procedure for time-dependent conjugation reaction between C-terminal HA-Ub-

phosphonamidate and UCH-L3 or USP2-CD 

 

A C-terminal HA-Ub-phosphonamidate (1 mg/mL, 100 pmol, 1 µL, 2.5 eq.) in 1xPBS pH 7.5 was added 

to a solution of UCH-L3 (2.1 mg/mL, 1.05 µg, 40 pmol, 0.5 µL) in 50 mM HEPES pH 7.5, 100 mM NaCl 

and 1 mM TCEP to the final concentration of 26.6 µM UCH-L3.  

A C-terminal HA-Ub-phosphonamidate (1 mg/mL, 100 pmol, 1 µL, 2.5 eq.) in PBS pH 7.1 was added to 

a solution of USP2-CD (2.0 mg/mL, 1.6 µg, 40 pmol, 0.8 µL) in 50 mM HEPES pH 8.0, 150 mM NaCl, 0.1 

mM EDTA and 1 mM DTT to the final concentration of 22.2 µM USP2-CD. 
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The mixtures were left to react at 37 °C for either 30 min, 60 min, 120 min or 180 min. 

For the reaction conditions at pH 5.0 the HA-Ub-phosphonamidate (1 mg/mL, 100 pmol, 1 µL, 2.5 eq.) 

in 100 mM MES buffer pH 5.0 was added to the UCH-L3 solution as described above. 

The reactions were quenched by adding 5 µL 2xLaemmli sample buffer containing 0.5µL 2-

mercaptoethanol and boiling the resulting mixture for 10 min at 95 °C. 

 

ESI-MS analysis of unquenched 120-min-reactions between C-terminal HA-Ub-phosphonamidates and 

UCH-L3: 

 

 

Figure 32S: Raw ESI-MS spectrum and the deconvoluted mass of UCH-L3. UCH-L3 deconvoluted ESI-MS: 26184 Da 

(calc. MW: 26183 Da). 

 

 

Figure 33S: Raw ESI-MS spectrum and the deconvoluted mass of crude HA-UbG76P5-UCH-L3 12a. HA-UbG76P5-

UCH-L3 12a deconvoluted ESI-MS: 36163 Da (calc. MW: 36162 Da). 
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Figure 34S: Raw ESI-MS spectrum and the deconvoluted mass of crude HA-UbG75P5-UCH-L3 12b. HA-UbG75P5-

UCH-L3 12b deconvoluted ESI-MS: 36106 Da (calc. MW: 36105 Da). 

 

 

Figure 35S: Raw ESI-MS spectrum and the deconvoluted mass of crude HA-UbR74P5-UCH-L3 12c. HA-UbR74P5-

UCH-L3 12c deconvoluted ESI-MS: 35949 Da (calc. MW: 35949 Da). 
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ESI-MS analysis of unquenched 120-min-reactions between C-terminal HA-Ub-phosphonamidates and 

USP2-CD: 

 

 

Figure 36S: Raw ESI-MS spectrum and the deconvoluted mass of USP2-CD. USP2-CD deconvoluted ESI-MS: 40011 

Da (calc. MW: 40017 Da). The deviation might come from deprotonation of cysteines coordinating to the Zn (zinc-

finger) and disulfide bond formation. 

 

 

Figure 37S: Raw ESI-MS spectrum and the deconvoluted mass of crude HA-UbG76P5-USP2-CD 16a. HA-UbG76P5-

USP2-CD 16a deconvoluted ESI-MS:49989 Da (calc. MW: 49996 Da). The deviation might come from 

deprotonation of cysteines coordinating to the Zn (zinc-finger) and disulfide bond formation on USP2-CD. 
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Figure 38S: Raw ESI-MS spectrum and the deconvoluted mass of crude HA-UbG75P5-USP2-CD 16b. HA-UbG75P5-

USP2-CD 16b deconvoluted ESI-MS:49932 Da (calc. MW: 49939 Da). The deviation might come from 

deprotonation of cysteines coordinating to the Zn (zinc-finger) and disulfide bond formation on USP2-CD. 

 

 

7.2.22 DUB conjugation with increasing amounts of HA-UbG76P5 11a 

 

HA-UbG76P5 11a in different quantities (1, 5, 10 and 20 eq., 40-800 pmol, 0.2-4 µL) in PBS pH 7.5 was 

added to a solution of UCH-L3 (2.1 mg/mL, 1.05 µg, 40 pmol, 0.5 µL) in 50 mM HEPES pH 7.5, 100 mM 

NaCl and 1 mM TCEP.  

HA-UbG76P5 11a in different quantities (1, 5, 10 and 20 eq., 40-800 pmol, 0.2-4 µL) in PBS pH 7.5 was 

added to a solution of USP2-CD (1.6 µg, 40.0 pmol, 0.8 µL) in 50 mM HEPES pH 8.0, 150 mM NaCl, 0.1 

mM EDTA, 1 mM DTT. 

The reactions were kept at 37 °C for 2 h and quenched by adding 5 µL 2xLaemmli sample buffer 

containing 0.5 µL 2-mercaptoethanol and boiling the resulting mixture for 10 min at 95 °C (For the 

resulted SDS-PAGE see Figure 29B). 
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7.2.23 UCH-L3 conjugation with sequential addition of HA-UbG76P5 11a 

 

HA-UbG76P5 11a (1 µg/µL, 20 pmol, 0.2 µL, 0.5 eq.) in PBS pH 7.5 was added in 0.5 eq portions every 

hour to a solution of UCH-L3 (2.1 mg/mL, 1.05 µg, 40 pmol, 0.5 µL) in 50 mM HEPES pH 7.5, 100 mM 

NaCl and 1 mM TCEP and the mixture was shaken at 37 °C for 1 h. This procedure was repeated to a 

maximum of 4 eq. of HA-UbG76P5 11a. Every hour one sample was taken before the next addition of 

HA-UbG76P5 11a and quenched by adding 5 µL 2xLaemmli sample buffer containing 0.5 µL 2-

mercaptoethanol and boiling the resulting mixture for 10 min at 95 °C (For the resulted SDS-PAGE see 

Figure 30A). 

 

 

7.2.24 Conjugation of HA-UbG76P5 11a with sequential addition of USP2-CD 

 

USP2-CD (0.32 µg, 8.0 pmol, 0.5 µL, 0.2 eq.) in 50 mM HEPES pH 8.0, 150 mM NaCl, 0.1 mM EDTA, 1 

mM DTT was added in 0.2 eq portions every hour to HA-UbG76P5 11a (1 µg/µL, 100 pmol, 1 µL, 2.5 

eq.) in PBS pH 7.5, while the reactions was shaken at 37 °C for 1 h. Before each USP2-CD sequential 

addition a sample was taken, quenched by adding 5 µL 2xLaemmli sample buffer containing 0.5 µL 2-

mercaptoethanol and boiling the resulting mixture for 10 min at 95 °C. The results were compared to 

a reaction with 1 eq. of USP2-CD from the beginning on. (For the resulted SDS-PAGE see Figure 30B).  
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7.2.25 Investigation of residual enzyme activity after the DUB conjugation reaction 

 

After addition of HA-UbG76P5 11a (1 µg/µL, 100 pmol, 1 µL, 2.5 eq.) or HA-UbG75VME (1 µg/µL, 100 

pmol, 1 µL, 2.5 eq.) in PBS pH 7.5 to a solution of USP2-CD (1.6 µg, 40.0 pmol, 0.8 µL) in 50 mM HEPES 

pH 8.0, 150 mM NaCl, 0.1 mM EDTA, 1 mM DTT and reacting the mixture for 2 h at 37 °C. Subsequently, 

DiUb(K63) (1 μL, 59 pmol, 1 μL) in deionized water was added to the reaction above and the solution 

was shaken for 3 h at 37 °C. The reaction was quenched by adding 5 µL 2xLaemmli sample buffer 

containing 0.5 µL 2-mercaptoethanol and boiling the resulting mixture for 10 min at 95 °C (For the 

resulted SDS-PAGE see Figure 31). 

 

 

7.2.26 Conjugations of lysine substituted HA-Ub-phosphonamidates with UCH-L3 or USP2-CD 

 

HA-UbK63P5 11d (1 mg/mL, 100 pmol, 1 µL, 2.5 eq.) or HA-UbK48P5 11e (1 mg/mL, 100 pmol, 1 µL, 

2.5 eq.) in 1xPBS pH 7.5 was added to a solution of UCH-L3 (2.1 mg/mL, 1.05 µg, 40 pmol, 0.5 µL) in 50 

mM HEPES pH 7.5, 100 mM NaCl and 1 mM TCEP to the final concentration of 26.6 µM UCH-L3.  

HA-UbK63P5 11d (1 mg/mL, 100 pmol, 1 µL, 2.5 eq.) or HA-UbK48P5 11e (1 mg/mL, 100 pmol, 1 µL, 

2.5 eq.) in PBS pH 7.1 was added to a solution of USP2-CD (2.0 mg/mL, 1.6 µg, 40 pmol, 0.8 µL) in 50 

mM HEPES pH 8.0, 150 mM NaCl, 0.1 mM EDTA and 1 mM DTT to the final concentration of 22.2 µM 

USP2-CD. 
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The mixtures were left to react at 37 °C for 2 h. The reactions were quenched by adding 5 µL 2xLaemmli 

sample buffer containing 0.5µL 2-mercaptoethanol and boiling the resulting mixture for 10 min at 

95 °C. 

 

USP2-CD: Deconvoluted ESI-MS: 40010 Da (calc. MW: 40017 Da).  

The deviation might come from deprotonation of cysteines coordinating to the Zn (zinc-finger) and 

disulfide bond formation. 

 

 

Figure 39S: Raw ESI-MS spectrum and the deconvoluted mass of crude HA-UbK63P5-USP2-CD 16d. HA-UbK63P5-

USP2-CD 16d deconvoluted ESI-MS:49918 Da (calc. MW: 49925 Da). The deviation might come from 

deprotonation of cysteines coordinating to the Zn (zinc-finger) and disulfide bond formation on USP2-CD. 

 

 

7.2.27 Conjugation of USP5 with HA-Ub-phosphonamidates 11a, 11d and 11e or HA-UbG75VME 

 

The USP5 (15 pmol, 4 µL) in 50 mM Tris pH 7.5 containing 10 mM 2-mercaptoethanol was incubated 

with one of the HA-Ub-phosphonamidates 11a, 11d and 11e (1 mg/mL, 100 pmol, 1 µL) or HA-
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UbG75VME (1 mg/mL, 100 pmol, 1 µL) in PBS pH 7.5 at 37 °C for 2 h. The total USP5 concentration was 

about 3 µM 

The time-dependent USP5 conjugation (at 30 min, 60 min, 120 min and 180 min) with HA-UbK63P5 

11d and HA-UbK48P5 11e was performed using same reagent quantities as described above. 

The reactions were quenched by adding 5 µL 2xLaemmli sample buffer containing 0.5 µL 2-

mercaptoethanol and boiling the resulting mixture for 10 min at 95 °C (For the resulted SDS-PAGE see 

Figure 34). 

 

 

7.2.28 Sequential conjugation of USP2-CD or USP5 with HA-UbK63P5 11d and HA-UbG75VME 

 

The USP2-CD (2.0 mg/mL, 1.6 µg, 40 pmol, 0.8 µL) in 50 mM HEPES pH 8.0, 150 mM NaCl, 0.1 mM EDTA 

and 1 mM DTT was incubated first with HA-UbK63P5 11d (1 mg/mL, 100 pmol, 1 µL) for 2 h at 37°C 

before HA-UbG75VME (1 mg/mL, 100 pmol, 1 µL) was added and thereupon the mixture was kept at 

37 °C for 2 h. Same reactions were performed using the added ubiquitin probes in reverse order. 

The USP5 (15 pmol, 4 µL) in 50 mM Tris pH 7.5 containing 10 mM 2-mercaptoethanol was incubated 

first with HA-UbK63P5 11d (1 mg/mL, 100 pmol, 1 µL) for 2 h at 37°C before HA-UbG75VME (1 mg/mL, 

100 pmol, 1 µL) was added and thereupon the mixture was kept at 37 °C for 2 h. Same reactions were 

performed using the added ubiquitin probes in reverse order. 

Subsequently, the reactions were quenched by adding 5 µL 2xLaemmli sample buffer containing 0.5 

µL 2-mercaptoethanol and boiling the resulting mixture for 10 min at 95 °C (For the resulted SDS-PAGE 

see Figure 35). 
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7.2.29 In-gel protein digest 

The desired protein bands from a SDS-PAGE gel stained by Coomassie were cut into pieces and 

transferred in a 1 mL test tube. 200 μL of a wash buffer (50 mM Tetraethylammonium tetrahydroborat 

(TEAB) pH 8.5/ acetonitrile 1:1) was added and the tubes were shaken for 10 min at 30 °C. The wash 

buffer was removed and 200 μL of 50 mM TEAB pH 8.5 was added and the samples were again shaken 

for 10 min at 30 °C. The buffer was removed, and the gel pieces were shrunk by addition of 200 μL 

acetonitrile. The solvent was removed, and the last step was repeated one additional time. The in-gel 

protein was reduced by addition of DTT (100 μL, 5 mM) in 50 mM TEAB to the gel pieces and shaken 

for 45 min at 56 °C. The DTT containing buffer was removed and 2-chloroacetamide (100 μL, 40 mM) 

in 50 mM TEAB was added immediately. The tubes were shaken for 30 min in the dark at rt. The 

solution was removed, and the gel pieces were again shrunk by addition of 200 μL acetonitrile twice. 

Subsequently, 30 μL of the digest enzyme trypsin or elastase in 50 mM TEAB pH 8.5 was added to the 

samples to a final concentration of 0.1 μg. The digest was performed overnight at 37 °C. Then the 

samples were centrifuged shortly and 50 μL of 0.5% trifluoroacetic acid in acetonitrile were added to 

stop the digest. The solution was kept for 60 min at rt. The supernatant was transferred from the tubes 

into a MS vial. The remaining gel pieces were shrunk by addition of 20 μL acetonitrile and this 

supernatant was combined with the solution in the MS vial. The solvent was then removed under 

vacuum. The samples were redissolved by addition of 6 μL of 5% acetonitrile and 0.1 % TFA in H2O 

before LC-MS measurements. 

 

 

7.2.30 Ubiquitin-AMC assay 

The enzymes UCH-L3 (3.15 µg, 120 pmol, 1.5 µL) in 50 mM HEPES pH 7.5, 100 mM NaCl and 1 mM 

TCEP, USP2-CD (4.8 µg, 120.0 pmol, 2.4 µL) in 50 mM HEPES pH 8.0, 150 mM NaCl, 0.1 mM EDTA, 1 

mM DTT and USP5 (short form) (30 pmol, 8 µL) in 50 mM Tris pH 7.5, 10 mM βMe were incubated each 

with one of the probes: HA-UbG76P5 11a (1 µg/µL, 300 pmol, 3 µL), HA-UbK63P5 11d (1 µg/µL, 300 

pmol, 3 µL), HA-UbK48P5 11e (1 µg/µL, 300 pmol, 3 µL), HA-UbG76Aha 1a (1 µg/µL, 300 pmol, 3 µL), 

wtUb (1 µg/µL, 300 pmol, 3 µL) or HA-UbG75VME (1 µg/µL, 300 pmol, 3 µL) in PBS pH 7.5. The reactions 

were shaken at 37 °C for 2 h. Then the mixtures were diluted with 50 mM Tris pH 7.4, 1 mM EDTA, 1 

mM DTT. All mixtures contained UCH-L3 were diluted to 26.5 pM UCH-L3. All mixtures contained USP2-

CD were diluted to 7.9 nM USP2-CD and the USP5 containing reactions were diluted to 2.6 nM USP5. 

The diluted samples were applied on a 96 well plate à 95 μL each. Four replicates were made. The plate 

was cooled to 4 °C and subsequently Ub-AMC (250 nM for UCH-L3 containing samples or 500 mM for 

USP2-CD and USP5 containing samples, 5 μL) in with 50 mM Tris pH 7.4, 1 mM EDTA, 1 mM DTT was 
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added and the samples were immediately measured by fluorescence detection (Ex.: 345 nm, Em.:445 

nm) on a Tecan Safire plate reader with a scan rate of 1/30 sec for 2 h at 37 °C. The dilution buffer 

containing 250 mM or 500 mM Ub-AMC was also used for background measurements. During the data 

processing one of four replicas was discarded. 

 

 

7.2.31 USP5 hydrolysis activity test on diubiquitin after pre-treatment with 11a, 11d, or HA-

UbG75VME 

 

The USP5 (15 pmol, 4 µL) in 50 mM Tris pH 7.5 containing 10 mM 2-mercaptoethanol was incubated 

first with either 1µL PBS, HA-UbG76P5 11a (1 mg/mL, 100 pmol, 1 µL), HA-UbK63P5 11d (1 mg/mL, 100 

pmol, 1 µL) or HA-UbG75VME (1 mg/mL, 100 pmol, 1 µL) for 2 h at 37°C. Then either DiUb(K63) (116 

pmol, 2 µg, 2 µL) in deionized water and 4.33 µL PBS pH 7.4 or DiUb(K48) (122 pmol, 2.1 µg, 1 µL) in 

50mM TRIS pH 7.5, 1 mM EDTA and 5 mM DTT and 5.33 µL PBS pH 7.4 were added. Immediately 5 µL 

of each reaction was taken and quenched by addition of 5 µL 2xLaemmli sample buffer containing 0.5 

µL 2-mercaptoethanol and boiling the resulting mixture for 10 min at 95 °C. 

The residual mixtures were kept at 37 °C for either 1 or 2 h. Subsequently, the reactions were quenched 

by adding 5 µL 2xLaemmli sample buffer containing 0.5 µL 2-mercaptoethanol and boiling the resulting 

mixture for 10 min at 95 °C (For the resulted SDS-PAGE see Figure 42). 
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7.2.32 Conjugation of 11a and 11d with USP2-CD in the presence of wild-type ubiquitin 

 

Increasing concentrations of wild-type ubiquitin (0, 0.1, 0.5, 1, 5 or 10 nmol, 1-5 µL) in PBS pH 7.5 were 

added to USP2-CD (1.6 µg, 40.0 pmol, 0.8 µL) in 50 mM HEPES pH 8.0, 150 mM NaCl, 0.1 mM EDTA, 1 

mM DTT. To this solution HA-UbG76P5 11a (1 µg/µL, 100 pmol, 1 µL) or HA-UbK63P5 11d (1 µg/µL, 

100 pmol, 1 µL) in PBS pH 7.5 was added and filled up with PBS pH 7.5 to a final concentration of USP2-

CD of 5.9 μM. For a control reaction fluorescein-5-maleimide (Lumiprobe GmbH, Cat.# 44180) (100 

pmol, 1 μL) was added instead of HA-Ub-phosphonamidate. 

The reactions were kept at 37 °C for 2 h and quenched by adding 5 µL 2xLaemmli sample buffer 

containing 0.5 µL 2-mercaptoethanol and boiling the resulting mixture for 10 min at 95 °C. The bands 

were quantified in gel by Coomassie intensity. In case of fluorescein-5-maleimide containing reactions, 

the quantification was performed by in gel fluorescence readout. The quantities were plotted against 

the wtUb concentration added (For the resulted SDS-PAGE see Figure 43). 

 

 

7.2.33 Conjugation of 11a and 11d with USP2-CD in the presence of wild-type α-synuclein 

 

Increasing concentrations of wild-type α-Synuclein (0, 0.1, 0.5, 1, 5 or 10 nmol, 1-5 µL) in PBS pH 7.5 

were added to USP2-CD (1.6 µg, 40.0 pmol, 0.8 µL) in 50 mM HEPES pH 8.0, 150 mM NaCl, 0.1 mM 

EDTA, 1 mM DTT. To this solution HA-UbG76P5 11a (1 µg/µL, 100 pmol, 1 µL) or HA-UbK63P5 11d (1 

µg/µL, 100 pmol, 1 µL) in PBS pH 7.5 was added and filled up with PBS pH 7.5 to a final concentration 

of USP2-CD of 5.9 μM. The reactions were kept at 37 °C for 2 h and quenched by adding 5 µL 2xLaemmli 

sample buffer containing 0.5 µL 2-mercaptoethanol and boiling the resulting mixture for 10 min at 

95 °C (For the resulted SDS-PAGE see Figure 44). 
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7.2.34 Conjugation of 11a and 11d with DUBs in the presence of increasing concentrations of 

reduced glutathione 

 

Increasing concentrations of glutathione (2, 20 or 200 mM, 1.5 µL) in PBS pH 7.5 were added to UCH-

L3 (2.1 mg/mL, 1.05 µg, 40 pmol, 0.5 µL) in 50 mM HEPES pH 7.5, 100 mM NaCl and 1 mM TCEP. To 

this solution HA-UbG76P5 11a (1 µg/µL, 100 pmol, 1 µL) or HA-UbK63P5 11d (1 µg/µL, 100 pmol, 1 µL) 

in PBS pH 7.5 was added. The final concentration of UCH-L3 calculated to 13.3 μM. 

Increasing concentrations of glutathione (2, 20 or 200 mM, 1.8 µL) in PBS pH 7.5 were added to USP2-

CD (1.6 µg, 40.0 pmol, 0.8 µL) in 50 mM HEPES pH 8.0, 150 mM NaCl, 0.1 mM EDTA, 1 mM DTT. To this 

solution HA-UbG76P5 11a (1 µg/µL, 100 pmol, 1 µL) or HA-UbK63P5 11d (1 µg/µL, 100 pmol, 1 µL) in 

PBS pH 7.5 was added. The final concentration of USP2-CD calculated to 11.1 μM. 

The reactions were kept at 37 °C for 2 h and quenched by adding 5 µL 2xLaemmli sample buffer 

containing 0.5 µL 2-mercaptoethanol and boiling the resulting mixture for 10 min at 95 °C (For the 

resulted SDS-PAGE see Figure 45). 

 

 

7.2.35 Investigation of reversibility of Ub-DUB conjugates 

 

After addition of HA-UbG76P5 11a (1 µg/µL, 100 pmol, 1 µL, 2.5 eq.) or HA-UbG75VME (1 µg/µL, 100 

pmol, 1 µL, 2.5 eq.) in PBS pH 7.5 to a solution of UCH-L3 (2.1 mg/mL, 1.05 µg, 40 pmol, 0.5 µL) in 50 

mM HEPES pH 7.5, 100 mM NaCl and 1 mM TCEP the mixture was reacted for 2 h at 37 °C. 

Subsequently, GSH (0.5 μg/μL, 0.5 mM, 1.2 nmol, 0.75 μL, 30 eq.) in PBS pH 7.5 was added to the 

reaction above and the solution was shaken for 2 h at 37 °C. 

After addition of HA-UbG76P5 11a (1 µg/µL, 100 pmol, 1 µL, 2.5 eq.) or HA-UbG75VME (1 µg/µL, 100 

pmol, 1 µL, 2.5 eq.) in PBS pH 7.5 to a solution of USP2-CD (1.6 µg, 40.0 pmol, 0.8 µL) in 50 mM HEPES 

pH 8.0, 150 mM NaCl, 0.1 mM EDTA, 1 mM DTT the mixture was reacted for 2 h at 37 °C. Subsequently, 
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GSH (0.5 μg/μL, 0.5 mM, 1.2 nmol, 0.75 μL, 30 eq.) in PBS pH 7.5 was added to the reaction above and 

the solution was shaken for 2 h at 37 °C. The reaction was quenched by adding 5 µL 2xLaemmli sample 

buffer containing 0.5 µL 2-mercaptoethanol and boiling the resulting mixture for 10 min at 95 °C (For 

the resulted SDS-PAGE see Figure 46). 

 

 

7.2.36 Conjugation reactions with DUBs under diluted conditions 

 

UCH-L3 (2.1 mg/mL, 1.05 µg, 40 pmol, 0.5 µL) in 50 mM HEPES pH 7.5, 100 mM NaCl and 1 mM TCEP 

was diluted with PBS pH 7.5 containing 5 mM DTT with (0, 1.5, 6.0 or 13.5 µL). Subsequently, a solution 

of HA-UbG76P5 11a (1 µg/µL, 100 pmol, 1 µL) in PBS pH 7.5 was added.  

USP2-CD (1.6 µg, 40.0 pmol, 0.8 µL) in 50 mM HEPES pH 8.0, 150 mM NaCl, 0.1 mM EDTA, 1 mM DTT 

was diluted with PBS pH 7.5 containing 5 mM DTT with (0, 1.5, 6.0 or 13.5 µL). Subsequently, a solution 

of HA-UbG76P5 11a (1 µg/µL, 100 pmol, 1 µL) or HA-UbK63P5 11d (1 µg/µL, 100 pmol, 1 µL) was added. 

The reactions were kept at 37 °C for 2 h and quenched by adding 5 µL 2xLaemmli sample buffer 

containing 0.5 µL 2-mercaptoethanol and boiling the resulting mixture for 10 min at 95 °C (For the 

resulted SDS-PAGE see Figure 47). 

 

 

7.2.37 Concentration dependent HA-UbG76P5 11a conjugation with DUB from HEK293 lysate 

The HEK293 cells were grown in 75 cm2 cell culture flasks to ca. 80% of the total area. The cells have 

been washed by PBS and lysed in 50 mM Tris pH 7.5 containing 150 mM NaCl, 1 mM DTT, 5 mM EDTA, 

1 mM PMSF and 0.5% Triton x-100 by centrifugation. The total amount of the protein was detected by 

BCA assay and was adjusted to 16.6 μg/μL with the lysis buffer. For concentration dependent reactions 

the freshly prepared HEK293 lysate (40 μg, 2.4 μL) was diluted with PBS pH 7.4 up to 1.7 μg/μL and 

added to HA-UbG76P5 11a (1 µg/µL, 100 pmol, 1 µL) in PBS pH 7.5. The mixtures were shaken at 37 °C 

for 2 h. The reactions were quenched by adding 5 to 11 µL 2xLaemmli sample buffer containing 0.5 µL 

2-mercaptoethanol and boiling the resulting mixture for 10 min at 95 °C. The samples were analyzed 

by Western blot using an anti-HA-Tag (C29F4) rabbit mAb (Cell Signaling Technology, Inc.) as a primary 

antibody and a goat anti-rabbit IgG-HRP (ab6721) (abcam plc.) as a secondary antibody. 
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7.2.38 pH dependent HA-UbG76P5 11a conjugation with DUB from HEK293 lysate 

The HEK293 cells were grown in 75 cm2 cell culture flasks to ca. 80% of the total area. The cells have 

been washed by PBS and lysed either in 50 mM Tris pH 7.5 or 50 mM MES pH 6.0 containing 150 mM 

NaCl, 1 mM DTT, 5 mM EDTA, 1 mM PMSF and 0.5% Triton x-100 by centrifugation. The total amount 

of the protein was detected by BCA assay and was adjusted to 5.76 μg/μL with the lysis buffer. For pH 

dependent reactions the freshly prepared HEK293 lysate (115.1 μg, 20μl) was added to HA-UbG76P5 

11a (1 µg/µL, 300 pmol, 3 µL) in PBS pH 7.5. For each reaction the pH was adjusted with conc. NaOH 

or HCl to a desired value. The mixtures were shaken at 37 °C for 2 h. The reactions were quenched by 

adding 23 µL 2xLaemmli sample buffer containing 0.5 µL 2-mercaptoethanol and boiling the resulting 

mixture for 10 min at 95 °C. Exactly 8 μL of each sample was taken and analyzed by Western blot using 

an anti-HA-Tag (C29F4) rabbit mAb (Cell Signaling Technology, Inc.) as a primary antibody and a goat 

anti-rabbit IgG-HRP (ab6721) (abcam plc.) as a secondary antibody. 

 

 

7.2.39 Time-dependent HA-Ub-phosphonamidate conjugation with DUB from HEK293 lysate 

The HEK293 cells were grown in 75 cm2 cell culture flasks to ca. 80% of the total area. The cells have 

been washed by PBS and lysed in 50 mM Tris pH 7.5 containing 150 mM NaCl, 1 mM DTT, 5 mM EDTA, 

1 mM PMSF and 0.5% Triton x-100 by centrifugation. The total amount of the protein was detected by 

BCA assay and was adjusted to 16.6 μg/μL with the lysis buffer. For time-dependent reactions the 

freshly prepared HEK293 lysate (40 μg, 2.4 μL) was added to each HA-Ub-phosphonamidate 11a-11e 

(1 µg/µL, 100 pmol, 1 µL) in PBS pH 7.5. The mixtures were shaken at 37 °C for different time periods. 

The reactions were quenched by adding 5 µL 2xLaemmli sample buffer containing 0.5 µL 2-

mercaptoethanol and boiling the resulting mixture for 10 min at 95 °C. The samples were analyzed by 

Western blot using an anti-HA-Tag (C29F4) rabbit mAb (Cell Signaling Technology, Inc.) as a primary 

antibody and a goat anti-rabbit IgG-HRP (ab6721) (abcam plc.) as a secondary antibody. 

 

 

7.2.40 Synthesis of HA-PEG-Aha peptide 23 

 

The HA-PEG-Aha peptide 23 was synthesized in a 0.1 mmol scale on a Rink Amide resin with a loading 

of 0.51 mmol/g. The synthesis was performed manually. The Fmoc-azidohomoalanine (2.5 eq.) was 
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double coupled with [O-(7-Azabenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium-hexafluorphosphat] 

(HATU) (2.5 eq.) and N,N-Diisopropylethylamin (DIPEA) (5 eq.) in DMF for 1 h each. The Fmoc-O2Oc-

OH (5 eq.) was coupled with HATU (5 eq.) and DIPEA (5 eq.) in DMF. The remaining Fmoc-amino acids 

(5 eq.) were coupled using Ethyl (hydroxyimino)cyanoacetate (Oxima) (5 eq.), O-(1H-6-

Chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HCTU) (5 eq.) and DIPEA 

(10 eq.) in DMF in 1 h. The Fmoc group was removed using piperidine (25% v/v) in DMF for 3x2 min. 

The cleavage from the resin and the side-chain deprotection was carried out with TFA:TIS:H2O 

(95:2.5:2.5 v/v/v) in 3 h. The crude peptide was purified using the preparative HPLC using a C18 column 

with the method C. The product 23 was isolated as a white powder (92 mg, 67 μmol, 67%) and analyzed 

by UPLC-UV using standard gradient (tR: 2.07 min). 

HA-peptide 23 HRMS: m/z: 1372.6274 [M+H]+ (calc. m/z: 1372.6168), 686.8115 [M+2H]2+ (calc. m/z: 

686.8120). 

 

 

Figure 40S: UPLC-UV chromatogram of peptide HA-peptide 23. 

 

 

7.2.41 Synthesis of HA-phosphonamidate peptide 24 

 

The HA-PEG-Aha 23 (23 mg, 16.76 μmol) was dried under vacuum and then dissolved in 1.6 mL dry 

DMSO under argon atmosphere. The crude diethyl-ethynylphosphonite 3 (0.5 M, 335.2 µmol, 670 µL, 

20 eq.) was added and the mixture was stirred at 60 °C for 24 h. After the LC-MS analysis showed no 

residual starting material, the reaction mixture was diluted with 60 mL of water and lyophilized. The 

crude was purified by semi-preparative HPLC using a C18 column with the method C. The pure product 
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was lyophilized immediately. After lyophilization the final product 24 was obtained in 33% (8 mg, 5.47 

μmol) yield. The product 24 was analyzed by UPLC-UV using standard gradient (tR: 1.86 min). 

HA-P5 24 HRMS: m/z: 1462.6410 [M+H]+ (calc. m/z: 1462.6290), 731.8363 [M+2H]2+ (calc. m/z: 

731.8182). 

 

 

Figure 41S: UPLC-UV chromatogram of peptide HA-P5 24. 

 

 

7.2.42 Pull-down of HA-Ub-phosphonamidates 11a-11e conjugated proteins from HEK293 or EL-4 

lysate  

The HEK293 or EL-4 cells were grown in 75 cm2 cell culture flasks. The cells have been washed by PBS 

and lysed in 50 mM Tris pH 7.5 containing 150 mM NaCl, 1 mM DTT, 5 mM EDTA, 1 mM PMSF and 

0.5% Triton x-100 by centrifugation. The total amount of the protein was detected by BCA assay and 

was adjusted to 9 μg/μL with the lysis buffer. For the conjugation reactions the freshly prepared 

HEK293 or EL-4 lysate (450 μg, 50 μL) was added to each HA-Ub-phosphonamidate 11a-11e (1 µg/µL, 

600 pmol, 6 µL), HA-UbG75VME (1 µg/µL, 600 pmol, 6 µL), HA-UbG76Aha 1a (1 µg/µL, 600 pmol, 6 µL) 

or HA-phosphonamidate 24 (1 nmol, 6 µL) in PBS pH 7.5. The reactions were shaken at 37 °C for 2 h. 

Subsequently, the mixtures were diluted with 234 μL TBS pH 7.3 and 160 μL of anti-HA agarose beads 

(50% slurry, 1.75 mg/mL anti-HA IgG1 monoclonal antibody) (Pierce™ Anti-HA Agarose, Cat. no. 26182, 

Thermo Scientific). The suspension was mixed with an overhead rotator at 4 °C overnight. Then the 

beads were spin-filtered using Pierce™ Spin Columns (Cat. no. 69705, Thermo Scientific) and washed 

with 6x500 μL TBS-T pH 7.3. The elution of the bound proteins was carried out by addition of 90μl 

Pierce™ non-reducing sample buffer (Cat. no. 39001, Thermo Scientific) and boiling the samples for 10 

min at 95 °C. Triplicates of each sample à 25 μL were loaded on SDS-PAGE gel. The gels were running 

for 5-8 min at 250 V. The pulled down proteins per sample were cut out in one gel piece and an in-gel 

digest was performed with trypsin (see procedure for In-gel protein digest). The digest was analyzed 
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by MS/MS. The quantification of the proteins was done by MaxQuant (version 1.6.1.0) and the 

database uniprot-proteome%3AUP000005640.fasta (human, 10.2016) for HEK cells and uniprot-

proteome%3AUP000000589.fasta (mouse, 10.2016) for EL-4 cells was used. The unique peptide search 

parameter was set up to a minimum of 1 and the peptide length to a minimum of 7. The peptide mass 

tolerance was set up to 20 ppm. The validation and interpretation of the pulled down quantification 

was performed with Perseus (version 1.6.11) using label-free quantification (LFQ) triplicates. 

Significant enrichment was determined relative to the pull-down sample containing the HA-P5 24 

(pairwise comparison). The Vulcan plots were plotted showing the -log2 fold change enrichment versus 

the negative logarithm of the p-values from two-sample t-test. Significant enrichment was determined 

with FDR = 0.05 and S0 = 1. 

 

 

7.2.43 Synthesis of FAM-UbK48C G76Aha 25a/25b 

 

DTT (5 eq. 3.1 μmol, 0.47 mg, 3.1 mM) was added to a solution of UbK48C G76Aha 1h (5.4 mg, 0.615 

μmol) in 1 mL PBS pH 7.4 and the mixture was shaken at 37 °C for 20 min. Then DTT was removed by 

spin-filtration (3 kDa MWCO) and FAM-maleimide (2 eq., 1.23 μmol, 0.61 mg) in 100 μL DMSO was 

added. The reaction was carried out at 37 °C for 30 min. The excess of the FAM-maleimide was 

removed with simultaneous rebuffering to 50 mM NH4HCO3 pH 7.9 by spin-filtration (MWCO: 3 kDa). 

Subsequently, the product 25a was lyophilized for further application. 

The analysis by ESI-MS shows a partially hydrolyzed maleimide product 25b. 
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Figure 42S: Raw ESI-MS spectrum and the deconvoluted mass of FAM-UbK48C G76Aha 25a and hydrolyzed imide 

25b mixture. FAM-UbK48C G76Aha 25a deconvoluted ESI-MS: 9277.8 Da (calc. MW: 9278.4 Da), FAM-UbK48C 

G76Aha with hydrolyzed imide 25b ESI-MS: 9295.8 Da (calc. MW: 9296.5 Da). 

 

 

7.2.44 Synthesis of FAM-UbK48C G76P5 26 

 

The FAM-UbK48C G76P5 26a and 26b was synthesized according to the general procedure. The 

lyophilized FAM-UbK48C G76Aha 25a/b (3.5 mg, 377 nmol) was dissolved in 190 μL DMSO and crude 

diethyl-ethynylphosphonite 3 (0.159 M, 3.77 µmol, 23.6 µL, 10 eq.) was added. The product was spin-

filtered (MWCO: 3 kDa) with 40 mL 50 mM NH4HCO3 pH 7.9 to remove the excess phosphonite 3. Due 

to clean LC-MS results and quantitative conversion to the product mixture 26a/b no further 

purification was applied. 
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Figure 43S: Raw ESI-MS spectrum and the deconvoluted mass of FAM-UbK48C G76P5 26a and hydrolyzed imide 

FAM-UbK48C G76P5 26b mixture. FAM-UbK48C G76P5 26a deconvoluted ESI-MS: 9368.0 Da (calc. MW: 9368.5 

Da), FAM-UbK48C G76P5 26b deconvoluted ESI-MS: 9386.0 Da (calc. MW: 9386.5 Da). 

 

 

7.2.45 Time-dependent conjugation of FAM-UbK48C G76P5 26a and 26b with UCH-L3, USP2-CD, 

eGFP C70M S147C 2 and HEK293 lysate 

 

The FAM-UbK48C G76P5 26a and 26b mixture (1.75 mg/mL, 186 pmol, 1 µL, 4.6 eq.) in PBS pH 7.4 was 

added to a solution of UCH-L3 (2.1 mg/mL, 1.05 µg, 40 pmol, 0.5 µL) in 50 mM HEPES pH 7.5, 100 mM 

NaCl and 1 mM TCEP to the final concentration of 26.6 µM UCH-L3. 

To a solution of eGFP C70M S147C 2 (1 mg/mL, 1 µg, 1 µL, 36 pmol, 1 eq.) in PBS pH 7.5 was added The 

FAM-UbK48C G76P5 26a and 26b mixture (1.75 mg/mL, 186 pmol, 1 µL, 5.1 eq.) in PBS pH 7.4 to the 

final concentration of 20.6 µM eGFP.  

The FAM-UbK48C G76P5 26a and 26b mixture (1.75 mg/mL, 186 pmol, 1 µL, 4.6 eq.) in in PBS pH 7.4 

was added to a solution of USP2-CD (2.0 mg/mL, 1.6 µg, 40 pmol, 0.8 µL) in 50 mM HEPES pH 8.0, 150 

mM NaCl, 0.1 mM EDTA and 1 mM DTT to the final concentration of 22.2 µM USP2-CD. 

The HEK293 cells were grown in 75 cm2 cell culture flasks to ca. 80% of the total area. The cells have 

been washed by PBS and lysed in 50 mM Tris pH 7.5 containing 150 mM NaCl, 1 mM DTT, 5 mM EDTA, 
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1 mM PMSF and 0.5% Triton x-100 by centrifugation. The total amount of the protein was detected by 

BCA assay and was adjusted to 16.6 μg/μL with the lysis buffer. For time-dependent reactions the 

freshly prepared HEK293 lysate (40 μg, 2.4 μL) was added to FAM-UbK48C G76P5 26 (1.75 mg/mL, 186 

pmol, 1 µL) in PBS pH 7.4. 

The mixtures were left to react at 37 °C for distinct time periods. The reactions were quenched by 

adding 5 µL 2xLaemmli sample buffer containing 0.5 µL 2-mercaptoethanol and boiling the resulting 

mixture for 10 min at 95 °C. 

 

 

Figure 44S: Raw ESI-MS spectrum and the deconvoluted mass of crude FAM-UbK48C G76P5-UCH-L3 27. 

FAM-UbK48C G76P5-UCH-L3 27 deconvoluted ESI-MS: 35569 Da (calc. MW: 35570 Da). 

 

 

7.2.46 Synthesis of cTAT peptide 29 

 

The cyclic TAT peptide 29 was synthesized in a 0.2 mmol scale on a Rink Amide resin with a loading of 

0.51 mmol/g. The synthesis was carried out automatically by the Syro I peptide synthesizer with a 

single coupling of protected amino acids (4 eq.) for 40 min in DMF. After the second coupling of Fmoc-

8-amino-3,6-dioxaoctanoic acid (Fmoc-O2Oc-OH) the Allyl-group on the C-terminal glutamic acide and 

the Alloc-group on the N-terminal lysine were removed by treatment with Pd(PPh3)4 (48 mg, 40 mmol) 

and phenylsilane (5 mmol, 616 μL, 2.5 eq.) in 6 mL DCM twice at rt for 1 h. The peptide cyclization was 

carried out by with HATU (152.1 mg, 0.4 mmol, 2 eq.) and DIPEA (0.8 mmol, 136 μL, 4 eq.) in 6 mL DMF 
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at rt for 1 h. After Fmoc-deprotection with piperidine (25% v/v) in DMF for 2x3 min the p-Azidobenzoic 

acid (163.2 mg, 1 mmol, 5 eq.) was coupled with HATU (380.2 mg, 1 mmol, 5 eq.) and DIPEA (2 mmol, 

340 μL, 10 eq.) in 6 mL DMF at rt for 1 h. The cleavage from the resin and the side-chain deprotection 

was carried out with TFA:TIS:H2O (95:2.5:2.5 v/v/v) in at rt in 3 h. The crude peptide was purified using 

the preparative HPLC using a C18 column with the method B. The product 29 was isolated as a white 

powder after lyophilization in 12% (48 mg, 25 μmol) yield and further analyzed by UPLC-UV using 

standard gradient (tR: 1.78 min). 

cTAT peptide 29 HRMS: m/z: 971.5353 [M+2H]2+ (calc. m/z: 971.5808), 648.0354 [M+3H]3+ (calc. m/z: 

648.0563), 486.2846 [M+4H]4+ (calc. m/z: 486.2940). 

 

 

Figure 45S: UPLC-UV spectrum of peptide cTAT peptide 29. 

 

 

7.2.47 Synthesis of cTAT-P5 30 

 

The cTAT peptide 29 (20 mg, 10.3 μmol) was dried under vacuum and then dissolved in 0.6 mL dry 

DMSO under argon atmosphere. The crude diethyl-ethynylphosphonite 3 (0.45 M, 41.2 µmol, 92 µL, 4 

eq.) was added and the mixture was stirred at rt for 16 h. After the LC-MS analysis showed some 

residual starting material more crude diethyl-ethynylphosphonite 3 (0.45 M, 10.3 µmol, 23 µL, 1 eq.) 

was added and stirred for additional 4 h. Then the reaction mixture was diluted with 60 mL of water 

and lyophilized. The crude was purified by semi-preparative HPLC using a C18 column with the method 

B. The pure product was lyophilized immediately. After lyophilization 29.6% (6.2 mg, 3.05 μmol) of the 

final product 30 could be obtained. The product 30 was analyzed by UPLC-UV (A: 0.01% FA in H2O; B: 

0.01% FA in ACN, 5-95% B in 6 min, tR: 0.55 min). 
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cTAT-P5 30 HRMS: m/z: 678.3662 [M+3H]3+ (calc. m/z: 678.0603), 508.7776 [M+4H]4+ (calc. m/z: 

508.7971), 407.2218 [M+5H]5+ (calc. m/z: 407.2391); MALDI-TOF: 2034.3 Da (calc. MW: 2033.34 Da). 

 

 

Figure 46S: UPLC-UV chromatogram of peptide cTAT-P5 30. 

 

 

7.2.48 Synthesis of TAMRA-cTAT peptide 31 

 

The TAMRA-cTAT peptide 31 was synthesized in a 0.2 mmol scale on a Rink Amide resin with a loading 

of 0.51 mmol/g. The synthesis was carried out automatically by the Syro I peptide synthesizer with a 

single coupling of protected amino acids (4 eq.) for 40 min in DMF. After the second coupling of Fmoc-

8-amino-3,6-dioxaoctanoic acid (Fmoc-O2Oc-OH) the Allyl-group on the glutamic acid and the Alloc-

group on the N-terminal lysine were removed by treatment with Pd(PPh3)4 (48 mg, 40 mmol) and 

phenylsilane (5 mmol, 616 μL, 2.5 eq.) in 6 mL DCM twice at rt for 1 h. The peptide cyclization was 

carried out with HATU (152.1 mg, 0.4 mmol, 2 eq.) and DIPEA (0.8 mmol, 136 μL, 4 eq.) in 6 mL DMF 

at rt for 1 h. After Fmoc-deprotection with piperidine (25% v/v) in DMF for 2x3 min the p-Azidobenzoic 

acid (163.2 mg, 1 mmol, 5 eq.) was coupled with HATU (380.2 mg, 1 mmol, 5 eq.) and DIPEA (2 mmol, 

340 μL, 10 eq.) in 6 mL DMF at rt for 1 h. The 2-acetyldimedone (DDe) protection on the C-terminal 

lysine was removed with hydrazine (2% v/v) in 5 mL DMF at rt for 6x3 min and the 5(6)-

Carboxytetramethylrhodamine (TAMRA) (172.18 mg, 0.4 mmol, 2 eq.) was coupled with HATU (152.1 

mg, 0.4 mmol, 2 eq.) and DIPEA (0.8 mmol, 136 μL, 4 eq.) in 6 mL DMF for 1 h. The cleavage from the 
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resin and the side-chain deprotection was carried out with TFA:TIS:H2O (95:2.5:2.5 v/v/v) in at rt in 3.5 

h. The crude peptide was purified using the preparative HPLC using a C18 column with the method B. 

The pure product 31 was isolated as a white powder after lyophilization in 6% (30 mg, 12.1 μmol) yield 

and was analyzed by UPLC-UV (A: 0.01% FA in H2O; B: 0.01% FA in ACN, 5-95% B in 6 min, tR: 4.27 min). 

TAMRA-cTAT peptide 31 HRMS: m/z: 828.4717 [M+2H]3+ (calc. m/z: 828.4698), 621.6076 [M+3H]4+ 

(calc. m/z: 621.6042), 497.4881 [M+4H]5+ (calc. m/z: 497.4848). 

 

 

Figure 47S: UPLC-UV chromatogram of peptide TAMRA-cTAT peptide 31. 

 

 

7.2.49 Synthesis of TAMRA-cTAT-P5 32 

 

The TAMRA-cTAT peptide 31 (20 mg, 8.05 μmol) was dried under vacuum and then dissolved in 1.2 mL 

dry DMSO under argon atmosphere. The crude diethyl-ethynylphosphonite 3 (0.45 M, 32.2 µmol, 72 

µL, 4 eq.) was added and the mixture was stirred at rt for 16 h under argon atmosphere. After the LC-

MS analysis showed some residual starting material more crude diethyl-ethynylphosphonite 3 (0.45 

M, 16.1 µmol, 36 µL, 2 eq.) was added and stirred for additional 4 h. Then the reaction mixture was 

diluted with 90 mL of water and lyophilized. The crude was purified by semi-preparative HPLC using a 

C18 column with the method B. The pure product was lyophilized immediately. After lyophilization the 
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final product 32 could be obtained in 34.7% (7.2 mg, 2.79 μmol) yield and was analyzed by UPLC-UV 

using standard conditions (tR: 1.97 min). 

TAMRA-cTAT-P5 32 HRMS: m/z: 644.1077 [M+3H]4+ (calc. m/z: 644.1072), 515.4892 [M+4H]5+ (calc. 

m/z: 515.4872), 429.7462 [M+5H]6+ (calc. m/z: 429.7406); MALDI-TOF: 2576.02 Da (calc. MW: 2573.96 

Da). 

 

 

Figure 48S: UPLC-UV chromatogram of peptide TAMRA-cTAT-P5 32. 

 

 

7.2.50 Synthesis of cTAT-UbK48C G76Aha 33a 

 

The UbK48C G76Aha 1h (4 mg/mL, 4 mg, 0.456 μmol) in PBS pH 7.4 was treated with DTT (0.35 mg, 

2.28 μmol, 5 eq.) at 37 °C for 20 min. Then the complete DTT was removed by spin-filtration (MWCO: 

3 kDa) and the protein was concentrated to 0.5 mL PBS. Subsequently, the cTAT-P5 30 (6 mg, 2.95 

μmol, 6.5 eq.) in 0.7 mL PBS was added and the pH adjusted to 7.5. The reaction was shaken at 37 °C 

for 21 h. The crude was purified by size exclusion chromatography and the product 33a yield was 

calculated by the BCA assay to 3.8 mg (0.351 μmol, 77%). 
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Figure 49S: Raw ESI-MS spectrum and the deconvoluted mass of cTAT-UbK48C G76Aha 33a. cTAT-UbK48C 

G76Aha 33a deconvoluted ESI-MS: 10813.3 Da (calc. MW: 10812.2 Da). 

 

 

7.2.51 Synthesis of TAMRA-cTAT-UbK48C G76Aha 33b 

 

The UbK48C G76Aha 1h (5 mg/mL, 5 mg, 0.569 μmol) in PBS pH 7.4 was treated with DTT (0.44 mg, 

2.85 μmol, 5 eq.) at 37 °C for 20 min. Then the complete DTT was removed by spin-filtration (MWCO: 

3 kDa) and the protein was concentrated to 0.5 mL PBS. Subsequently, the TAMRA-cTAT-P5 32 (5.9 

mg, 2.29 μmol, 4 eq.) in 0.5 mL PBS was added and the pH adjusted to 7.5. The reaction was shaken at 

37 °C for 20 h. The crude was purified by size exclusion chromatography and the product 33b yield was 

calculated by the BCA assay to 3 mg (0.264 μmol, 46.4%). 

 

 

Figure 50S: Raw ESI-MS spectrum and the deconvoluted mass of TAMRA-cTAT-UbK48C G76Aha 33b. TAMRA-

cTAT-UbK48C G76Aha 33b deconvoluted ESI-MS: 11354.0 Da (calc. MW: 11353.9 Da). 
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7.2.52 Synthesis of cTAT-UbK48C G76P5 34a 

 

The lyophilized cTAT-UbK48C G76Aha 33a (6.75 mg, 0.62 μmol) was dissolved in 300 mL dry DMSO 

under argon atmosphere. Crude diethyl-ethynylphosphonite 3 (0.142 M, 9.36 µmol, 66 µL, 15 eq.) was 

added and the mixture was stirred at 60 °C for 3 d. Then 20 mL of 50 mM NH4HCO3 was added and 

spin-filtered (MWCO: 5000 Da). The crude product was purified by semi-preparative HPLC method A. 

The final product 34a could be isolated with 3% yield (0.2 mg, 0.018 µmol). 

 

 

Figure 51S: Raw ESI-MS spectrum and the deconvoluted mass of cTAT-UbK48C G76P5 34a. cTAT-UbK48C G76P5 

34a deconvoluted ESI-MS: 10902.0 Da (calc. MW: 10902.4 Da). 

 

 

7.2.53 Synthesis of TAMRA-cTAT-UbK48C G76P5 34b 

 

The lyophilized TAMRA-cTAT-UbK48C G76Aha 33b (1.4 mg, 0.123 μmol) was dissolved in 150 mL dry 

DMSO under argon atmosphere. Crude diethyl-ethynylphosphonite 3 (0.149 M, 1.85 µmol, 12 µL, 15 
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eq.) was added and the mixture was stirred at 60 °C for 3 d. Then the mixture was spin-filtered (MWCO: 

5 kDa) in 2x20 mL of PBS pH 7.4. The crude product 34a was analyzed by ESI-MS, concentrated to ca. 

1mg/mL and used without further purification. 

 

 

Figure 52S: Raw ESI-MS spectrum and the deconvoluted mass of TAMRA-cTAT-UbK48C G76P5 34b. TAMRA-

cTAT-UbK48C G76P5 34b deconvoluted ESI-MS: 11442.0 Da (calc. MW: 11444.1 Da). 

 

 

7.2.54 cTAT-UbK48C G76P5 34a conjugations with UCH-L3, USP2-CD and eGFP C70M S147C 2 

 

cTAT-UbK48C G76P5 34a (0.3 mg/mL, 184 pmol, 6 µL, 2.3 eq.) in PBS pH 7.4 was added to a solution 

of UCH-L3 (2.1 mg/mL, 2.1 µg, 80 pmol, 1 µL) in 50 mM HEPES pH 7.5, 100 mM NaCl and 1 mM TCEP 

to the final concentration of 11.4 µM UCH-L3. 

To a solution of eGFP C70M S147C 2 (1 mg/mL, 2 µg, 2 µL, 72 pmol) in PBS pH 7.5 was added cTAT-

UbK48C G76P5 34a  (0.3 mg/mL, 184 pmol, 6 µL, 2.6 eq.) in in PBS pH 7.4 to the final concentration of 

9 µM eGFP.  
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cTAT-UbK48C G76P5 34a (0.3 mg/mL, 184 pmol, 6 µL, 2.3 eq.) in in PBS pH 7.4 was added to a solution 

of USP2-CD (2.0 mg/mL, 3.2 µg, 80 pmol, 1.6 µL) in 50 mM HEPES pH 8.0, 150 mM NaCl, 0.1 mM EDTA 

and 1 mM DTT to the final concentration of 10.5 µM USP2-CD. 

The reactions were left to react at 37 °C for distinct time periods. The reactions were quenched by 

adding 8 µL 2xLaemmli sample buffer containing 0.6 µL 2-mercaptoethanol and boiling the resulting 

mixture for 10 min at 95 °C (For the resulted SDS-PAGE see Figure 58). 

 

 

7.2.55 TAMRA-cTAT-UbK48 G76P5 34b conjugation reaction with UCH-L3, USP2-CD and eGFP C70M 

S147C 2 

 

Crude TAMRA-cTAT-UbK48 G76P5 34b (1 mg/mL, 2 µL) in PBS pH 7.4 was added to a solution of UCH-

L3 (2.1 mg/mL, 1.05 µg, 40 pmol, 0.5 µL) in 50 mM HEPES pH 7.5, 100 mM NaCl and 1 mM TCEP to the 

final concentration of 16 µM UCH-L3. 

To a solution of eGFP C70M S147C 2 (1 mg/mL, 1 µg, 1 µL, 36 pmol, 1 eq.) in PBS pH 7.5 was added 

crude TAMRA-cTAT-UbK48 G76P5 34b (1 mg/mL, 2 µL) in in PBS pH 7.4 to the final concentration of 12 

µM eGFP.  

Crude TAMRA-cTAT-UbK48 G76P5 34b (1 mg/mL, 2 µL) in in PBS pH 7.4 was added to a solution of 

USP2-CD (2.0 mg/mL, 1.6 µg, 40 pmol, 0.8 µL) in 50 mM HEPES pH 8.0, 150 mM NaCl, 0.1 mM EDTA 

and 1 mM DTT to the final concentration of 14.3 µM USP2-CD. 

The reactions were left to react at 37 °C for 3 h. The reactions were quenched by adding 5 µL 2xLaemmli 

sample buffer containing 0.5 µL 2-mercaptoethanol and boiling the resulting mixture for 10 min at 95 

°C (For the resulted SDS-PAGE see Figure 59). 
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7.2.56 Synthesis of TAMRA-UbK48C G76Aha 37 

 

To the solution of UbK48C G76Aha 1h (2.5 mg/mL, 1 mg, 0.113 μmol) in PBS pH 7.4 DABCO-PEG4-5/6-

TAMRA (0.159 mg, 0.169 μmol, 16 μL) in DMSO was added and the mixture was shaken at 37 °C for 48 

h. The crude was purified by size exclusion chromatography and the product 37 yield was calculated 

by the BCA assay to 493 μg (0.051 μmol, 44.9%). 

 

 

Figure 53S: Raw ESI-MS spectrum and the deconvoluted mass of TAMRA-UbK48C G76Aha 37. TAMRA-UbK48C 

G76Aha 37 deconvoluted ESI-MS: 9717.0 Da (calc. MW: 9716.1 Da). 

 

 

7.2.57 Synthesis of cR10-P5 38 

 

The cR10 peptide was synthesized in a 0.2 mmol scale on a Rink Amide resin with a loading of 0.51 

mmol/g. The synthesis was carried out automatically by the Syro I peptide synthesizer with a single 

coupling of protected amino acids (4 eq.) for 40 min in DMF. After the second coupling of Fmoc-8-

amino-3,6-dioxaoctanoic acid (Fmoc-O2Oc-OH) the Allyl-group on the glutamic acid and the Alloc-

group on the N-terminal lysine were removed by treatment with Pd(PPh3)4 (48 mg, 40 mmol) and 

phenylsilane (5 mmol, 616 μL, 2.5 eq.) in 6 mL DCM twice at rt for 1 h. The peptide cyclization was 

carried out with HATU (152.1 mg, 0.4 mmol, 2 eq.) and DIPEA (0.8 mmol, 136 μL, 4 eq.) in 6 mL DMF 
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at rt for 1 h. After Fmoc-deprotection with piperidine (25% v/v) in DMF for 2x3 min the cleavage from 

the resin and the side-chain deprotection was carried out with TFA:TIS:H2O (95:2.5:2.5 v/v/v) in at rt 

in 4 h. Then the crude peptide (31.39 mg, ca. 14.9 μmol) was lyophilized. After lyophilization the 

peptide was dissolved in 1.3 mL DMF and Ethyl-N-(4-(2,5-dioxo-1-pyrrolidinyl)oxy-carbonyl-phenyl)-P-

ethynylphosphonamidate (NHS-phenyl-phosphonamidate, provided by Marc-André Kasper) (16.4 mg, 

46.7 μmol, 5 eq.) and DIPEA (186.7 μmol, 33 μL, 20 eq.) were added and the reaction was stirred at rt 

for 18 h under argon atmosphere. Afterwards the DMF was removed and the crude was purified using 

the preparative HPLC using a C18 column with the method B. The pure product 38 was isolated as a 

white powder after lyophilization in 75.8% (26.5 mg, 11.3 μmol) yield and was analyzed by UPLC-UV 

(A: 0.01% FA in H2O; B: 0.01% FA in ACN, 5-95% B in 6 min, tR: 3.07 min). 

cR10-P5 38 HRMS: m/z: 782.1285 [M+3H]3+ (calc. m/z: 782.1258), 586.8489 [M+4H]4+ (calc. m/z: 

586.8462), 469.6815 [M+5H]5+ (calc. m/z: 469.6784). 

 

 

Figure 54S: UPLC-UV chromatogram of peptide cR10-P5 38. 

 

 

7.2.58 Synthesis of cR10-(HA-)UbK48C G76Aha 39 

 

The HA-UbK48C G76Aha 1f (3.8 mg/mL, 11.3 mg, 1.146 μmol) in PBS, 5 mM EDTA pH 7.4 was treated 

with DTT (0.88 mg, 5.73 μmol, 5 eq.) at 37 °C for 20 min. Then the complete DTT was removed by spin-

filtration (MWCO: 3 kDa) and the protein was concentrated to 1.4 mL PBS, 5 mM EDTA. Subsequently, 

the cR10-phosphonamidate (16.5 mg, 7.04 μmol, 6.1 eq.) in 1 mL PBS was added and the pH adjusted 

to 7.5. The reaction was shaken at 37 °C for 3 d. After this time precipitation appeared, which was 

separated from the solution. The precipitation did not contain any protein, which was confirmed by 
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the ESI-MS analysis. The crude product 39 was spin-filtered with 1% TFA in H2O and lyophilized without 

further purification. 

 

 

Figure 55S: Raw ESI-MS spectrum and the deconvoluted mass of cR10-(HA-)UbK48C G76Aha 39.  

cR10-(HA-)UbK48C G76Aha 39 deconvoluted ESI-MS: 12209.0 Da (calc. MW: 12207.8 Da). 

 

 

7.2.59 Synthesis of cR10-(HA-)UbK48C G76P5 40 

 

The lyophilized cR10-UbK48 G76Aha 39 (5.04 mg, 0.41 μmol) was dissolved in 200 mL dry DMSO under 

argon atmosphere. Crude diethyl-ethynylphosphonite 3 (0.147 M, 4.1 µmol, 29 µL, 10 eq.) was added 

and the mixture was stirred at 60 °C for 3 d. Then 40 mL of PBS pH 7.4 was added and spin-filtered 

(MWCO: 5000 Da). The crude product turned out to be too polar for chromatographic purification. For 

this reason, the crude product 40 was used without further purifications. 
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Figure 56S: Raw ESI-MS spectrum and the deconvoluted mass of cR10-(HA-)UbK48C G76P5 40.  

cR10-(HA-)UbK48C G76P5 40 deconvoluted ESI-MS: 12298.0 Da (calc. MW: 12297.9 Da). 

 

 

7.2.60 cR10-(HA-)UbK48C G76P5 40 conjugation reaction with UCH-L3 and USP2-CD 

 

Crude cR10-(HA-)UbK48C G76P5 40 (1 mg/mL, 2 µL) in PBS pH 7.4 was added to a solution of UCH-L3 

(2.1 mg/mL, 1.05 µg, 40 pmol, 0.5 µL) in 50 mM HEPES pH 7.5, 100 mM NaCl and 1 mM TCEP to the 

final concentration of 16 µM UCH-L3. 

Crude cR10-(HA-)UbK48C G76P5 40 (1 mg/mL, 2 µL) in in PBS pH 7.4 was added to a solution of USP2-

CD (2.0 mg/mL, 1.6 µg, 40 pmol, 0.8 µL) in 50 mM HEPES pH 8.0, 150 mM NaCl, 0.1 mM EDTA and 1 

mM DTT to the final concentration of 14.3 µM USP2-CD. 

The reactions were left to react at 37 °C for distinct time periods. The reactions were quenched by 

adding 5 µL 2xLaemmli sample buffer containing 0.5 µL 2-mercaptoethanol and boiling the resulting 

mixture for 10 min at 95 °C (For the resulted SDS-PAGE see Figure 64). 
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7.2.61 Cellular uptake experiments 

The cell uptake experiments were carried out with HeLa (ATCC CCL-2) cells cultured in Dulbecco’s MEM 

medium supplemented with 10% FBS and 1% Penicillin Streptomycin. 6.6x104 cells were transferred 

on uncoated glass bottom 8-well μ-slide 24 h before treatment. The cellular uptake was carried out by 

carefully washing the cells three times with 5 mM HEPES buffer pH 7.5 supplemented with 140 mM 

NaCl, 2.5 mM KCl, 5 mM glycine. The conjugates for the cell uptake were rebuffered in the same HEPES 

buffer and added to the cells in 200 μL at respective concentration and incubated for 1-4 h at 37°C in 

a 5% CO2 atmosphere or at 4°C on ice. After the incubation the cells were gently washed three times 

with Dulbecco’s MEM, covered with 25 mM HEPES in phenol red-free Dulbecco’s MEM supplemented 

with 10% FBS and the cell nucleus was stained with Hoechst 33342 directly before imaging with a Zeiss 

710 confocal microscope. 
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7.3 Part 2: Development of ubiquitin vinylphosphonothiolates for thiol-thiol bioconjugation 

7.3.1 Expression and purification of ubiquitin mutants 

The Ubiquitin sequence was synthesized by GeneArt AG and cloned into pET28a using NheI and XhoI 

restriction endonuclease sites. The NdeI restriction site was deleted. The mutations were introduced 

with classical PCR by the use of complementary primer pairs: 

 

UbG76C 43: 

fwd: GTGCTCGAGTTAGCAACCACGCAGACG 

rev: CGTCTGCGTGGTTGCTAACTCGAGCAC  

UbK48M 52: 

fwd: GATTTTTGCAGGTATGCAGCTGGAAGATG 

rev: CATCTTCCAGCTGCATACCTGCAAAAATC  

UbK48C 54: 

fwd: GCGTCTGATTTTTGCAGGTTGCCAGCTGGAAGATGGTCG 

rev: CGACCATCTTCCAGCTGGCAACCTGCAAAAATCAGACGC 

 

The HA-UbG75M template was used for the generation of the HA-UbG75C 58 construct with following 

primers: 

 

HA-UbG75C 58: 

fwd: GCGTCTGCGTTGCTAACTCGAGCACC 

rev: AGAACCAGATGCAGGGTG 

 

The protein was expressed in E. coli B834(DE3) using LB medium containing 30 μg/mL Kanamycin 

(LBAMP). Cells were grown at 37 °C, 180 rpm until OD600 reached 0.6-0.8, induced with 1 mM IPTG and 

incubated at 18 °C for 19 h. Lysis was performed in Dulbecco’s PBS pH 7.4 using a high-pressure 

homogenizer (Microfluidics LM10 Microfluidizer) and debris centrifuged at 50000 RCF for 15 min at 

4°C. The protein was purified with a BioRad NGC system (BioRad, USA) using a 5 mL HisTrap FF (GE 

Healthcare, USA) column, peak fractions were collected dialyzed (MWCO: 3.5 kDa, Spectra/Pro®3 

dialysis membrane) into the thrombin cleavage buffer (20 mM Tris·HCl pH 8.5, 150 mM NaCl, 2.5 mM 

CalCl2). Then thrombin was added (5 u/mL) and digested at 37 °C for 18 h. A second Ni-NTA purification 

was performed with a BioRad NGC system (BioRad, USA) using a 5 mL HisTrap FF (GE Healthcare, USA) 

column and the flow through was collected and dialyzed (MWCO: 3.5 kDa, Spectra/Pro®3 dialysis 

membrane) into Dulbecco’s PBS pH 7.4. The protein concentration was determined by NanoDrop® at 

280 nm (ε = 1490 M-1 cm-1). The pure protein was isolated with a yield of 20 mg/L for UbG76C 43, 9 
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mg/L UbK48C 54, 13.6 mg/L for UbK48M 52 and 12 mg/L for HA-UbG75C 58. The aliquots of the 

proteins were shock-frozen and stored at -80 °C until further use. 

 

UbG76C 43 protein sequence: Thrombin cleavage site and spacer residues in blue, Ub in black; G76C 

highlighted in red: 

GSASQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGC 

 

 

Figure 57S: Coomassie-stained SDS-PAGE of collected fractions of UbG76C 43 after HisTrap. 

 

 

Figure 58S: Raw ESI-MS spectrum and the deconvoluted mass of UbG76C 43. UbG76C 43 deconvoluted ESI-MS: 

8783.0 Da (calc. MW: 8782.0 Da). 
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UbK48M 52 protein sequence: Thrombin cleavage site and spacer residues in blue, Ub in black; K48M 

highlighted in red: 

GSASQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGMQLEDGRTLSDYNIQKESTLHLVLRLRGG 

 

 

Figure 59S: Coomassie-stained SDS-PAGE of collected fractions of UbK48M 52 after HisTrap. 

 

 

Figure 60S: Raw ESI-MS spectrum and the deconvoluted mass of UbK48M 52. UbK48M 52 deconvoluted ESI-MS: 

8740.5 Da (calc. MW: 8738.9 Da). 
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UbK48C 54 protein sequence: Thrombin cleavage site and spacer residues in blue, Ub in black; K48C 

highlighted in red: 

GSASQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGCQLEDGRTLSDYNIQKESTLHLVLRLRGG 

 

 

Figure 61S: Coomassie-stained SDS-PAGE of collected fractions of UbK48C 54 after HisTrap. 

 

 

Figure 62S: Raw ESI-MS spectrum and the deconvoluted mass of UbK48C 54. UbK48C 54 deconvoluted ESI-MS: 

8711.5 Da (calc. MW: 8710.9 Da). 
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HA-UbG75C 60 protein sequence: Thrombin cleavage site and spacer residues in blue, HA-tag 

highlighted in violet, Ub in black and G75C highlighted in red: 

GSASYPYDVPDYAQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGCQLEDGRTLSDYNIQKESTLH

LVLRLRC 

 

 

Figure 63S: Coomassie-stained SDS-PAGE of collected fractions of HA-UbG75C 60 after HisTrap. 

 

 

Figure 64S: Raw ESI-MS spectrum and the deconvoluted mass of HA-UbG75C 60. HA-UbG75C 60 deconvoluted 

ESI-MS: 9809.9 Da (calc. MW: 9809.1 Da). 
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7.3.2 Expression and purification of α-synucleinK6C 50 

The protein was expressed and purified similar to the literature[303]. 

The α-synuclein sequence in vector pSVpT7 was used. The mutation was introduced with classical PCR 

using complementary primer pairs; 

 

α-synucleinK6C 50: 

fwd: CATATGGATGTATTCATGTGCGGACTTTCAAAGG 

rev: CCTTTGAAAGTCCGCACATGAATACATCCATATG 

 

α-synuclein sequence: 

ATGGATGTATTCATGAAAGGACTTTCAAAGGCCAAGGAGGGAGTTGTGGCTGCTGCTGAGAAAACCAAACAG

GGTGTGGCAGAAGCAGCAGGAAAGACAAAAGAGGGTGTTCTCTATGTAGGCTCCAAAACCAAGGAGGGAGT

GGTGCATGGTGTGGCAACAGTGGCTGAGAAGACCAAAGAGCAAGTGACAAATGTTGGAGGAGCAGTGGTGA

CGGGTGTGACAGCAGTAGCCCAGAAGACAGTGGAGGGAGCAGGGAGCATTGCAGCAGCCACTGGCTTTGTC

AAAAAGGACCAGTTGGGCAAGAATGAAGAAGGAGCCCCACAGGAAGGAATTCTGGAAGATATGCCTGTGGA

TCCTGACAATGAGGCTTATGAAATGCCTTCTGAGGAAGGGTATCAAGACTATGAACCTGAAGCC 

 

The protein was expressed in E. coli Bl21(DE3) using LB medium containing 100 μg/mL ampicillin 

(LBAMP). Cells were grown at 37 °C, 180 rpm until OD600 reached 0.6-0.8, induced with 0.5 mM IPTG 

and incubated at 18 °C for 19 h. Lysis was performed in 10 mM Tris·HCl pH 8.0, 1 mM EDTA, 1 mM 

PMSF using a high-pressure homogenizer (Microfluidics LM10 Microfluidizer) and debris was boiling at 

95 °C for 20 min, cooled down and debris centrifuged at 50.000 RCF for 15 min at 4 °C. Streptomycin 

sulfate was added to the supernatant to a final concentration of 10 mg/mL and stirred for 15 min at 4 

°C. After centrifugation at 50.000 RCF for 15 min at 4 °C ammonium sulfate was added to the 

supernatant to a final concentration of 0.36 g/mL and stirred for 30 min at 4 °C. The suspension was 

centrifuged at 50.000 RCF for 15 min at 4 °C and the pellet resuspended in 25 mM Tris·HCl pH 7.7. Then 

the protein was purified with a BioRad NGC system (BioRad, USA) using an anion-exchange-column 

Resource Q (GE Healthcare, USA) column with a gradient 0-600 mM NaCl. The α-synucleinK6C 50 was 

eluted at 300 mM NaCl. Subsequently, a size exclusion chromatography (Superdex 75 10/300 GL 

column (GE Healthcare, USA) in Dulbecco’s PBS pH 7.4 was performed to gel the clean α-synucleinK6C 

50 with a yield of 12 mg/L as determined by NanoDrop® at 280 nm (ε = 5960 M-1 cm-1). 
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α-SynucleinK6C 50 protein sequence, K6C highlighted in red: 

MDVFMCGLSKAKEGVVAAAEKTKQGVAEAAGKTKEGVLYVGSKTKEGVVHGVATVAEKTKEQVTNVGGAVVTG

VTAVAQKTVEGAGSIAAATGFVKKDQLGKNEEGAPQEGILEDMPVDPDNEAYEMPSEEGYQDYEPEA 

 

 

Figure 65S: Coomassie-stained SDS-PAGE of collected fractions of α-synucleinK6C 50 after size exclusion 

chromatography. 

 

 

Figure 66S: Raw ESI-MS spectrum and the deconvoluted mass of α-synucleinK6C 50. α-synucleinK6C 50 

deconvoluted ESI-MS: 14435.5 Da (calc. MW: 14435.1 Da). 
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7.3.3 Synthesis of Ellman’s activated UbG76C 44 

 

To a solution of UbG76C 43 (25.85 mg, 2.95 µmol) in 10 mL PBS pH 7.4 was added DTT (10 eq. 29.5 

µmol, 4.5 mg) and shacked for 20 min at 37 °C. The solution was spin-filtered (MWCO: 3 kDa, Sartorius, 

Germany) to remove the residual DTT and concentrated to 2 mL. Subsequently, Ellman’s reagent (50 

eq., 147.5 µmol, 58.46 mg) was added and shaken for 2 min at rt. The reaction mixture was spin-filtered 

(MWCO: 3 kDa, Sartorius, Germany) until the excess of Ellman’s reagent was completely removed. The 

protein solution of Ellman’s activated UbG76C 44 was rebuffered to 50 mM NH4HCO3 pH 7.9 and 

lyophilized. 

 

 

Figure 67S: Raw ESI-MS spectrum and the deconvoluted mass of Ellman’s activated UbG76C 44. Ellman’s 

activated UbG76C 44 deconvoluted ESI-MS: 8980.5 Da (calc. MW: 8979.2 Da). 

 

 

7.3.4 Synthesis of O-diethyl-vinylphosphonite 45 

 

Under inert condition a solution of diethylchlorophosphite (1 mmol, 144 μL) was cooled to −78 °C and 

vinyl magnesium bromide (1 M, 1.1 mmol, 1.1 mL, 1.1 eq.) in THF was added slowly and the solution 
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was allowed to warm up to rt while stirring for 1 h. After 4 mL of dry THF was added to dilute the 

product to 800 mM, the diethyl-vinylphosphonite 45 was used as crude and the quantities were 

calculated based to the 31P-NMR. 

31P-NMR (122 MHz, THF) δ = 157.95 ppm. 

The 31P-NMR shift was comparable with the literature[245]. 

 

 

7.3.5 Synthesis of UbG76CP5 46 

 

Lyophilized, Ellman’s activated UbG76C 44 (5.11 mg, 0.569 µmol) was dissolved in 380 µL dry DMSO 

containing 1% TFA. Freshly synthesized diethyl-vinylphosphonite 45 (50 eq., 0.8 M, 28.45 µmol, 36 µL) 

was added to the solution. The reaction mixture was shaken overnight at rt. After ESI-MS analysis 

showed uncomplete conversion another 50 eq. of diethyl-vinylphosphonite 45 (0.8 M, 28.45 µmol, 36 

µL) was added and the reaction allowed to shake for 3 h until all Ellman’s conjugated protein was 

converted as monitored by ESI-MS. The crude was diluted with 40 mL PBS pH 7.4 and concentrated to 

5 mL by spin-filtration (MWCO: 3 kDa, Sartorius, Germany). Subsequently, the crude was purified by 

Semi-HPLC (Vydac protein C4 column, at 30-70% B in 35 min, 35% B) and the vinylphosphonothiolate 

UbG76C 46 was isolated in a pure fraction (2.43 mg, 0.273 µmol, 24.4%). A product fraction with about 

68% purity was also isolated (1.71 mg, 0.192 µmol, 17%). 

The product 46 was lyophilized and reconstituted before use by dissolving in DMSO and subsequent 

dilution in buffer. The DMSO was removed by spin-filtration (MWCO: 3 kDa, Sartorius, Germany). 
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Figure 68S: Raw ESI-MS spectrum and the deconvoluted mass of UbG76CP5 46. UbG76CP5 46 deconvoluted ESI-

MS: 8901.5 Da (calc. MW: 8900.1 Da). 

 

 

7.3.6 Synthesis of UbG76CP5 46 from homodimer 47 

 

The dimer 47 was generated by addition of Ellman’s activated UbG76C 44 (0.5 mg, 0.57 nmol) in 

NH4HCO3 buffer pH 7.9 to UbG76C 43 (0.5 mg, 0.57 nmol) and followed by fourfold spin-filtration 

(MWCO: 3 kDa, Sartorius, Germany) in the same buffer and lyophilization. After confirming the clean 

product 47 formation by ESI-MS, the homodimer 47 (1 mg, 57nmol) was dissolved in 50 µL dry DMSO 

with 1% TFA. After addition of freshly synthesized crude diethyl-viylphosphonite 45 (50 eq., 0.8 M, 2.84 

µmol, 3.6 µL) the reaction mixture was shaken overnight at either at rt or 60 °C. The results were 

analyzed by ESI-MS. 
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Figure 69S: Raw ESI-MS spectrum and the deconvoluted mass of (UbG76C)2 47. (UbG76C)2 47 deconvoluted ESI-

MS: 17563 Da (calc. MW: 17562 Da). 

 

 

Figure 70S: Raw ESI-MS spectrum and the deconvoluted mass of crude UbG76CP5 46 with (UbG76C)2 47 (starting 

material). UbG76CP5 46 deconvoluted ESI-MS: 8900.5 Da (calc. MW: 8900.1 Da). 
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7.3.7 Stability of UbG76CP5 46 in aqueous buffer 

 

UbG76C vinylphosphonothiolate 46 (1 µg/µL) in PBS pH 7.4 or in 50 mM Na3PO4 pH 8.5 was incubated 

at rt or at 37 °C. Samples were taken at 0, 24, 48 and 72 h and monitored by SDS-PAGE (Figure 66) or 

ESI-MS. 

 

 

Figure 71S: Raw ESI-MS spectrum and the deconvoluted mass for UbG76CP5 46 at pH 8.5 in phosphate buffer at 

37 °C after 3 d. (UbG76C)2 47 deconvoluted ESI-MS: 17562 Da (calc. MW: 17562 Da), dimer 48 deconvoluted ESI-

MS: 17682 Da (calc. MW: 17682 Da), UbG76C 43 deconvoluted ESI-MS: 8783.0 Da (calc. MW: 8782.0 Da). 
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7.3.8 Conjugation of eGFP C70M S147C 2 with UbG76CP5 46 

 

To a solution of eGFP C70M S147C 2 (2 µg/µL, 72 pmol, 2 µL) in PBS pH 7.4 or in 50 mM Na3PO4 pH 8.5 

was added vinylphosphonothiolate UbG76C 46 (6.4 µL, 1 µg/µL, 719 pmol, 10 eq.) in PBS pH 7.4 or in 

50 mM Na3PO4 pH 8.5. The reactions were shaken at 37 °C and samples were taken at 2, 8, 24, 48 and 

72 h. At pH 8.5 more than 80% conversion of eGFP C70M S147M 2 was observed after 72 h as 

calculated by relative in-gel band intensity using the remaining starting material as reference by Image 

LabTM software (For the resulted SDS-PAGE see Figure 67). 

 

 

Figure 72S: Raw ESI-MS spectrum and the deconvoluted mass of crude Ub-eGFP 49. Ub-eGFP conjugate 49 

deconvoluted ESI-MS: 36665 Da (calc. MW: 36666 Da). 
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7.3.9 Conjugation of α-SynucleinK6C 50 with UbG76CP5 46 

 

To a solution of α-synucleinK6C 50 (6.86 mg, 0.475 µmol, 5.0 eq.) in 2 mL PBS containing 5 mM EDTA 

at pH 7.4 was added DTT (366 µg, 2.375 µmol, 25 eq.) and shaken for 20 min at 37 °C. The solution was 

spin-filtered (MWCO: 3 kDa, Sartorius, Germany) to remove the residual DTT and concentrated to 900 

µL. A solution of UbG76CP5 46 (0.845 mg, 0.095 µmol, 1.0 eq.) in 100 µL 100 mM NH4HCO3 pH 8.5 was 

added. The mixture was shaken at 37 °C for 3 d. Thereafter the crude was purified by size exclusion 

chromatography (Superdex 75 10/300 GL column (GE Healthcare, USA)) in PBS pH 7.4. The conjugate 

Ub-α-Syn conjugate 51 was isolated as a pure fraction (185 µg, 7.93 nmol, 8.3%). The protein amount 

was determined by a BCA assay. 

 

 

Figure 73S: Raw ESI-MS spectrum and the deconvoluted mass of Ub-α-Syn conjugate 51. Ub-α-Syn conjugate 51 

deconvoluted ESI-MS: 23336 Da (calc. MW: 23335 Da). 
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7.3.10 Enzymatic ubiquitination of UbG76C-α-synuclein 51 to K48-diubiquitinated α-synuclein 53 

 

To a solution of UbK48M 52 (4 µL, 229 pmol, 5.3 eq.) in 50 mM Tris pH 7.4, 150 mM NaCl and 6 mM 

MgCl2 was added E1 (Enzo Life Sciences) (2 µL, 1.8 pmol) and E2 (Ubc1) (Enzo Life Sciences) (1.2 µL, 20 

pmol) and ATP (Thermo Fisher Scientific) (80 nmol, 0.8 µL). The mixture was left at rt for 10 min. 

Subsequently, Ub-α-Syn conjugate 51 (2 µL, 43 pmol) in PBS pH 7.4 was added and the reaction was 

kept at 37 °C for overnight. On the next day additional ATP (1 µL, 100 nmol) was added. The reaction 

was analyzed by ESI-MS and SDS-PAGE gel with silver stain (For the resulted WB see Figure 69). 

 

 

Figure 74S: Raw ESI-MS spectrum and the deconvoluted mass of crude Ub2-α-Syn 53. Ub2-α-Syn 53 deconvoluted 

ESI-MS: 32057 Da (calc. MW: 32056 Da). 

 

 

7.3.11 Conjugation of UbG76CP5 46 with UbK48C 54 

 

To a solution of UbK48C 54 (4.138 mg, 0.475 µmol, 5.0 eq.) in 2 mL PBS pH 7.4 containing 5 mM EDTA 

at pH 7.4 was added dithiothreitol (DTT) (366 µg, 2.375 µmol, 25 eq.) and shaken for 20 min at 37 °C. 
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The solution was spin-filtered (MWCO: 3 kDa, Sartorius, Germany) to remove the residual DTT and 

concentrated to 900 µL. A solution of UbG76CP5 46 (0.845 mg, 0.095 µmol, 1.0 eq.) in 100 µL 100 mM 

NH4HCO3 pH 8.5 was added. The pH was adjusted to pH 8.0. The mixture was shaken at 37 °C for 3 d. 

Thereafter, the crude was purified by size exclusion chromatography (Superdex 75 10/300 GL column 

(GE Healthcare, USA)) in PBS pH 7.4. The conjugate DiUb(K48) 55 was isolated as a pure fraction (460 

µg, 0.026 µmol, 27.5%). The protein concentration was determined by a BCA assay. 

 

 

Figure 75S: Raw ESI-MS spectrum and the deconvoluted mass of DiUb(K48) conjugate 55. DiUb(K48) conjugate 

55 deconvoluted ESI-MS: 17611 Da (calc. MW: 17610 Da). 

 

 

7.3.12 Hydrolytic stability of DiUb(K48) conjugate 55 against the deubiquitinating enzyme USP2-CD 

and UCH-L3 

To the deubiquitinating enzyme USP2-CD (1.6 µg, 40.0 pmol, 0.8 µL) in 50 mM HEPES pH 8.0, 150 mM 

NaCl, 0.1 mM EDTA and 1 mM DTT or UCH-L3 (2.1 mg/mL, 1.05 µg, 40 pmol, 0.5 µL) in 50 mM HEPES 

pH 7.5, 100 mM NaCl and 1 mM TCEP was added either the DiUb(K48) 55 (1 µg, 56.8 pmol) in PBS pH 

7.4 or wtDiUb(K48) (1 µg, 58.4 pmol) in PBS pH 7.4 and incubated for 2 h at 37 °C (For the resulted SDS-

PAGEs see Figure 71). 
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7.3.13 Time-dependent UbG76CP5 46 conjugation with UCH-L3 and USP2-CD 

 

UbG76CP5 46 (1 mg/mL, 100 pmol, 1 µL, 2.5 eq.) in PBS pH 7.4 was added to a solution of UCH-L3 (2.1 

mg/mL, 1.05 µg, 40 pmol, 0.5 µL) in 50 mM HEPES pH 7.5, 100 mM NaCl and 1 mM TCEP to the final 

concentration of 26.7 µM UCH-L3. 

UbG76CP5 46 (1 mg/mL, 100 pmol, 1 µL, 2.5 eq.) in in PBS pH 7.4 was added to a solution of USP2-CD 

(2.0 mg/mL, 1.6 µg, 40 pmol, 0.8 µL) in 50 mM HEPES pH 8.0, 150 mM NaCl, 0.1 mM EDTA and 1 mM 

DTT to the final concentration of 22.2 µM USP2-CD. 

The reactions were left to react at 37 °C for distinct time periods. The reactions were quenched by 

adding 5 µL 2xLaemmli sample buffer containing 0.5 µL 2-mercaptoethanol and boiling the resulting 

mixture for 10 min at 95 °C (For the resulted SDS-PAGE see Figure 72A). 

ESI-MS analysis was performed on unquenched 120-min-reactions: 

 

 

Figure 76S: Raw ESI-MS spectrum and the deconvoluted mass of crude UbG76CP5-UCH-L3 56. UbG76CP5-UCH-

L3 56 deconvoluted ESI-MS: 35083 Da (calc. MW: 35085 Da). 
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USP2-CD deconvoluted ESI-MS: 40011 Da (calc. MW: 40017 Da) 

The deviation might come from deprotonation of cysteines coordinating to the Zn (zinc-finger) and 

disulfide bond formation. 

 

 

Figure 77S: Raw ESI-MS spectrum and the deconvoluted mass of crude UbG76CP5-USP2-CD 57. UbG76CP5-USP2-

CD 57 deconvoluted ESI-MS: 48910 Da (calc. MW: 48918 Da). The deviation might come from deprotonation of 

cysteines coordinating to the Zn (zinc-finger) and disulfide bond formation on USP2-CD. 

 

 

7.3.14 Synthesis of Ellman’s activated HA-UbG75C 59 

 

To a solution of HA-UbG75C 58 (10 mg, 1.05 µmol) in 3 mL PBS pH 7.4 was added tris(2-

carboxyethyl)phosphine hydrochloride (TCEP) (30 mg, 105 µmol, 100 eq.) in 3 mL PBS pH 6.5 and the 

mixture was shaken for 20 min at 37 °C. The solution was spin-filtered (MWCO: 3 kDa, Sartorius, 

Germany) to remove the residual TCEP and concentrated to 2 mL. Subsequently, Ellman’s reagent (50 

eq., 20.8 mg, 52.4 µmol) in 500 μL PBS pH 7.4 was added and the mixture was shaken for 2 min at r.t. 

The reaction mixture was spin-filtered (MWCO: 3 kDa, Sartorius, Germany) until the excess of Ellman’s 

reagent was completely removed. The protein solution of Ellman’s activated HA-UbG75C 59 was 
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rebuffered to 50 mM NH4HCO3 pH 7.9 and lyophilized. The product still contained some impurity of Ub 

disulfide dimers. 

 

 

Figure 78S: Raw ESI-MS spectrum and the deconvoluted mass of Ellman’s activated HA-UbG75C 58. Ellman’s 

activated HA-UbG75C 58 deconvoluted ESI-MS: 10007.0 Da (calc. MW: 10007.2 Da). 

 

 

7.3.15 Synthesis HA-UbG75CP5 60 

 

Lyophilized, Ellman’s activated HA-UbG75C 59 (4.44 mg, 0.44 µmol) was dissolved in 295 µL dry DMSO 

containing 1% TFA. Freshly synthesized d diethyl-viylphosphonite 45 (50 eq., 0.8 M, 22.1 µmol, 28 μL,) 

was added to the solution. The reaction mixture was shaken under an argon atmosphere overnight at 

rt ESI-MS analysis showed incomplete conversion, hence another 50 eq. of crude diethyl-

viylphosphonite 45 (50 eq., 0.8 M, 22.1 µmol, 28 μL) was added and the reaction allowed shaking for 

8 h until all Ellman’s conjugated protein was converted. The crude mixture was diluted with 40 mL PBS 

pH 7.4 and concentrated to 5 mL by spin-filtration (MWCO: 3 kDa, Sartorius, Germany). Subsequently, 

the crude was purified by semipreparative HPLC using the method A and the HA-UbG75CP5 60 was 

isolated as a pure fraction (0.5 mg, 0.050 µmol, 11%). 
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Figure 79S: Raw ESI-MS spectrum and the deconvoluted mass of HA-UbG75CP5 60. HA-UbG75CP5 60 

deconvoluted ESI-MS: 9928.0 Da (calc. MW: 9927.2 Da). 

 

 

7.3.16 Time-dependent HA-UbG75CP5 60 conjugation with UCH-L3 and USP2-CD 

 

HA-UbG75CP5 60 (1 mg/mL, 100 pmol, 1 µL, 2.5 eq.) in PBS pH 7.4 was added to a solution of UCH-L3 

(2.1 mg/mL, 1.05 µg, 40 pmol, 0.5 µL) in 50 mM HEPES pH 7.5, 100 mM NaCl and 1 mM TCEP to the 

final concentration of 26.7 µM UCH-L3. 

HA-UbG75CP5 60 (1 mg/mL, 100 pmol, 1 µL, 2.5 eq.) in in PBS pH 7.4 was added to a solution of USP2-

CD (2.0 mg/mL, 1.6 µg, 40 pmol, 0.8 µL) in 50 mM HEPES pH 8.0, 150 mM NaCl, 0.1 mM EDTA and 1 

mM DTT to the final concentration of 22.2µM USP2-CD. 

The reactions were left to react at 37 °C for distinct time periods. The reactions were quenched by 

adding 5 µL 2xLaemmli sample buffer containing 0.5 µL 2-mercaptoethanol and boiling the resulting 

mixture for 10 min at 95 °C (For the resulted SDS-PAGE see Figure 72B). 

ESI-MS analysis was performed on unquenched 120-min-reactions. 
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Figure 80S: Raw ESI-MS spectrum and the deconvoluted mass of crude HA-UbG75CP5-UCH-L3 61. HA-UbG75CP5-

UCH-L3 61 deconvoluted ESI-MS: 36110 Da (calc. MW: 36111 Da). 

 

 

7.3.17 Time-dependent HA-UbG75CP5 60 conjugation with DUB from HEK293 lysate 

The HEK293 cells were grown in 75 cm2 cell culture flasks to ca. 80% of the total area. The cells have 

been washed by PBS and lysed in 50 mM Tris pH 7.5 containing 150 mM NaCl, 1 mM DTT, 5 mM EDTA, 

1 mM PMSF and 0.5% Triton x-100 by centrifugation. The total amount of the protein was detected by 

BCA assay and was adjusted to 16.6 μg/μL with the lysis buffer. For time-dependent reactions the 

freshly prepared HEK293 lysate (40 μg, 2.4 μL) was added to each HA-UbG75CP5 60 (1 µg/µL, 100 pmol, 

1 µL) in PBS pH 7.5. The mixtures were shaken at 37 °C for different time periods. The reactions were 

quenched by adding 5 µL 2xLaemmli sample buffer containing 0.5 µL 2-mercaptoethanol and boiling 

the resulting mixture for 10 min at 95 °C. The samples were analyzed by Western blot using an anti-

HA-Tag (C29F4) rabbit mAb (Cell Signaling Technology, Inc.) as a primary antibody and a goat anti-

rabbit IgG-HRP (ab6721) (abcam plc.) as a secondary antibody. 

 

 

7.3.18 Concentration dependent HA-UbG75CP5 60 conjugation with DUB from HEK293 lysate 

The HEK293 cells were grown in 75 cm2 cell culture flasks to ca. 80% of the total area. The cells have 

been washed by PBS and lysed in 50 mM Tris pH 7.5 containing 150 mM NaCl, 1 mM DTT, 5 mM EDTA, 

1 mM PMSF and 0.5% Triton x-100 by centrifugation. The total amount of the protein was detected by 

BCA assay and was adjusted to 16.6 μg/μL with the lysis buffer. For concentration dependent reactions 

the freshly prepared HEK293 lysate (40 μg, 2.4 μL) was diluted with PBS pH 7.4 up to 1.7 μg/μL and 

added to each HA-UbG75CP5 60 (1 µg/µL, 100 pmol, 1 µL) in PBS pH 7.5. The mixtures were shaken at 
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37 °C for 2 h. The reactions were quenched by adding 5 to 11 µL 2xLaemmli sample buffer containing 

0.5 µL 2-mercaptoethanol and boiling the resulting mixture for 10 min at 95 °C. The samples were 

analyzed by Western blot using an anti-HA-Tag (C29F4) rabbit mAb (Cell Signaling Technology, Inc.) as 

a primary antibody and a goat anti-rabbit IgG-HRP (ab6721) (abcam plc.) as a secondary antibody. 

 

 

7.3.19 Pull-down of HA-UbG76CP5 60 conjugated proteins from HEK293 and EL-4 lysate  

The HEK293 cells were grown in 75 cm2 cell culture flasks to ca. 80% of the total area. The cells have 

been washed by PBS and lysed in 50 mM Tris pH 7.5 containing 150 mM NaCl, 1 mM DTT, 5 mM EDTA, 

1 mM PMSF and 0.5% Triton x-100 by centrifugation. The total amount of the protein was detected by 

BCA assay and was adjusted to 9 μg/μL with the lysis buffer. For the conjugation reactions the freshly 

prepared HEK293 or EL-4 lysate (450 μg, 50 μL) was added to each HA-UbG75CP5 60 (1 µg/µL, 600 

pmol, 6 µL) or HA-phosphonamidate 24 (1 nmol, 6 µL) in PBS pH 7.5. The reactions were shaken at 37 

°C for 30 min with HA-UbG75CP5 60 and for 2 h with HA-P5 24. Subsequently, the mixtures were 

diluted with 234 μL TBS pH 7.3 and 160 μL of anti-HA agarose beads (50% slurry, 3.5 mg/mL anti-HA 

IgG1 monoclonal antibody) (Pierce™ Anti-HA Agarose, Cat. no. 26182, Thermo Scientific). The 

suspension was mixed with an overhead rotator at 4 °C overnight. Then the beads were spin-filtered 

using Pierce™ Spin Columns (Cat. no. 69705, Thermo Scientific) and washed with 6x500 μL TBS-T pH 

7.3. The elution of the bound proteins was carried out by addition of 90μl Pierce™ non-reducing sample 

buffer (Cat. no. 39001, Thermo Scientific) and boiling the samples for 10 min at 95 °C. Triplicates of 

each sample à 25 μL were loaded on SDS-PAGE gel. The gels were running for 5-8 min at 250 V. The 

pulled down proteins per sample were cut out in one gel piece and an in-gel digest was performed 

with trypsin (see chapter 7.2.29). The digest was analyzed by MS/MS. The quantification of the proteins 

was done by MaxQuant (version 1.6.1.0) and the database uniprot-proteome%3AUP000005640.fasta 

(human, 10.2016) for HEK cells and uniprot-proteome%3AUP000000589.fasta (mouse, 10.2016) for 

EL-4 cells was used. The unique peptide search parameter was set up to a minimum of 1 and the 

peptide length to a minimum of 7. The peptide mass tolerance was set up to 20 ppm. The validation 

and interpretation of the pulled down quantification was performed with Perseus (version 1.6.11) 

using label-free quantification (LFQ) triplicates. Significant enrichment was determined relative to the 

pull-down sample containing the HA-P5 24 (pairwise comparison). The Vulcan plots were plotted 

showing the -log2 fold change enrichment versus the negative logarithm of the p-values from two-

sample t-test. Significant enrichment was determined with FDR = 0.05 and S0 = 1. 
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9 Appendix 

9.1 NMR spectra 

31P-NMR spectrum of compound 3 

 

 

31P-NMR spectrum of compound 45 
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31P-NMR spectrum of compound 4 

 

 

1H-NMR spectrum of compound 4 
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31P-NMR spectrum of borane complex 4 deprotection with DABCO 

 

 

31P-NMR spectrum of microwave assisted borane complex 4 deprotection 
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1H, 13C-HMQC/ 1H, 13C-HMBC analysis of peptide 7 investigated by Dr. Peter Schmieder (FMP) 

 

 

1H, 31P-HMBC analysis of peptide 7 investigated by Dr. Peter Schmieder (FMP) 
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9.2 Additional DUB conjugations with HA-ubiquitin-phosphonamidate probes 
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9.3 MS/MS analysis of ubiquitin-DUB conjugates 

MS/MS analysis of HA-UbG76P5-UCH-L3 conjugate 12a 

 

 

MS/MS analysis of HA-UbG76P5-USP2-CD conjugate 12a 
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MS/MS analysis of HA-UbG76P5-USP2-CD conjugate 12a (continued) 

 

 

MS/MS analysis of HA-UbK63P5-USP2-CD conjugate 12d  
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MS/MS analysis of HA-UbK63P5-USP2-CD conjugate 12d (continued) 

 

 

MS/MS analysis of HA-UbG75VME-USP5 conjugate 19  
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MS/MS analysis of HA-UbK63P5-USP5 conjugate 18d  
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MS/MS analysis of HA-UbK48P5-USP5 conjugate 18e  
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9.4 DUB targeting analysis in HEK293 lysate  

Western blots for concentration dependent conjugation: 
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9.5 Pull-down analysis on HEK293 cell lysate 
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Pull-down analysis on HEK293 cell lysate with probe 40 and 60. 
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