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 Introduction 

 The ubiquitin code 

 Ubiquitin – Ubiquitylation 

Proteins, large biomolecules built on the 20 canonical amino acids (AAs), are involved 

in every aspect of life. They function to transport materials across membranes, catalyze 

chemical reactions, organize DNA and support material transport in cells. The cellular 

mechanisms controlling biogenesis, trafficking and degradation of proteins, referred to 

as proteostasis, are essential to maintain the stability and the functional features of the 

proteome1. Proteins are formed at the ribosome, where the genetic information, which 

defines the AAs sequence of each protein, is translated. The human genome encodes 

for approximately 20 000 proteins most of which are posttranslationally modified by for 

example phosphorylation, acetylation, glycosylation methylation or ubiquitylation2,3. 

These modifications add another layer of complexity to signal transduction, activity and 

the function of these proteins. After fulfilling their purpose, upon misfolding or 

denaturing, proteins are degraded by multiple pathways of intracellular protein 

degradation4,5. 

The proteolytic degradation of proteins was discovered between 1978 and 1983, with 

the observation that proteins added to a reticulocyte extract are covalently modified by 

a small protein, followed by ATP-dependent degradation6,7. Later, this small protein was 

named ubiquitin, a name which refers to its ubiquitous presence in all eukaryotic cells. 

Further studies led to the identification and characterization of the enzymes (E1, E2, 

E3) that realize the substrate modification by ubiquitin. In this respect, ubiquitylation 

was identified as a marker for proteasomal degradation8,9. With the discovery of the 

“ubiquitin-proteasome system” by A. Hershko, A. Chiecanover, and I. Rose, a fast 

growing field emerged, which not only focuses on the proteolytic functions of 

ubiquitylation but also on its involvement in non-proteolytic pathways, that include 

membrane trafficking, protein kinase activation, DNA repair, and chromatin dynamics10. 

The attachment of ubiquitin to a substrate protein (ubiquitylation) is one of the most 

prevalent posttranslational modifications found in all eukaryotes11. With the involvement 

in a large number of cellular processes, it is not surprising that deregulation of 

ubiquitylation, is connected to many disorders such as neurodegenerative diseases, 

autoimmune pathologies or carcinogenesis12. Ubiquitylation is attracting more and 

more attention due to its frequency of occurrence, its versatility and its key role in 
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numerous cellular processes, where it acts as an inducible and reversible signal 

molecule11,13. 

Considering the small size of 76 amino acids, it is astonishing how the modification with 

ubiquitin can lead to so many different cellular outcomes. Following intensive 

investigation on ubiquitin itself and its functions as a signaling molecule, it became clear 

that among other things, also structural features are pivotal for ubiquitin signaling14. 

Ubiquitin adopts a compact β-grasp fold with a flexible six-residue C-terminal tail. 

Whereas most of the core residues are rigid, the β1/β2 loop around Leu8 shows 

flexibility, which is important for recognition by ubiquitin binding proteins (UBP)15. 

Ubiquitin is a highly conserved protein, showing only three conservative changes from 

yeast to human. This indicates a high evolutionary pressure to conserve the ubiquitin 

structure and the importance of the ubiquitin surface for recognition by UBPs. Ubiquitin 

harbors several distinct surface patches (Figure 1A), of which the hydrophobic patch, 

consisting of Ile44, Leu8, Val70 and His68, is most important for processes such as  

proteasomal binding, recognition by ubiquitin binding domains (UBDs) and interactions 

between ubiquitin moieties in chains16. Another hydrophobic surface is the Ile36 patch, 

which is recognized by deubiquitylating enzymes (DUBs) and E3 ligases, and further 

mediates interactions between ubiquitin moieties in chains11,14. Further surface patches 

with less functional understanding are the Phe4 patch, and the TEK-box11.  

 

Figure 1: Important features of the ubiquitin sequence and structure for function and recognition. 

(A) Structure and surface of ubiquitin (PDB ID: 1UBQ), residues involved in forming surface patches that 

mediate interactions with binding partners and deubiquitlases (DUBs)) are indicated. These include the 

Ile44 patch, the Ile36 patch, the Phe4 patch and the TEK box. (B) Ubiquitin sequence and ß-grasp structure 

(PDB ID: 1UBQ) with lysine positions marked in orange. 
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The ubiquitin sequence contains seven lysine residues, distributed over the whole 

ubiquitin surface pointing into different directions (Figure 1B). These lysine residues 

together with the N-terminus of ubiquitin are important features of ubiquitin, as they are 

attachment sites for ubiquitin chain assembly. Commonly, ubiquitin is covalently 

attached to a substrate via the formation of an isopeptide bond between the carboxyl 

group of the C-terminal glycine of ubiquitin and the ε-amino group of a lysine residue 

of the substrate11. Proteins are not only modified by a single ubiquitin molecule (mono-

ubiquitylation), but also several lysine residues of a substrate can be modified with 

single ubiquitin moieties resulting in multi-monoubiquitylation17,18. As ubiquitin itself can 

serve as substrate for ubiquitylation, the modification of one of the seven lysine 

residues or the N-terminal amine group, results in the formation of ubiquitin chains, 

called poly-ubiquitylation (Figure 2)13,19-21. Homogenous chains are linked via the same 

lysine residue or the N-terminus of ubiquitin throughout the whole chain, whereas mixed 

chains show linkages via different lysine residues11. The complexity of ubiquitylation 

further increases when several lysine residues of ubiquitin serve as attachment sites, 

which leads to the formation of branched chains22,23. In recent years, posttranslational 

modifications of ubiquitin itself have become more and more the focus of attention13. 

Ubiquitin itself can also be modified posttranslationally not only by the attachment of 

ubiquitin molecules or ubiquitin like molecules (UbI) such as SUMO and NEDD8, but 

also by phosphorylation or acetylation, all of which alter the signaling outcome13,24-26. 
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Figure 2: Ubiquitin modifications of various topologies.  

Selection of some ubiquitin modifications including various chain types and additional modification with 

UbI (SUMO2/3, NEDD8) and chemical moieties such as acetyl-, and phosphate groups13. Ubiquitin colors: 

grey: distal ubiquitin, blue and green: different linkage types, black: branch point ubiquitin. 

 The ubiquitin code - write, decode, erase 

Besides targeting proteins for proteolytic degradation, ubiquitylation serves as a highly 

complex signaling system in cells controlling a wide range of biological processes such 

as DNA repair, endocytosis, autophagy, transcription and inflammation. Considering 

the eight possible linkage types between ubiquitin molecules, alternative modifications 

of ubiquitin by UbIs, acetylation of lysines and phosphorylation at 10 potential sites, 

allows ubiquitylation to result in a huge number of possible modifications13, all of which 
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are considered to trigger different cellular signals13. As all the ubiquitin modifications, 

with the exception of alternative modifications (UbI, acetylation, phosphorylation), show 

the same physicochemical properties in mass and charge, it became clear that the 

respective signal has to be encoded in linkage-dependent differences, topology 

dependent structural dynamics and further modifications of ubiquitin itself11,14,27,28. This 

notion was termed the “ubiquitin code”11.  

Write: 

Every code requires its specific assembly. The main features of writing the ubiquitin 

code are known, although how linkage specificity is realized during ubiquitylation, still 

needs further investigation. The ubiquitin signals are generated via a three-step 

enzymatic cascade, consisting of E1, E2 and E3 enzymes (Figure 3)11. The ubiquitin-

activating enzyme E1 uses ATP to catalyze the formation of a C-terminally adenylated 

ubiquitin, which is then transferred to the active-site cysteine of the E1 under the 

release of AMP. Next, the ubiquitin is transferred to the active site cysteine of one of 

the approximately 40 E2 ubiquitin-conjugating enzymes encoded by the human 

genome29. The E3 ligase is finally responsible for further transfer of the ubiquitin to a 

substrate protein. The human genome encodes up to 800 different E3 ligases11,30. 

There are three major classes of E3 ligases. Homologous to E6AP carboxyl terminus 

(HECT) E3s are characterized by a conserved HECT domain, which is located at the 

C-terminus of the enzyme. The N-terminal lobe of the HECT domain interacts with the 

ubiquitin charged E2, whereas the C-terminal lobe contains the catalytic cysteine31. 

Ubiquitin transfer is characterized by a two-step reaction, in which ubiquitin is first 

transferred to a catalytic cysteine on the E3 and then from the E3 to the substrate32. 

Similarly, RING-in-between RING E3s (RBR) catalyze the ubiquitin transfer through a 

two-step reaction, by which ubiquitin is first transferred to a catalytic cysteine on the E3 

and then to the substrate33. RBR E3s are characterized by two RING domains, which 

are separated by an in-between-RING domain. One of these domains recruits the 

ubiquitin-charged E2 whereas the other RING domain contains the catalytic cysteine31. 

In contrast, RING (Really Interesting New Gene) E3s mediate a direct transfer of 

ubiquitin to a substrate34. They are characterized by a zinc-binding domain called RING 

or by a U-box domain, which adopts the same RING fold, but does not contain zinc.  

Linkage-specific ubiquitylation is realized either by specific E2-E3 pairs or by inherent 

specificity of the E3 ligase itself. In case of RING Domain E3 ligases, linkage-specific 

ubiquitylation is determined by complex formation with E2 enzymes that show inherent 

linkage specificity. The E2 enzyme recognizes specific surface areas of the acceptor 
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ubiquitin or provokes special conformational orientations of the acceptor ubiquitin, 

thereby favoring one of the seven lysine residues for linkage formation11. For HECT E3 

ligases, linkage-specificity is displayed by the E3 ligase itself, as it activates and 

orientates the acceptor lysine, thereby favoring a selected lysine for linkage formation11. 

For E6AP, a member of the HECT E3 family, it has been found recently that also 

surface features of ubiquitin itself may contribute to linkage specificity of the E335. 

However, the mechanisms by which HECT E3 ligases synthesize ubiquitin chains of 

defined linkages are still under investigation. In case of RING-in-between RING E3s, 

linkage specificity is also determined by the E3, as in some cases, linkages are formed 

by this E3 ligase family, that differ from the inherent specificity of the cooperating E211.     

 

Figure 3: Schematic overview of the ubiquitylation cascade: 

The E1 enzyme uses ATP to activate ubiquitin by acyl-adenylation of its carboxyl terminus. The ubiquitin 

from the activated ubiquitin-AMP-intermediate is then transferred to the active site cysteine of the E1 

enzyme via formation of a thioester bond between the C-terminal carboxyl group of ubiquitin and the active 

site cysteine of the E1. Via a trans-thio-esterification reaction the E2 catalyzes the transfer of the ubiquitin 

from the E1 active site to the active site cysteine of the E2. Depending on the E3 ligase used, ubiquitin can 

be transferred to a substrate via different mechanisms. For members of the HECT and RBR E3 ligase 

family members, the ubiquitin is first transferred to an active site cysteine of the E3 before it is transferred 

to the substrate. For RING E3 ligases the ubiquitin is directly transferred to the substrate via a mechanism 

catalyzed by the E3. Finally, the ubiquitin is attached to a substrate by formation of an isopeptide bond 

between the C-terminal carboxylgroup of ubiquitin and a ε-amino group of a lysine residue on the substrate. 

Decode: 

The least understood section of the ubiquitin code is the deciphering, also called 

reading of the cellular signal that is encoded in the ubiquitin modifications. Ubiquitin 

binding proteins (UBPs, alternatively known as ubiquitin receptors) act as specific 

decoders as they recognize the various ubiquitin modifications and translate the 
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encoded signal into biochemical outcomes in the cell36. In analogy to the recognition of 

phosphorylated proteins by phospho-binding domains, ubiquitin modifications are 

recognized by one or several UBDs located on a UBP16,37. UBDs show high structural 

diversity and are categorized into approximately 20 families36. Yet, they show the 

common feature of non-covalent binding of the ubiquitin signals mostly by interaction 

with the hydrophobic Ile44 patch of ubiquitin16. So far there is no general model of how 

specific topologies are recognized by UBDs16. This is mainly due to the fact that UBPs 

often harbor several UBDs of different families in various combinations16,37. In addition, 

the same domains do not show exclusive linkage specificity when present in different 

proteins, which indicates that the structural context of the UBD positioning also has a 

huge impact on specific ubiquitin binding37. Another common feature of UBDs are their 

low affinities for ubiquitin, which are in the µM range38. Nevertheless, specific 

recognition of ubiquitin signals is realized by increased avidity caused by multivalent 

binding of UBDs and oligomerization of UPBs37.   

Furthermore, the induced fit model, in which upon binding of a UBD the ubiquitin 

structure or selected residues close to the binding site are remodeled, plays an 

important role for specific recognition of ubiquitin signals39. This model can be extended 

by conformational selectivity, indicating that UBDs select certain conformations of the 

free ubiquitin for preferred binding40. These models are also used to explain selective 

recognition of ubiquitin chains, which show different conformations depending on the 

linkage type. Chains linked via K6, K11 and K48 adopt a closed conformation, 

characterized by inter-moiety contacts formed by the Ile44 hydrophobic patch11. In 

contrast, a rather open conformation, lacking strong contacts between the ubiquitin 

moieties besides the isopeptide linkage, is formed by Met1, K27-, K29-, K33- and K63- 

linked chains11,41,42. The conformation of ubiquitin chains, however is flexible and each 

linkage type can adopt a specific ensemble of conformations43. Indeed, several studies 

indicate that the linkage-specific recognition of ubiquitin chains is realized by 

preferential binding of a UBD to one particular structure of such an ensemble. This has 

been shown for the binding of K48-linked ubiquitin dimers, and longer polymers to the 

proteasomal receptor Rpn1344 or the dynamic recognition of K63-linked ubiquitin 

dimers by the zinc finger UBD NFZ45. 

Erase: 

Besides enzymes that “write” the ubiquitin code, also almost 100 deubiquitylating 

enzymes (DUBs), which disassemble ubiquitin chains or regulate ubiquitin 

homeostasis, are encoded by the human genome46,47. DUBs are categorized into seven 
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families (USPs, UCHs, OTUs, MJDs/Josephins, MINDYs, ZUP1 and JAMM), all of 

which are cysteine proteases with the exception of the JAMM family members, which 

are zinc-dependent metalloproteinases48. Due to their ability to modify ubiquitin 

modifications, DUBs play a central role in ubiquitin signaling47. The complexity of the 

ubiquitin chain modifications is mirrored by a wide range of distinct DUB activities and 

preferences. Some DUBs exhibit exo-DUB activity, gradually “chewing” down the chain 

from the distal end49. Other DUBs preferentially cleave within chains, showing endo-

DUB activity. Furthermore, chain length is recognized by some DUBs such as MINDY, 

YOD1 and ATXN3, which show a preference for long chains50-52. However, the 

underlying mechanisms are only partially understood. Many DUBs respond to the 

ubiquitin code and display specificity to one or several linkages. For example AMSH-

LP, a JAMM family member specifically recognizes Gln62 and Glu64 of the linker region 

of K63-linked chains53. TRABID, the only known K29 and K33 linkage-specific DUB 

shows another mechanism to achieve specificity. This DUB specifically positions the 

proximal ubiquitin of a ubiquitin dimer via interaction with its ankyrin-repeat UBD to 

allow selective cleavage. Systematic studies of the USP and OTU family members 

revealed various principles of DUB chain linkage specificity and drastically improved 

the understanding of DUB specificity52,54. Nevertheless, predictions of the linkage and 

substrate specificity of DUBs remains challenging. In most cases this information needs 

to be determined biochemically. 

 Ubiquitin chain functions – state of the art 

Ubiquitin chains linked via K48 and K63 are the most abundant and also the best 

studied chains types55,56. Extensive studies on these chain types have generated a 

detailed understanding of their physiological roles in proteasomal degradation and in 

cellular signalling respectively (reviewed in10,11). For the remaining “atypical” homotypic 

chains (Met1, K6, K11, K27, K29, K33), less functional information is available although 

their presence in the cell has been proven by proteomic studies, albeit at lower levels 

compared to K48- and K63-linked ubiquitin chains56,57. This section focuses on the 

current knowledge regarding cellular functions and linkage-specific enzymes of the 

atypical ubiquitin chains. 

Met1-linked ubiquitin chains 

Met1-linked ubiquitin chains are one of the best characterized atypical ubiquitin chains, 

which is mainly due to the identification and characterization of the cellular machinery, 

that assembles binds and hydrolyses this chain type. Met1-linked chains are the key 
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positive regulator of NF-κB signalling58. This understanding was promoted by the 

identification of the linear ubiquitin chain assembly complex (LUBAC) with the 

associated E3 ligase HOIP, which exclusively assembles Met1-linked ubiquitin chains. 

Subsequently, the identification of NF-kappa-B essential modulator (NEMO) as a 

specific binder, linked linear ubiquitin chains to NF-κB activation59. Furthermore, 

LUBAC regulates tumour necrosis factor (TNF) signalling and related cytokines and 

has been proved to have important roles in inflammation, immunity and cell death60-62. 

Recently, the dynamic interplay between DUBs and their involvement in Met1-linked 

ubiquitylation and NF-κB signalling has become a subject of intense investigation. The 

DUB OTULIN specifically cleaves linear ubiquitin chains and thereby most likely 

regulates NF-κB signalling as well63,64. As OTULIN is also involved in Wnt signalling65, 

Met1-linked chains may also exhibit functions in this pathway, which however has not 

been described so far and requires further studies13. 

K6-linked ubiquitin chains 

The physiological roles of K6-linked ubiquitin chains are less understood compared to 

the previously described Met1-linked chains. They seem to have non-degrading 

functions as they are not enriched upon proteasomal inhibition66. K6-linked ubiquitin 

chains have been associated with UV genotoxic stress, since they have been found to 

be upregulated upon UV irradiation67. Furthermore, they were associated with the E3 

ligase BRCA1/BARD1 that is involved in DNA repair68. Furthermore, K6-linked chains 

are involved in mitochondrial homeostasis. The E3 ligase Parkin assembles mainly K6- 

and K11-linked ubiquitin chains on depolarized mitochondria thereby promoting 

mitophagy69. Interestingly, DUBs that regulate mitophagy and Parkin also show a 

preference for K6-linked ubiquitin chains. USP30 is the only DUB which is constitutively 

located at the mitochondria, where it counteracts mitophagy and has a preference for 

K6 linkages70. Recently, with the development of K6 linkage-specific affimers, a 

valuable tool has been developed to further investigate the roles of this linkage type, 

as so far no linkage-specific antibody is available71. 

K11-linked ubiquitin chains 

Among the atypical ubiquitin chains, K11-linked chains are best studied next to linear 

chains. They are specifically synthesized by the Anaphase promoting 

complex/cyclosome (APC/C), which uses the only known K11-specific E2 UBE2S to 

assemble this chain type72. K11-linked chains serve as additional proteasomal signal, 

mainly for cell cycle regulation together with the APC/C complex72. In this regard, it has 

been found that besides homotypic K11-linked chains also heterotypic ubiquitin chains 
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(K11 and K48 linked) are formed, that serve as a much more efficient degradation 

signal compared to homotypic chains linked via K1173. Furthermore, K11-linked chains 

are involved in adaption to low oxygen conditions in combination with the K11-linkage-

specific DUB cezanne74. 

K27-linked ubiquitin chains 

Ubiquitin chains linked via lysine 27 are the least well studied among the homotypic 

chains, and no specific DUB or UBD is known so far. Initial roles in mitophagy, together 

with the E3 ligase Parkin have not been confirmed up to now75. There are two E3 

ligases that have been suggested to form K27-linked chains on their substrates. The 

first ligase, RNF168, is involved in DNA damage repair. Consistent with known roles of 

RNF168, upon DNA damage K27-linked ubiquitin chains were upregulated and may 

function as a scaffold for protein recruitment76. The second E3 ligase, HACE1, modifies 

its substrates with K27-linked chains, which in this context influence protein secretion 

and autophagic flux77. In all the reported studies, K27-linked chains show functions in 

protein recruitment, suggesting the existence of specific UBDs and receptors13.  

K29- and K33-linked ubiquitin chains 

For K29- as well as for K33-linked chains the enzymes promoting the linkage-specific 

assembly are known, which allows detailed functional studies of these chain types. The 

E3 ligase KIAA10/UBE3C synthesizes K29-linked chains besides K48-linked ubiquitin 

polymers and is associated to the 26S proteasome78,79. In addition K29-linked ubiquitin 

chains were found to be enriched upon proteasomal degradation, indicating K29-linked 

chains to serve as a proteasomal degradation signal41,66. Further functional insights 

were gained with the identification of TRABID, the only known K29/K33 linkage-specific 

DUB, which initially was connected to Wnt signalling and more recently to epigenetic 

regulation80,81. TRABID regulates the transcription of interleukins downstream of Toll-

Like receptor (TLR) signalling. 

K33-linked chains are synthesized by the E3 ligase AREL1, which also forms K11-

linked polymers. K33-linked ubiquitin chains have been implicated in various biological 

processes such as T-cell antigen receptor (TCR) signalling. Modification of TCR 

subunits with K33-linked chains leads to damped TCR singling by non-degradative 

mechanisms21. More recently, K33-linked chains were shown to be involved in post 

Golgi membrane trafficking82.  
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Some cellular processes are not exclusively regulated by K29-linked ubiquitin chains 

but together with K33-linked chains, indicating a close relationship of these chain types 

on a structural and functional level. Both chain types, for example are involved in the 

regulation of AMPK (AMP-activated protein kinase)-related protein kinases83.  

In conclusion, also for the atypical ubiquitin chains mentioned in this section, more and 

more information regarding their physiological functions is emerging. However, for a 

detailed picture of how ubiquitin chain topology contributes in detail to the observed 

findings, specific tools to study ubiquitin signals in a topology-specific manner are 

needed. 

 Tools to study ubiquitylation 

 State of the art 

In the last decade, great progress has been made in developing sophisticated methods 

to study ubiquitylation on different levels, including visualization, characterization and 

quantification of ubiquitin signals, as well as monitoring of DUB activity (Figure 4)13,84,85. 

By usage of linkage-specific DUBs, a method called UbiCRest was developed in order 

to analyze ubiquitin chain structure86. Here substrates, either ubiquitylated proteins or 

ubiquitin chains, are treated with a panel of different linkage-specific DUBs in parallel 

reactions, which are monitored by gel analysis. This quantitative method shows 

ubiquitylation of substrates and the involved linkage types. UbiCRest therefore can be 

used to assess the architecture of heterotypic ubiquitin chains. Recently Ub-clipping 

was reported, a method which uses an engineered viral protease, Lbpro, to incompletely 

remove ubiquitin form substrates87. This leads to a substrate with a C-terminal GlyGly 

dipeptide at the modified residue, which simplifies the direct analysis of ubiquitylation 

on substrates and within polyubiquitin. Ub-clipping also allows the quantification of 

branch-point ubiquitin thereby provides detailed insights into Ub chain architecture. 

Another approach exploits the linkage-specificity of UBDs to generate linkage-specific 

UBPs with a wide range of applications. These engineered UBPs showed great 

potential to monitor ubiquitin signals in living cells or in various biochemical applications 

such as the inhibition of linkage-specific functions in cells88,89. Furthermore, a highly 

useful tool are linkage-specific antibodies, which are currently only available for Met1-, 

K11-, K48-, and K63-, linked chains, as well as for Ser65-phosphoubiquitin90-93. 

Nevertheless, mass spectrometry has had the most significant impact on studying the 

ubiquitin code. This has been reviewed extensively in a recent publication by Ordureau 

et al.94. Various quantitative methods contributed to a more detailed understanding of 
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ubiquitin signalling: relative quantification methods imply either stable isotope labelling 

with amino acids in cell culture (SILAC) or tandem mass tag (TMT) peptide labelling, 

whereas absolute quantification (AQUA) is possible by employment of ubiquitin peptide 

standards in combination with antibodies that enrich ubiquitylated peptides. One major 

drawback of MS based analysis of ubiquitin signalling is that it does not allow to 

investigate the interplay between different ubiquitin signals. MS based analysis relies 

on tryptic digestion of ubiquitin signals. It allows the annotation, quantification and 

localization of certain modifications on the ubiquitin sequence. However, MS analysis 

following tryptic digestion prevents any insight on the architecture of the ubiquitin 

signals. For example, studies on branched chains have been especially hampered by 

the inability to study all endogenous branched chains by MS13. Furthermore, certain 

modifications of ubiquitin such as phosphorylation and acetylation are most likely only 

found on certain ubiquitin chains or at certain position in a ubiquitin chain. This is 

indicated by PARKIN dependent phosphorylation studies, performed with differently 

linked ubiquitin chains, indicating linkage dependent phosphorylation patterns95. For 

this reason, new tools and methods are needed to gain in-depth knowledge about the 

complex interplay between different ubiquitin signals and the hierarchy in these signals. 

 

Figure 4 Approaches to study ubiquitin modifications.  

Ubiquitin Chain Restriction (UbiCRest) and Ub-Clipping allow insights into Ub chain architecture. UbiCRest 

analysis, linkage-specific UBDs, linkage-specific antibodies and mass spectrometry (MS) allow for the 

identification of linkage types in Ub modifications. Further, relative quantification of Ub chains is achieved 

by stable isotope labelling of amino acids in cell culture (SILAC), tandem mass tag (TMT), while absolute 

quantification is achieved by AQUA analysis. Similar approaches allow for the analysis of additional 

posttranslational modifications of Ub modifications13. 
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 Enzymatic and chemical approaches for in vitro ubiquitylation  

Much progress concerning the understanding of ubiquitin signalling has been made in 

the last years. Nevertheless, many aspects of the ubiquitin code are still unclear and 

with emergence of the additional posttranslational modification of ubiquitin by 

phosphorylation, acetylation, SUMO- and Neddylation, even new layers of complexity 

were added13. Therefore, the sophisticated mechanisms of ubiquitin signalling are still 

under heavy investigation and form the center of a vivid and fast-moving research area. 

Especially the understanding of how specific ubiquitin signals are decoded into 

associated cellular outcomes is poorly understood. This is mainly due to the lack of 

sufficient amounts of defined ubiquitylated substrates and topology specific ubiquitin 

chains, for in-depth functional studies. In the past years, enormous efforts have been 

made in finding E2-E3 combinations that give access to linkage-defined di- and 

polyubiquitylated molecules. Only since a few years ubiquitin chains, linked via K6, 

K11, K29, and K33, generated via enzymatic approaches, were available21,41,96. The 

linkage-specific E2-E3 pairs for K48, K63 and Met1 linkages have been known since 

almost 15 years97,98, and nowadays only linkages formed via K27 cannot be generated 

enzymatically. However, some of the reported enzyme pairs do not yield exclusively 

one linkage type and therefore require further processing by specific DUBs in order to 

generate homogenously linked samples99.  

For this reason, synthetic and semi-synthetic approaches have gained more and more 

attention as they circumvent traces of other linkages and assure homogenous 

preparation of ubiquitin polymers. In this respect, the two most important approaches 

are native chemical ligation (NCL) and thioether ligation. NCL allowed the total 

synthesis of K48-linked ubiquitin dimers100, whereas dimers linked via K63 were 

synthesized by thioether coupling using cysteinyl-ubiquitin peptides as building 

blocks101. However, especially models for the investigation of ubiquitin chains longer 

than dimers are desperately needed. Chain length is still one of the least investigated 

aspects of ubiquitin signalling, although isolated studies clearly indicate a correlation of 

chain length and cellular function28,102-104. In recent years, significant progress has been 

made to synthesize ubiquitin chains via different approaches such as thiol-ene 

coupling105, chemical synthesis combined with isopeptide chemical ligation106 and silver 

mediated chemical condensation107,108. Despite all technical advances, some aspects 

of ubiquitin signalling are difficult to study with isopeptide linked ubiquitin chains. The 

proteolytic activity of DUBs renders studies in cellular contexts impossible. The same 

holds true for crystallization of wild type DUBs together with their ubiquitin chain 
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substrate, in order to reveal the specific cleavage mechanism of the DUB109. For this 

reason, proteolytically stable iso-peptide mimetic proved to be a valuable tool to 

circumvent these drawbacks. As one of the first studies, the application of the ubiquitin 

mutant Ub L37P in combination with enzymatic polymerization, allowed the generation 

of DUB resistant ubiquitin chains110. Furthermore, with the expansion of the genetic 

code by incorporation of unnatural amino acids (UAA) harbouring different chemical 

functionalities, a significantly increased toolbox for generation of defined ubiquitin 

signals was available111-113. In this context, site-specific modification of proteins by 

biocompatible oxime ligation and bioorthogonal CuI-catalyzed azide-alkyne 

cycloaddition (CuAAC) was reported by several groups114-116. The latter also gave 

access to all seven lysine linked ubiquitin polymers of up to ten moieties117. These 

proteolytically stable ubiquitin modifications allow a wide range of functional studies, 

including functional studies in cellular environment or studies on DUB cleavage.  

 Bioconjugation of ubiquitin molecules modified by unnatural amino acids 

and cysteine chemistry 

The study of biomolecules in their native environment is extremely challenging due to 

the complexity of cellular systems. It however also provides more significant insights 

compared to in vitro studies. In the last two decades, new technologies were developed 

for the selective modification of biological species in complex environments or for living 

cells118-121. This provided important insights into cellular processes122,123. Key features 

of these technologies are bioorthogonal reactions, which are characterized by fast and 

selective reaction of involved components in presence of various functionalities124,125. 

Therefore, the involved components are commonly non-native, non-perturbing, highly 

chemoselective and inert to their environment125. Among the developed bioorthogonal 

reactions, CuAAC, is one of the most widely applied ones due to fast kinetics and high 

efficiency126. However, due to the toxicity of the Cu(I) catalyst, the application of CuAAC 

in living cells is limited127,128. Side by side, with the progress in bioconjugation described 

in the previous section, various methods allowing the modification of proteins with 

bioorthogonal functionalities were developed129. Many of these methods are based on 

the incorporation of unnatural amino acids (UAA). Modification of proteins with UAAs 

combined with CuAAC gave access to various protein-protein conjugates, which paved 

the way for numerous biochemical studies that were not possible before129-132. 
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2.3.1 Click Reaction 

Inspired by nature´s strategy to use small building blocks in order to generate large 

oligomers, click chemistry represents a powerful tool also in the field of bioconjugation. 

Building on pioneering work of Sharpless et al, click chemistry rapidly developed into a 

frequently used tool with a wide range of applications133.  

CuAAC (here also termed click reaction) relies on Cu(I) catalyzed reaction of azides 

and alkynes, resulting in the formation of a 1,2,3 triazole ring (Figure 5A). Catalysis by 

Cu(I), reported by Sharpless and Meldal, drastically improved regioselectivity to yield 

only the 1,4 regioisomer and simultaneously accelerated the reaction by a factor of 107, 

compared to the uncatalyzed reaction134,135. The reaction is characterized by the 

insensitivity to usual reaction conditions such as pH (4-12), and tolerance of various 

solvents as long as they are H2O compatible136. In addition, Cu(I) can be conveniently 

generated in situ, no protection groups are needed, and the reaction proceeds in many 

cases with almost complete conversion134,136. One of the most important benefits of 

CuAAC is its tolerance to a wide variety of functional groups, which favours it for 

reactions in complex environments without losing specificity. Indeed, CuAAC shows 

great bioorthogonality as azides and alkynes represent π systems, which are extremely 

rare and inert in biological systems124,137. Furthermore, azides are mild electrophiles, 

that are unreactive in cellular systems towards amines or other hard nucleophiles. In 

presence of activated alkynes however, azides readily react under formation of a 

triazole ring, promoted by the 1,3 dipolarity of the azide. Nevertheless despite great 

bioorthogonality, mono- or dithiol-mediated reduction of alkyl azides under biological 

conditions was observed and can impact the quantitative conversion during CuAAC 

reactions138. 
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Figure 5 Scheme for CuAAC, and chemical structures of associated reagents. 

(A) The reaction of alkyne and azide results in the formation of a 1,2,3 triazole ring catalyzed by Cu(I) (B) 

Tris(2-carboxyethyl)phosphine (TCEP) (C) Tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) (D) Tris-

(benzyltriazolylmethyl)amine (TBTA). 

The catalyst Cu(I) can either be provided as Cu(I) salts or generated in situ by reduction 

of Cu(II), by for example ascorbic acid or TCEP (Figure 5B)134. One critical aspect 

which impacts complete conversion and reaction speed, is the oxidation of Cu(I) to 

Cu(II) by atmospheric oxygen. In addition, oxidation by O2 can facilitate formation of 

hydroxyl radicals, which can negatively affect the structural and functional integrity of 

biomolecules139,140. To improve Cu(I) stability, addition of triazole based stabilizing 

agents such as or tris-(hydroxypropyltriazolylmethyl)amine (THPTA) (Figure 5C), tris-

(benzyltriazolylmethyl)amine (TBTA) (Figure 5D) and exclusion of oxygen proved to 

be essential for Cu(I) stabilization141,142.  

Despite the toxicity of copper for living organisms, CuAAC became a valuable tool in 

material science143-145, drug discovery146-148 and bioconjugation126,149,150. CuAAC 

became especially popular for conjugation of biomolecules due to the close 

resemblance of the 1,2,3 triazole linkage to the native peptide bond with respect to 

atom configuration and electronic properties151-153. In this respect, CuAAC was used to 

conjugate small compounds to DNA154 and RNA155, lipids156,157, glycans141,158-160, 

peptides or proteins161-163, and to the surface of viruses164. Furthermore, it is commonly 

applied to attach affinity handles to bait molecules in affinity based protein 

profiling165,166. Furthermore, CuAAC was also used to link larger molecules such as 
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peptides or whole proteins to each other125,131,167,168. Following this approach, site-

specifically ubiquitylated proteins such as mono-ubiquitylated PCNA167 and Pol β169 

were generated, as well as linkage-defined ubiquitin dimers111. In this regard, it was 

reported that non-denaturing concentrations of SDS in the click reaction significantly 

improves the efficiency of the reaction, especially for the conjugation of proteins169. 

Upon optimisation and adaption of conditions, even complex protein conjugates such 

as linkage-defined ubiquitin polymers were accessible, allowing functional investigation 

of previously inaccessible protein conjugates112,114,117.  

2.3.2 Functionalized ubiquitin molecules for targeted ubiquitylation and ubiquitin 

chain formation via click chemistry 

A prerequisite for the conjugation of proteins via CuAAC, is the site-specific introduction 

of the two bioorthogonal functionalities azide and alkyne into the protein of 

interest114,130,170. An approach to realize this, is expansion of the genetic code171. By 

incorporation of unnatural amino acids, genetic code expansion allows introduction of 

various functionalities at desired positions of the protein of interest172,173. Proteins are 

synthesized stepwise by the polymerization of amino acids, which are linked by peptide 

bonds174. The information for the synthesis of a specific protein is provided by a 

messenger RNA (mRNA), which is transcribed from DNA. The sequence information 

of a protein is encoded in the sequence of bases on the mRNA where a series of three 

bases (codon) codes for one amino acid175,176. There are 64 codons that code for the 

20 amino acids, a correlation which is called the genetic code177,178. At the ribosome 

the nucleotide sequence of a mRNA is translated into the amino acid sequence of a 

protein179.  

Translation of proteins uses tRNAs, which are aminoacetylated with their cognate 

amino acid by aminoacyl tRNA synthetases, in order to read codons on the mRNA180. 

At the ribosome, the sequential decoding of the codons on the mRNA, as well as the 

polymerization of the corresponding amino acids (AAs) into a polypeptide is 

performed179. In this context, the genetic code defines how the 64 codons are decoded 

at the ribosome to generate a total of approximately 20 000 proteins, encoded by the 

human genome2,177,178. The genetic code can be expanded by a widely used method 

called Amber codon suppression. This method is based on an orthogonal aminoacyl-

tRNA synthetase (aaRS)/tRNA pair incorporating an UAA in response to an unassigned 

codon (mostly the amber stop codon UAG) at a desired position of the gene of 

interest172,173. Specificity is achieved by the selectivity of the orthogonal synthetase, that 

does not recognize any endogenous tRNA but instead only aminoacylates an 
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orthogonal cognate tRNA with the provided UAA173. Amber codon suppression requires 

the determination of orthogonality of the aminoacyl-tRNA synthetase (aaRS)/tRNA pair 

with respect to each host. A further point to consider is that incorporation efficiency and 

total protein yield differ for each protein and site181. 

A further commonly used approach in order to introduce UAAs with various chemical 

functionalities into proteins, is selective pressure incorporation (SPI). SPI exploits the 

substrate tolerance of aaRS, based on their inability to distinguish between structurally 

and chemically similar substrate analogues and the natural substrate182. Mischarging 

of an analogue onto a tRNA, results in incorporation of that analogue at respective 

positions into the growing peptide. This method is based on the observation that the 

choice of AAs which are used for protein synthesis can be conditioned via the supply 

of AAs183. SPI is a residue specific method, as the analogue is incorporated genome 

wide instead of the respective canonical AAS. Furthermore, to ensure exclusive 

incorporation of the UAA, E. coli strains that are auxotrophic for the respective AAs 

need to be used for gene expression.  

Recently, both presented methods were combined in order to generate a bifunctional 

ubiquitin molecule, which subsequently was used for CuAAC mediated polymerization, 

resulting in linkage defined ubiquitin chains112,114,169. Therefore, a propargyl-derivatized 

lysine (Plk) (Figure 6A) was incorporated at one of the seven lysine positions of 

ubiquitin by amber codon suppression, thereby functionalizing the ubiquitin with an 

alkyne. Following mutation of G76 to methionine, SPI was used to introduce the 

methionine homologue azidohomoalanine (Aha) (Figure 6A), functionalized with an 

azide, at the C-terminus of ubiquitin. As the ubiquitin sequence does not contain a 

methionine besides the initial one, which was removed during protein purification, this 

approach resulted in site specific modified Ub G76Aha. Polymerization of the purified, 

bifunctional ubiquitin molecules by CuAAC allowed the generation of linkage-defined 

ubiquitin polymers connected via a triazole bond112,114,169. Depending on which of the 

seven lysine residues of ubiquitin was replaced by Plk, all seven lysine linked ubiquitin 

chains were accessible, either as free chains or for some of the chains, attached to 

substrate proteins, allowing a wide range of biochemical studies112. 
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Figure 6 Unnatural amino acids Plk and Aha and scheme for PA functionalization of ubiquitin, 

followed by CuAAC mediated polymerization.  

(A) Propargyl-derivatized lysine (Plk), Azidohomoalanine (Aha) (B) Scheme for the modification of Ub 

G75Aha KxC with propargyl acrylate (PA), followed by polymerization of bifunctional Ub G75Aha KxC-PA 

by CuAAC. 

One drawback of the afore mentioned approach was the incorporation of two UAAs, 

which had a negative impact on the protein yield112,184. For this reason, the protocol was 

refined and the alkyne functionality was introduced via conjugation of propargyl acrylate 

(PA) to a cysteine residue mutated at one of the seven lysine positions (Figure 6B). As 

the ubiquitin sequence does not harbour any cysteine, this mutation allowed site-

specific incorporation of the alkyne functionality185. The improved protocol for 

generation of the bifunctional ubiquitin variants drastically increased protein yields, 

whereas optimized conditions for CuAAC to polymerize the ubiquitin monomers, 

resulted in higher amounts of especially long polymers compared to previous 

protocols186.       

  



Chapter I: Introduction 

 

20 
 

 Mineralization directed by biomolecules  

Control over crystallization is essential in living organisms for the generation of 

biominerals187. Complex mineral structures such as sea-shells, teeth and bones in 

mammals result from highly-controlled organic-inorganic molecular interactions188. 

Proteins can direct biomineralization processes, for instance by regulating crystal 

polymorphism, controlling the location and orientation of biogenic mineral phases or 

acting as a template providing specific sites for nucleation189. In Strongylocentrotus 

purpuratus for example, a soluble matrix composed of more than 45 proteins controls 

the transformation of amorphous calcium carbonate into calcite190. Mechanistic insight 

into the roles of proteins in biomineralization is limited and difficult to interpret with the 

classical nucleation theory. In addition to established crystallization theories, alternative 

pathways for crystal nucleation and growth have been proposed in recent years, which 

involve nanoscopic liquid and amorphous precursors and larger intermediates191-193. In 

calcium carbonate crystallization, these amorphous precursors play an important role 

as they can be easily modulated allowing the formation of highly complex crystal 

morphologies. For this reason, the amorphous precursor strategy, a key feature of 

biomineralization processes, can be applied for bio-inspired design of macroscopic 

crystalline structures194-196. 

However, how crystallization of biogenic minerals is mechanistically influenced in a 

targeted manner by proteins remains unclear. The fact that proteins play crucial roles 

in biomineralization, indicates that three-dimensional arrangement of mineral 

interacting functions in structurally well-defined spaces contribute to mineralization 

control197-199. For CaCO3 crystallization, several bio-inspired additives that show a 

regulating impact, were discussed in previous studies. These additives include simple 

ions such as Mg2+ citrate200, phosphate201, amino acids202, and also macromolecules 

such as polymers203, peptides204, disordered proteins205 and folded proteins197. Aiming 

at strict control over the 3D arrangement of the mineral interacting sites, engineered 

proteins are the optimal candidate for that endeavor. It is still unclear how certain 3D 

arrangements of functionalities influence mineralization and how changes of these 

defined positions of the mineral interacting functions affect mineralization. Importantly, 

so far there are no reports on the effect of engineered proteins on the early stages of 

CaCO3 crystallization. This is mainly due to the lack of tools allowing a reconstruction 

of these processes in vitro and the additional difficulty of controlling the spatial 

distribution of the desired functionalities.
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 Aim of the Study 

The modification of substrate proteins by the 76 amino acids long ubiquitin is one of the 

most prevalent posttranslational modifications in eukaryotic cells. At the same time, it 

is one of the most versatile modifications, as ubiquitylation occurs at a sheer endless 

number of different topologies. The observation that the fate of a ubiquitylated substrate 

is encoded in the topology of the modification, gave rise to the “ubiquitin code”, which 

summarizes this correlation of topology and cellular function. However, besides a few 

examples, (chains linked via K48 and K63), our knowledge about the cellular function 

of various ubiquitin chain topologies is limited, which is mainly due to the lack of suitable 

tools to study them. In order to address this limitation, this work was intended to provide 

a versatile tool for the identification of topology specific ubiquitin chain binders, which 

could provide valuable insights into ubiquitin chain signalling. In a first approach this 

tool should be applied to answer the question whether linkage type and the length of a 

ubiquitin modification generally impact the selective recognition by UBPs. 

As a first step, suitable conditions for an affinity enrichment assay with triazole linked 

ubiquitin chains as affinity matrix, needed to be established. In previous studies these 

artificial ubiquitin chains were shown to be good mimics of their iso-peptide linked 

counterparts and in addition proved to be proteolytically stable in cell lysate. 

Subsequently the established assay should be applied in whole cell lysate, in order to 

investigate linkage-selective recognition of ubiquitin chains. Further, the even less 

studied significance of polymer length for selective chain recognition should be 

investigated. Therefore, in a follow up experiment, triazole linked ubiquitin chains of 

defined length should be generated and used in affinity enrichment assays in order to 

enrich length-selective ubiquitin chain binders. 

Furthermore, ubiquitin variants carrying phosphate functionalities introduced by 

chemical biological methods should be generated. These engineered proteins will then 

be used by cooperation partners to study directed biomineralization of CaCO3.
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 Results and discussion 

Parts of this chapter were published in: 

 Zhao X, Lutz J, Höllmüller E, Scheffner M, Marx A, Stengel F. Identification of 

Proteins Interacting with Ubiquitin Chains. Angewandte Chemie International 

Edition 56, 15764-15768 (2017) 

 Lutz J, Höllmüller E, Scheffner M, Marx A, Stengel F. The length of a ubiquitin 

chain is a general determinant for selective recognition by ubiquitin-binding 

proteins, manuscript submitted, October 2019  

 Establishment of an affinity enrichment assay with ubiquitin 

chains 

Affinity enrichment assays are common and widespread tools to identify interaction 

partners of a selected protein206,207. Usually, affinity enrichment assays imply a bait 

protein, for which putative interaction partners (prey proteins) are of interest208,209. In 

most cases, the prey protein solution is composed out of whole cell lysate, or lysate 

from a defined cell compartment such as the nucleus, mitochondria or tissue 

lysate210,211. The bait protein usually also harbours an affinity moiety, which allows its 

purification together with bound prey proteins after incubation with the cell lysate. A 

huge variety of affinity tags are commonly used, such as 6xHis, GST, Strep II, Flag, HA 

tag or interaction pairs as streptavidin/biotin207,212. Besides the choice of suitable affinity 

tags, the wash and elution conditions are also crucial to allow specific elution without a 

high background of non-specific interactions213. For this reason, the establishment of a 

robust affinity enrichment assay involves detailed screening and determination of all 

involved conditions214. This includes incubation time, concentrations of bait and prey 

proteins, wash and elution conditions, as well as different affinity supports. 

  Biotin/desthiobiotin labelling of triazole-linked ubiquitin chains 

Homogenous ubiquitin polymers, linked via one of the seven lysine residues of 

ubiquitin, were generated in analogy to a protocol established by Xiaohui Zhao186. In 

brief, ubiquitin was C-terminal functionalized by an azide and an alkyne at the desired 

lysine position. Selective pressure incorporation was used in order to site-specifically 

incorporate azidohomoalanine at the C-terminal G75, which was mutated to 

methionine, whereas G76 was deleted in favour of a more native-like linkage distance. 

Furthermore, one of the seven lysine residues was mutated to cysteine, allowing the 
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modification of the thiol with propargyl acrylate (PA), which bears the alkyne 

functionality. The ubiquitin variants were purified in a first step via the GST fusion, which 

was then removed by TEV cleavage. After purification, the bifunctional ubiquitin 

monomers were polymerized via CuAAC, resulting in homotypic ubiquitin polymers with 

a length of up to ten moieties (Figure 7A). For optimal polymerization levels only freshly 

generated ubiquitin monomer variants were used, as storage at -20 °C for one week 

led to drastically reduced polymerization levels, especially for K27- and K63- linked 

ubiquitin chains (data not shown). The correct mass of the ubiquitin variants was 

verified for samples directly after purification as well as for samples two weeks after 

purification. Therefore, instability of the alkyne or azide functionality is most likely not 

the reason for the reduced reactivity.  

 

Figure 7 Generation of biotin labelled, linkage-specific ubiquitin chains via CuAAC:  

(A) Bifunctional Ub G75Aha KxCPA at 120 µM in 25 mM Tris pH 8 was supplemented with 0.5 mM SDS, 

follwed by addition of 5 mM THPTA and 2.5 mM Cu(MeCN)4BF4. The reaction was incubated under argon 

atmosphere for 1h on ice. Bands marked with asterisk represent cyclic Ub trimer. (B) Generation of biotin 

labelled ubiquitin chains. Reaction conditions were as mentioned in (A), with addition of 2.5 mM azide 

biotin 5 min after Cu(I) addition. Bands marked with asterisk represent ubiquitin conjugates, most likely 

formed at high ubiquitin concentrations at 95 °C.  

With the intention of using linkage-defined ubiquitin chains as a matrix in affinity 

enrichment assays, an affinity moiety was introduced. At an early state, azide biotin 

was used, later azide desthiobiotin. This was added to the reaction mixture at a defined 

time-point. As the small molecule acts as a “stopper” in the polymerization reaction, 

blocking one end of the nascent chain, the biotin/desthiobiotin modified chains usually 

showed shorter chain length compared to their unmodified counterpart (Figure 7B). In 

order to modify ubiquitin chains with azide-biotin/desthiobiotin, the optimal reaction 

conditions were determined. Previous work by Zhao186 showed, that the reaction kinetic 

of the polymerisation is very fast with polymers of up to ten moiety formed already after 
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10 min. However, despite optimized reaction conditions, no quantitative conversion of 

the ubiquitin monomer could be achieved. This indicates that after a certain time the 

reaction comes to a stop. Therefore, the optimal rate of polymer length and the labelling 

efficiency of the chains by biotin was determined. Different time-points at which the 

azide biotin was added to the reaction were investigated, ranging from simultaneous 

addition of azide biotin and the Cu(I) catalyst, up to addition of the biotin 15 minutes 

after the reaction had started. The addition of azide biotin only showed a small effect 

on the ubiquitin polymer length. Only when the biotin was added right at the beginning 

of the reaction, the amount of long polymers was lower (Figure 8). However, the 

labelling efficiency of the formed polymers with biotin was affected stronger by the 

addition time-point. The later the azide biotin was added to the reaction, the lower was 

the labelling efficiency of long polymers shown by the WB anti biotin (Figure 8 bottom). 

This indicates that the reaction is already slowing down after 15 minutes and that 

already formed polymers are no longer modified. There is also no improved labelling of 

polymers when azide biotin was used in 50-fold molar excess, compared to 20-fold 

molar excess. Therefore a 20-fold molar excess of azide biotin and an addition time-

point 2 min after the reaction was initiated, was considered best with regard to the ratio 

of polymerization level and labelling efficiency. 
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Figure 8 Generation of biotin labelled, triazole linked ubiquitin chains:  

Conditions for the polymerization by CuAAC were as mentioned in figure 7, with azide biotin added at 

different time-points after initiation of the reaction. Labelling was either performed with 20-fold or 50-fold 

molar excess of azide biotin comparted to ubiquitin. Reactions were analyzed by Coomassie Blue staining 

and WB analysis followed by Strep-HRP readout. 

 Establishment of an affinity enrichment assay with artificial ubiquitin 

chains 

With the biotin labelled ubiquitin chains in hand, the conditions for an affinity enrichment 

assay using linkage-specific ubiquitin chains as an affinity matrix were investigated. 

Agarose coated with streptavidin was selected as a solid support. Before immobilization 

of the biotin labelled ubiquitin chains on the agarose beads, excessive biotin was 

removed by dialysis. Following immobilization, unlabelled chains that bound non-

specifically to the agarose were removed by washing with high salt concentration buffer 

(25 mM Tris-HCl pH 7.5, 0.5 M NaCl). In this regard, addition of at least 0.5 M NaCl to 

the washing buffer was essential to prevent binding of unmodified ubiquitin chains 

(Figure 9). With respect to the immobilization efficiency, approximately 70 % of the 
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ubiquitin chains bound to the agarose beads, whereas the unbound chains were found 

in the flowthrough or in the wash fractions. Quantitative immobilization of biotin labelled 

ubiquitin chains could not be achieved, due to non-quantitative labelling of the polymers 

in the click reaction. Elution of immobilized ubiquitin chains was performed by heating 

the agarose beads to 95 °C in SDS PAGE sample buffer. 

 

Figure 9 Immobilization of biotin labelled ubiquitin chains on streptavidin agarose: 

Agarose beads were supplemented with biotin modified or unmodified ubiquitin chains (IP) (1.3 µg / µl 

bead slurry) and incubated for 3h at 4°C. Beads were pelleted and supernatant containing unbound chains 

was analyzed (FT). Beads were washed 3 times with high salt buffer (W) (25 mM Tris-HCl pH 7.5, 500 mM 

NaCl, 1 % NP40). Elution (E) was performed by boiling the agarose in SDS PAGE sample buffer. Samples 

were analyzed by SDS PAGE followed by Coomassie blue staining. 

 Proof of principle assays with known ubiquitin chain binders   

With the conditions for the immobilization of ubiquitin chains set, the next step was to 

test the selective isolation of a known ubiquitin chain interaction partner from a defined 

protein mixture. TUBEs (tandem ubiquitin binding entities) are engineered proteins 

consisting of four consecutive UBA domains. Due to its high affinity for K48-linked 

ubiquitin chains (Kd = 6 nM)215 it was selected as a proof of principle interaction partner. 

First, optimal wash conditions were determined, in order to minimize unspecific 

interactions. Due to the noncovalent interaction of ubiquitin chain binders and the 

ubiquitin chain affinity matrix, there is a trade-off between the stringency of the wash 

conditions and the number of remaining interactions. The more stringent the washing 

steps are, the less unspecific interactions will be observed. The number of specific 

interactions, however, will decrease as well, especially those with lower affinity. Due to 

this, different wash buffers were screened for low unspecific interaction of TUBEs to 

the streptavidin agarose. PBS buffer, and lysis buffer (25 mM Tris-HCl pH 7.5, 150 mM 

NaCl, 1mM EDTA, 1 % (v/v) NP40, 5 % glycerol (v/v), 1 mM DTT) with increasing NaCl 
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concentrations, to prevent ionic interactions, was tested. Purified TUBEs were 

incubated with empty streptavidin agarose, which was then washed with the wash 

buffers with increasing NaCl concentrations. As mentioned before, elution was 

performed by heating the agarose beads in SDS PAGE sample buffer to 95 °C. As 

shown in figure 10, with increasing NaCl concentration the unspecific interaction of 

TUBEs to the beads can be reduced. With lysis buffer and high salt concentrations 

almost no unspecific interactions could be observed. 

 

Figure 10: Screening for wash conditions to prevent unspecific interactions.  

For each condition 20 µg of TUBEs (IP) was incubated with 26 µl streptavidin agarose bead slurry o/n at 

4 °C, 900 rpm. The solution was filtered, the flowthrough (Ft) was collected, after which the beads were 

washed two times (W) with either PBS (A) or lysis buffer (25 mM Tris-HCl pH 7.5, 150 mM NaCl, 1mM 

EDTA, 1 % (v/v) NP40, 5 % glycerol (v/v), 1 mM DTT) (B) and the indicated salt concentrations. Bound 

protein was eluted (E) via boiling the beads in SDS PAGE loading buffer at 95 °C. Samples were analyzed 

by SDS PAGE followed by Coomassie Blue staining.   

Next, the established conditions for affinity enrichment assays with TUBEs were 

applied to a defined protein mixture. TUBEs were added to pre-immobilized ubiquitin 

chains together with purified BSA, Pol β, and H1.2, proteins that are not known to 

interact with K48-linked ubiquitin chains. To show the selectivity of the affinity 
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enrichment, the concentration of the TUBEs (1 µM) was ten times lower compared to 

the control proteins. TUBEs were selectively enriched (red arrow figure 11) while no 

unspecific interaction of the three other proteins was observed. This indicates the 

selectivity of the approach and the suitability of the used wash buffers for strong 

interactions with a Kd in the nM range (TUBEs: Kd: 6 nM to K48-linked Ub4)215.  

 

Figure 11 Prove of principle affinity enrichment of TUBEs from a defined protein mixture using K48-

linked ubiquitin chains as affinity matrix. 

40 µg of biotin labelled K48-linked ubiquitin chains (IP) were immobilized on streptavidin agarose according 

to the established standard procedure. After immobilization of the biotin modified K48-linked ubiquitin 

chains the protein mixture was added (H1.2, Pol β, BSA each 10µM, TUBEs 1 µM) and incubated o/N at 4 

°C, 900 rpm. IP/IPP : Input of ubiquitin chains and Input of protein mixture respectively, FT/FtP: flowthrough 

and flowthrough protein mixture respectively, W: wash, E: Elution. 

With the intention of analysing the elution fractions of affinity enrichment assays 

performed in whole cell lysate by LC-MS/MS analysis, the large amount of ubiquitin in 

the elution fraction was considered problematic. MS signals of low abundant interaction 

partners are likely to be covered by ubiquitin signals and therefore will not be detected. 

Therefore, cleavage of the linkage in the ubiquitin polymers was considered a suitable 

approach. The ubiquitin monomer that resulted from cleavage of the ubiquitin polymers 

in the elution can easily be omitted during in-gel trypsin digestion. The artificial linkage 

between ubiquitin moieties harbours the triazole as well as an ester bond (Figure 6), 

which can be easily cleaved at basic pH. Various conditions ranging from pH 9 to pH 

12 (stability limit of the streptavidin agarose), and different incubation times of the 

chains in the cleavage buffer were investigated in order to achieve efficient cleavage. 

The most efficient cleavage was observed at 4 °C with 200 mM LiOH in 25 mM Tris-

HCl, pH 12 after 6 h (Figure 12).  
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Figure 12 Cleavage of triazole linked ubiquitin chains at basic conditions. 

100 µM K48-linked ubiquitin chains were incubated at pH 12 in 25 mM Tris-HCl supplemented with 200 

mM LiOH. Samples were taken at the indicated time points, supplemented with SDS PAGE sample buffer 

and immediately frozen in liquid nitrogen and stored at -20 °C until SDS-PA gel analysis. 

The cleavage of immobilized ubiquitin polymers led to selective elution of ubiquitin 

polymers from the agarose beads, together with bound interaction partner. This was 

shown in an affinity enrichment assay with K48-linked ubiquitin chains in combination 

with TUBEs spiked to a defined protein mixture. Analysis of the elution fraction mainly 

showed ubiquitin monomer and TUBEs (Figure 13).  

 

Figure 13 Affinity enrichment assay and elution by chain cleavage: 

40 µg of desthiobiotin (DB) labelled K48-linked ubiquitin chains were immobilized on streptavidin agarose 

according to the established standard procedure. After immobilization of the biotin modified K48-linked 

ubiquitin chains the protein mixture was added (H1.2, Polß, BSA, TUBEs each 1 µM) to the immobilized 

chains (pulldown) or pure streptavidin agarose (ctrl) and incubated o/N at 4 °C, 900 rpm. After washing, 

elution was performed in 25 mM Tris-HCl, 200 mM LiOH, pH 12 for 6h at 4 °C. IP/IPP : Input and Input of 

protein mixture respectively, FT/FtP: flowthrough and flowthrough protein mixture respectively, W: wash, 

E: Elution. 
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In addition, the elution at basic pH showed no elution of unspecifically bound proteins. 

This indicates that under the simplified conditions of a defined protein mixture, chain 

cleavage proved to be a promising elution approach. However, when whole cell lysate 

was applied, the background signal (elution of proteins unspecifically bound to the solid 

support) in the control increased, most likely due to pH dependant denaturing and 

subsequent elution of proteins bound to the agarose beads (data not shown).  

To reduce the background signal, a more selective elution protocol was established, 

which allowed less stringent washing and specific elution of the immobilized ubiquitin 

chains. Competitive elution of desthiobiotin labelled ubiquitin chains by biotin was a 

promising approach, which allowed both criteria to be fulfilled. Desthiobiotin shows a  

Kd value for the binding to avidin, which is lower by two orders of magnitude compared 

to the Kd value of biotin (Kd = 10-13 M and Kd = 10-15 M, respectively)216,217. This allows 

the competitive elution of desthiobiotin modified chains by biotin. For this reason 

ubiquitin chains were modified with azide desthiobiotin instead of azide biotin (Figure 

14A). In this respect also modification of the C-terminal azide functionality by alkyne 

desthiobiotin was investigated. The resulting immobilization of the ubiquitin chains via 

the C-terminus would allow the immobilization of all the seven lysine linked Ub chains 

via the same residue in contrast to chain labelling at the linkage lysine via azide 

desthiobiotin. However, labelling of Ub G75Aha with alkyne desthiobiotin resulted in 

the appearance of unexpected bands, which was why azide desthiobiotin was used in 

the following experiments for Ub chain labelling (Figure 14B). 
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Figure 14: Labelling of ubiquitin variants with desthiobiotin (DB) 

(A) Scheme for the modification of ubiquitin chains with azide-PEG3-desthiobiotin via CuAAC. (B) The 

indicated Ub variants (Ub G75Aha, Ub K48PA, PA: propargyl acrylate, Ub wt) at 120 µM in 25 mM Tris pH 

8 were supplemented with 0.5 mM SDS and 2.5 mM azide-PEG3/alkyne-PEG4 desthiobiotin (azide 

DB/alkyne DB), followed by addition of 5 mM THPTA. As indicated reactions were performed either with 

or without addition of 2.5 mM Cu(MeCN)4BF4. The reaction was incubated under argon atmosphere for 1h 

on ice. Reactions were analyzed by SDS-PAGE followed by Coomassie Blue staining.  
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Three consecutive elution steps at 37 °C were sufficient to allow quantitative elution of 

desthiobiotin labelled ubiquitin chains by biotin, with only traces of ubiquitin chains left 

on the agarose beads. 

As a further step towards an affinity enrichment in cell lysate, hRad23a, a known K48-

linkage-selective interaction partner, was applied in an affinity enrichment assay. 

hRad23a shows a much lower affinity (Kd = 1.5µM)103 to the immobilized K48-linked 

ubiquitin chains compared to the TUBEs used previously. In this context, the 

established competitive biotin elution was very beneficial as it allows mild wash 

conditions under which weak interactions such as hRad23a to K48-linked chains, are 

preserved. hRad23a readily co-eluted with the immobilized ubiquitin chains linked via 

K48, whereas no signal for hRad23a was observed in the control even under mild 

washing with PBS buffer (Figure 15). Thereby, the established approach is also 

suitable for selective enrichment of weak binders. 

 

Figure 15 Prove of principle enrichment assay with K48-linked ubiquitin chains and hRad23a. 

40 µg of desthiobiotin (DB) labelled K48-linked ubiquitin chains were immobilized on streptavidin agarose 

according to the established standard procedure. After immobilization of the chains, purified hRad23a (5 

µM in PBS pH 7.4) was added to the immobilized chains (pulldown) and to pure streptavidin agarose (ctrl) 

and incubated o/N at 4 °C, 900 rpm. After washing with PBS, elution was performed with 0.8 mM biotin in 

25 mM Tris pH 8 at 37 °C, 700 rpm and 10 min. IP/IPRad : Input or Input of hRad23a, FT/FtP: flowthrough 

or flowthrough of hRad23a, W: wash, E: Elution. 

In order to show the suitability of our approach to enrich ubiquitin chain interacting 

proteins in a linkage-dependent manner, hRad23a was applied in an affinity enrichment 

assay with differently linked ubiquitin chains as affinity matrices (Figure 16). The assay 

was performed with K48- and K29-linked chains under the conditions established 
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before. As expected, the interaction of hRad23a with K48-linked chains was 

significantly stronger compared to K29-linked chains. This result was consistent with 

quantitative ubiquitin chain linkage analysis of hRAD23a immunoprecipitated form cell 

lysate, showing 90 % of K48 linkages, versus 4-6 % K29 linkages218. A weak signal in 

the control was also observed, indicating slight unspecific interaction. The used 

conditions therefore proved to be suitable, firstly, to enrich weak binders such as 

hRad23a and secondly to isolate ubiquitin binders in a linkage type selective manner. 

In addition, the interaction of hRad23a to triazole and K48-linked ubiquitin chains gave 

a first hint, that the artificial ubiquitin chains closely resemble their native, isopeptide 

linked counterparts with respect to conformation and interaction behaviour.  

 

Figure 16 Prove of principle enrichment assay, linkage-selective interaction of hRad23a with K48- 

and K29-linked ubiquitin chains.  

40 µg of desthiobiotin (DB) labelled K48- or K29-linked ubiquitin chains were immobilized on streptavidin 

agarose according to the established standard procedure. After immobilization of the chains, purified 

hRad23a (5 µM in PBS pH 7.4) was added to the immobilized chains (pulldown) and to pure streptavidin 

agarose (ctrl) and incubated o/N at 4 °C, 900 rpm. After washing with PBS, elution was performed with 0.8 

mM biotin in 25 mM Tris pH 8 at 37 °C, 700 rpm and 10 min. IP/IPRad : Input of ubiquitin chains and Input 

of hRad23a respectively, FT/FtP: flowthrough and flowthrough of hRad23a respectively, W: wash, E: 

Elution. 

As the final step, the suitability of the determined conditions for affinity enrichment in 

whole cell lysate was investigated. TUBEs, spiked into diluted HEK 293T whole cell 

lysate (0.2 mg/ml), were successfully enriched and co-eluted with the triazole linked 

ubiquitin chains (Figure 17A). This not only shows the applicability of the determined 

conditions in whole cell lysate but also the stability of the artificial chains in the presence 

of DUBs. In addition, there was no background signal in the control, indicating that the 

competitive elution in combination with mild wash conditions was also successful in 

whole cell lysate.  
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Figure 17 Prove of principle enrichment assays in whole cell lysate:  

(A) 40 µg of desthiobiotin (DB) labelled K48-linked ubiquitin chains were immobilized on streptavidin 

agarose according to the established standard procedure. After immobilization of the chains, purified 

TUBEs (1µM in 0.2 mg/ml HEK 293T lysate) was added to the immobilized chains (pulldown) and to pure 

streptavidin agarose (ctrl) and incubated o/N at 4 °C, 900 rpm. After washing with lysis buffer (0.5 M NaCl), 

elution was performed with 0.8 mM biotin in 25 mM Tris pH 8 at 37 °C, 700 rpm and 10 min. IP: Input, 

IPT+L: Input Tubes in Lysate, FT: flowthrough, W: wash, E: Elution (B) 40 µg of desthiobiotin (DB) labelled 

K29-, K33-, or K48-linked ubiquitin chains were immobilized on streptavidin agarose according to the 

established standard procedure. After immobilization of the chains, 7 mg of HEK 293T lysate was added 

to the immobilized chains and to pure streptavidin agarose (ctrl) and incubated 3h at 4 °C, 900 rpm. After 

washing with lysis buffer, elution was performed with 0.8 mM biotin in 25 mM Tris pH 8 at 37 °C, 700 rpm 

and 10 min.  

Next, conditions were optimized for the isolation of ubiquitin chain interacting proteins 

out of whole cell lysate. Different incubation times of immobilized ubiquitin chains with 

lysate were screened, followed by SDS PAGE analysis. Here, the focus lay on the 

appearance of additional signals to those of the ubiquitin chains in the elution. An 

incubation time of three hours was enough, as no additional or stronger signals could 

be observed after prolonged incubation times of six and nine hours, or overnight 
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incubation (data not shown). The optimal amount of HEK 293T whole cell lysate with 

respect to band intensity or the appearance of additional bands in the SDS PAGE 

analysis was 7 mg of protein at 3.5 mg/ml. In a first affinity enrichment assay, applying 

all conditions determined, three different linkage types were applied in order to check 

linkage-specific signals in the SDS PAGE analysis. There were several bands that were 

unique for each linkage type (marked in figure 17B), showing the suitability of the 

artificial chains for identification of linkage type selective interaction partner. In addition, 

the applied wash and elution protocol proved to be robust, showing only little 

background signal, even with 17-fold higher lysate concentration compared to the 

diluted lysate used in figure 17A.  

 Conclusion 

A straightforward protocol optimized for isolation and identification of linkage type 

selective UBPs was established (Figure18). Linkage-defined, triazole linked ubiquitin 

chains were immobilized on streptavidin agarose via a desthiobiotin affinity handle. The 

modification of the ubiquitin chains with desthiobiotin proved to be superior to a biotin 

label, as it allows highly specific elution by biotin. Thereby, harsh wash conditions in 

order to remove non-specific binders from the solid support could be omitted. The mild 

wash conditions applied instead, allowed the isolation of weak interactors, shown by 

the specific isolation of hRad23a out of a protein mixture. With the conditions set for 

the affinity enrichment in defined protein mixtures, more complex mixtures such as 

HEK 293T whole cell lysate were also investigated. First enrichment assays with 

differently linked ubiquitin chains in whole cell lysate confirmed the suitability of the 

determined conditions, even in a complex environment like the cell lysate. Most 

importantly, the analysis showed different band patterns with respect to the used 

linkage type, indicating linkage-selective interaction to the triazole linked ubiquitin 

chains. With this, large scale assays for the identification of linkage-selective interaction 

partner on a proteome wide level were possible.  
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Figure 18 Scheme showing the optimized conditions for affinity enrichment assays with linkage- 

specific, triazole linked ubiquitin chains. 

 Identification of linkage-selective ubiquitin chain binding 

proteins  

Ubiquitin chains, polymers of the small 76 amino acid protein ubiquitin, represent a key 

regulator in a huge variety of cellular processes such as protein degradation, cell 

division, intracellular trafficking or DNA repair11,13. Although homotypic chains linked via 

one of the seven lysine residues of ubiquitin, next to mixed- and branched ubiquitin 

chains, are the ones which had been studied most extensively, the understanding of 

the cellular functions of especially the linkages K6, K11, K27, K29 K33 is still limited21. 

Among the least studied linkage types are K27, K29, and K33, which is mainly due to 

their low cellular abundance and limited access via enzymatic or synthetic approaches. 

For this reason, these three linkage types were applied in affinity enrichment assays 

using the conditions determined previously. In order to strengthen the significance of 

the results, the affinity enrichment assays are commonly performed in several 

replicates allowing more robust statistical analysis. 

 Affinity enrichment with K27-, K29-, K33- and K48-linked ubiquitin chains 

With the conditions for the affinity enrichment assay in hand, four biological replicates 

of the affinity enrichment were performed. Four different chain types linked via K27, 

K29, K33 and K48, as well as ubiquitin monomer (mono Ub), were immobilized as an 

affinity matrix on streptavidin agarose. K48-linked chains were included as “positive 

control”, since some linkage-selective binders are already known for this linkage type 

(hRad23a, Dsk2, Ddi1)218,219. "Blank" streptavidin agarose beads were used as an 

additional control. After incubation with HEK 293T cell lysate, and thorough washing, 

the ubiquitin polymers and proteins bound to these polymers were eluted with biotin. 

The elution fractions of the affinity enrichment assays were resolved by SDS-PAGE 
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(Figure 19) and subsequently analyzed by LC-MS/MS and label-free quantification220. 

In order to do so, each lane was cut and dissected into pieces while the ubiquitin bands 

from monomer to tetramer were omitted. As mentioned before, huge amounts of 

ubiquitin fragments in the MS sample are likely to prevent low abundant peptides from 

detection. Due to this, potential interaction partners, overlaid by the left out ubiquitin 

bands, were not measured for the sake of the total number of identified proteins. 

 

Figure 19 Analysis of the affinity purification procedure for the identification of ubiquitin binding 

proteins using desthiobiotin labelled ubiquitin chains or monomeric ubiquitin (mono Ub) as matrix. 

(A) The respective ubiquitin species (Input, IP) were incubated with Streptavidin agarose. Subsequently 

the supernatant (S) was separated, and agarose beads were washed. After incubation of the immobilized 

ubiquitin species with whole cell lysate, several washing steps were performed, of which the last one (W) 

was also analyzed by SDS-PAGE electrophoresis. (B) Ubiquitin chains and bound proteins (indicated by 

additional bands compared to (A)) were eluted and separated by SDS-PAGE. Each lane was excised and 

cut into pieces, and processed for in-gel trypsin digestion followed by LC-MS/MS analysis. 
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Since the aim of this study was to identify interaction partners of the four different 

ubiquitin chains, significant enrichment of potential binding proteins was determined 

with respect to proteins found in the mono ubiquitin sample (Figures 20 B-D). The 

Venn diagram in Figure 20E provides an overview on how many of the enriched 

proteins were specific for one linkage type and how many of these were found to 

interact with different linkage types. For K27-linked ubiquitin chains, 70 interaction 

partners were identified. For K29- and K33-linked chains, 44 and 37 proteins were 

found significantly enriched, respectively. A majority of 51 out of 70, (72.8 %) of the 

interaction partners with K27-linked chains were unique for this linkage type. For chains 

linked via K29 and K33, the selectivity was lower, 31.8% (14 out of 44) and 24.3% (9 

out of 37), respectively. K29- and K33-linked chains showed also a relative strong 

overlap in interaction partners (24 out of 44 for K29-linked chains and 24 out of 37 for 

K33-linked chains), suggesting similar biological functions. This hypothesis is also 

supported by the similar structures the two linkage types adopt, which was shown by 

NMR and computational studies performed with ubiquitin dimers41,43. The similar 

structure has also been shown by crystal structures of K29- and K33-linked dimers 

together with the DUB TRABID. Importantly, the proteins that were selectively enriched 

in the mono ubiquitin samples showed a high degree of consistency for all three 

investigated linkage types, corroborating the reproducibility and robustness of our 

approach. Further analysis of the significantly enriched linkage-specific interactors by 

STRING clustering (Figure 45A-C appendix) revealed close connection of many 

proteins. Especially for K27-linkage-specific UBPs several distinct clusters were 

observed indicating involvement of this chain type in various cellular processes. For 

example several proteins forming the CTLH complex, a E3 ligase complex formed 

around the RANBP 9/10 proteins were clustered. A recent study connected this large 

multi-subunit complex to prion protein turnover promoted by its subunit muskelin221. 

However, cellular substrates, which linkage types are formed by this complex, and 

cellular functions need further investigation. Also for K29- and K33-linked chains close 

interconnection of many specific UBPs was observed in the STRING network. For 

example, a large cluster for K33 linkage-selective binders comprising many E3 ligases 

was observed, some of which were also clustered for K29 linkage-selective interactors. 

This supports once more potential similar physiological functions of K29- and K33- 

linked chains. A potential explanation for this notion could be the close proximity of K29 

and K33 on the α helix of ubiquitin (Figure 1). Further, analysis of the formed clusters 

could serve as starting point for in-depth biochemical studies to elucidate the role of the 

respective linkage types in various cellular pathways. These insights could provide 
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valuable information on so far unknown physiological functions of these poorly 

understood linkage types. 

 

Figure 20 Identification of ubiquitin chain interaction partners via affinity based proteomic profiling.  

(A) Schematic of the workflow. K27-, K29-, K33-linked ubiquitin chains and monomeric ubiquitin (mono) 

were used as affinity matrices and streptavidin agarose beads as control. Affinity purifications with the 

different ubiquitin chains and controls were performed in parallel and with four biological replicates. (B-D) 

Volcano plots of proteins identified with K27-, K29-, and K33-linked ubiquitin chains by LC MS/MS and 

label-free quantification. Significant enrichment was determined with respect to proteins found in the mono 

ubiquitin sample. Plotted is log2 ratio change versus the negative logarithmized p-values. Log2 = 0 indicates 

no enrichment compared to the mono ubiquitin fraction. Red dots indicate significant enrichment (FDR = 

0.01, S0 = 2, two sample t-Test). Labeled proteins were selected for confirmation via Western Blot analysis. 

(E) Overview on the shared and linkage-selective interacting proteins identified for each chain type. 

Compared to the K27-, K29- and K33-linked chains discussed before, K48-linked 

chains behaved differently as no significant interactors were identified. The four 

enrichment replicates for K48-linked chains and mono ubiquitin were performed twice, 

with the same result. Furthermore, K48-linked chains were generated and treated the 

same way as the three other linkage types. This suggests a potentially negative impact 

of the triazole linkage at K48 on the binding of UBPs. Lysine 48 is located closest to 

the hydrophobic Ile44 patch among all seven lysine residues of ubiquitin. The close 

proximity of the triazole linkage could therefore impact the residues in the hydrophobic 

Ile44 patch, which is the most important surface patch for ubiquitin interactors11,222. In 

this respect, the structural impact of the desthiobiotin linker, attached to the “linkage 

lysine” on the distal ubiquitin of the chain, also needs further investigation. 

Physiologically, Ub chains are formed on a substrate with the proximal ubiquitin moiety 

linked to the substrate via the C-terminus of ubiquitin. The distal ubiquitin forms the last 

moiety of the chain. In the present approach the orientation of the immobilized ubiquitin 



Chapter III: Results and Discussion 

 

40 
 

chain is inversed. Unpublished work of the Christine Peter group (University of 

Konstanz) presented in the master thesis “Molecular dynamics simulation of 

posttranslationally modified ubiquitin” by Valeria Dilger, indicates that especially 

posttranslational modifications at K6, K11 and K48 influence the hydrophobic patch as 

well as the structural integrity of the α helix of ubiquitin. In contrast to open 

conformations, closed conformations show strong interactions between ubiquitin 

moieties formed by the hydrophobic Ile44 patch11. Interruption of this surface in the first 

moiety of a ubiquitin chain could thereby negatively impact the structure of the whole 

chain, also preventing the binding of UBPs. Especially binding of UBPs that recognize 

the distal ubiquitin of a chain could be impaired due the attachment of the desthiobiotin 

linker at this ubiquitin moiety. With regard to the artificial linkage, NMR studies 

performed with K48 linked Ub2, showed that the triazole linked ubiquitin dimer closely 

resembles the isopeptide linked ubiquitin dimer and also forms a closed 

conformation223. In addition recent data by Schneider et al. showed that the triazole 

linked K11, K27 and K63 ubiquitin dimers represent a reliable surrogate of their 

isopeptide linked counterparts224. The data, based on atomic molecular dynamic 

simulations an NMR studies, which include ligand based studies, show that the non-

natively linked ubiquitin dimers mirror their natively linked counterparts very reliably in 

terms of structural as well as dynamic and functional properties224. Nevertheless, the 

way in which the overall conformation of long ubiquitin chains is impacted by the linkage 

or the affinity handle close to the hydrophobic patch, cannot be concluded from this 

studies. Structural analysis by NMR of long, triazole linked ubiquitin chains, in 

combination with the desthiobiotin modification, is needed in order to clearly show 

structural homogeneity of the artificial and native ubiquitin chains. If the position of the 

affinity handle actually impacts the ubiquitin chain structure in a negative way, changing 

the point of attachment from the “linkage lysine” to the C-terminus, by using an alkyne- 

instead of an azide desthiobiotin, would be an option. Immobilization of the ubiquitin 

chain via the C-terminus of the proximal ubiquitin would also reflect the physiological 

orientation of the ubiquitin chain attached to a substrate. Attachment of alkyne 

desthiobiotin at the C-terminal Aha was investigated (Figure 14), however resulted in 

appearance of additional bands most likely due to side reactions of the linker molecule. 

Other suppliers of alkyne desthiobiotin or synthesis of different variants of the molecule 

would be options for improvement.  

  



Chapter III: Results and Discussion 

41 
 

 Verification of linkage-selective ubiquitin chain binders 

Next, we confirmed the interaction of some of the identified proteins with the respective 

chain type by Western Blot analysis. Elution fractions of the affinity enrichment assays 

performed with the different affinity matrices (chains, mono ubiquitin, pure beads) were 

analyzed by Western Blot. The blots were probed with antibodies for the selected 

interaction partners. The obtained results were in excellent agreement with the 

proteomic profiling data. Of special interest were the proteins identified as selective 

interaction partners of K27-linked ubiquitin chains, as this linkage type has the least 

information available among the homogeneous linked chains. The interactions for all 

three tested proteins PLAA, RANBP9 and AIFM1 were confirmed by Western Blot 

analysis (Figure 21). 

 

Figure 21 Confirmation of interactions by Western Blot analysis.  

Elution fractions of the affinity enrichment assays were subjected to Western Blot analysis with specific 

antibodies for the respective protein. Input, represents 0.1 % of the HEK 293T cell lysate used in affinity 

enrichment assays. 

The yeast ortholog of PLAA (Ufd3/Doa1) harbors a ubiquitin binding domain (Pfu 

domain) and interacts with Cdc48 (mammalian p97/VCP), an ATPase involved in 

several ubiquitin-dependent pathways225-231. Mammalian PLAA is less well studied, but 

like Doa1 it was connected to the endolysosomal system232,233. Gid1, the yeast homolog 

of RANBP9, is part of a conserved E3 ligase complex involved in the degradation of 

gluconeogenic enzymes234-237. If this is also the case for RANBP9, remains to be shown. 

AIFM1 is mainly involved in mitochondrial processes, including induction of apoptosis75. 

Notably, K27-linked ubiquitin chains have already been linked to mitochondrial 

processes41,238-240. 
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Next, also the binding of ZRANB1, WRNIP1, USP13, and TOM1 was confirmed by 

Western Blot analysis (Figure 21), which according to the MS measurements 

selectively interact with K29- and K33-linked chains. The DUB ZRANB1 is the only so 

far known interaction partner for K29- and K33-linked chains241, while WRNIP1 is a 

DNA repair protein containing a UBZ domain that binds to ubiquitin chains242,243. The 

DUB USP13 has been involved in various processes such as autophagy and 

endoplasmic reticulum-associated degradation (ERAD)244. TOM1 was suggested to be 

involved in endosomal trafficking of ubiquitylated proteins, but no preference for a 

certain linkage type was reported up to now206. 

Finally, the interaction of ZRANB1, WRNIP, USP13, and TOM1 with K29- and K33-

linked chains was proven by competition experiments using respective isopeptide-

linked ubiquitin tetramers (Figure 22). The affinity enrichment was performed as 

described before, however after washing, the sample was split into half and an excess 

of native ubiquitin tetramers of the respective linkage was added to one sample. Buffer 

was added to the other sample as control. Both samples were incubated for another 

1.5 h followed by washing, before the samples were further processed as usual for WB 

analysis. Indeed, addition of K29- and K33-linked ubiquitin tetramers efficiently 

reversed the binding of ZRANB1, WRNIP, USP13, and TOM1 to the respective triazole 

linked ubiquitin chains, while binding of PLAA to K27-linked chains was not affected. 

This shows that the proteins identified bind to the ubiquitin chains studied in a linkage-

selective manner (i.e. K29- and K33-linked chains cannot compete with K27-linked 

chains for PLAA binding, while ZRANB1, WRNIP, USP13, and TOM1 are bound by 

K29- and K33-linked chains but not by K27-linked chains). However, the successful 

competition also strongly indicates that the triazole-linked ubiquitin chains resemble 

native isopeptide-linked ubiquitin chains at the structural and functional level. 
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Figure 22 Competition experiments with isopeptide linked ubiquitin chains. 

Competition experiments with native isopeptide-linked ubiquitin tetramers. (A) Schematic of the workflow. 

Affinity enrichment was performed as described with synthesized triazole-linked ubiquitin chains, linked 

either via K27, K29 or K33. After incubation of the immobilized chains with HEK 293T lysate, beads were 

pelleted and split equally into two aliquots. One aliquot was incubated with lysis buffer, whereas the other 

aliquot was incubated with native K29- or K33-linked ubiquitin tetramers (Ub4) in lysis buffer. Native 

ubiquitin tetramers were used in 5-fold excess with respect to the synthesized chains. After incubation, the 

aliquots were washed with lysis buffer and bound proteins eluted. (B) Elution fractions were analyzed by 

SDS-PAGE and Western Blot with antibodies directed against the proteins indicated. Asterisks denote 

bands non-specifically recognized by the antibodies used. As control for selectivity, affinity enrichment was 

performed with K27-linked ubiquitin chains, followed by incubation with 5-fold excess of a mixture of native 

K29- and K33-linked ubiquitin tetramers. Western Blot analysis was performed with a PLAA specific 

antibody. Input, represents 0.05% of the HEK 293T cell lysate used in affinity enrichment assays; No 

competition, upon affinity enrichment beads were incubated with lysis buffer; competition, upon affinity 

enrichment beads were incubated with 5 fold excess of native ubiquitin tetramers. Running positions of 

molecular mass markers are indicated. 

A similar study published by Zhang et al, was performed with ubiquitin dimers also 

linked via a triazole linkage206. Comparison of the data shows that five out of the seven 

proteins (PLAA, ZRANB1, WRNIP1, USP13, TOM1) studied here were also identified 

by Zhang et al., with some of these (PLAA, WRNIP1, USP13) not showing much 
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preference in their binding behavior to differently linked ubiquitin dimers. Although they 

were identified here as interactors that discriminate between K27-linked (PLAA) and 

K29- and K33-linked (WRNIP1, USP13) ubiquitin chains, they may in addition have the 

potential to bind to ubiquitin chains linked by residues other than K27 or K29/K33. 

Furthermore, two proteins identified here as interactors of K27-linked chains (RANBP9, 

AIFM1) were not identified at all by Zhang et al. As ubiquitin polymers longer than 

ubiquitin dimers were employed in this study, the data presented here supports the 

notion that linkage-selective protein interactions are affected by the length of ubiquitin 

chains.  

 Conclusion 

The applied affinity enrichment protocol using linkage-specific ubiquitin chains as an 

affinity matrix significantly expands the toolbox for studying the interaction of proteins 

with ubiquitin chains in a linkage-selective manner. Statistical analysis of the MS data 

identified a number of proteins that interact exclusively with one of the three 

investigated linkage types (K27, K29, K33), some of which have not been known as 

ubiquitin chain binders before. The identification of the known K29-, K33-linkage 

selective DUB TRABID and successful confirmation of the MS data by Western Blot 

analysis corroborate the power of our approach. In addition, competition experiments 

using native, isopeptide linked ubiquitin chains of the respective linkage type showed 

the reversibility of interactions to the triazole linked chains. This not only corroborates 

our data but also indicates the native like behavior of the triazole linked ubiquitin chains 

on a structural and functional level. However, no UBPs were identified with K48-linked 

chains. Possibly the close proximity of the triazole linkage, and the attachment site of 

the desthiobiotin linker to the hydrophobic Ile44 patch exhibit a negative impact on UBP 

binding. 

With the presented data clearly indicating an effect of the linkage type on the binding 

behavior of ubiquitin chains, the question for the effect of ubiquitin chain length on the 

binding behavior was obvious. A small number of reports on length-selective 

interactions already indicate the importance of chain length104,245. In addition, also the 

observed differences of our data compared to the Zhang study206 mentioned above, 

also indicate an important role of the length of ubiquitin chains and binding behaviour 

of interacting proteins. Therefore, the next step was to apply the established approach 

in combination with length-defined ubiquitin chains to investigate length dependant 

binding. For this reason, a suitable method for generation of linkage- and in particular 

length-defined ubiquitin polymers was required. 
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 Length-separation of ubiquitin chains 

A prerequisite to investigate the length-selective interaction of UBPs to ubiquitin chains 

is the generation of highly pure ubiquitin chains of defined length and linkage. Dimers, 

tetramers and hexamers representing short, intermediate and long ubiquitin chains, 

should be applied as an affinity matrix in the already established affinity enrichment 

approach. Therefore, a suitable method for generation of length-defined ubiquitin 

chains or a separation method for the chain mixture obtained by CuAAC needed to be 

established. In this regard the purity but also the yield was an important criterion. For 

the latter, especially the number of purification steps should be kept as low as possible, 

as in particular K27-linked chains are characterized by low yields and stability. Another 

point to be considered was the non-denaturing effect of the purification to the ubiquitin 

chains, as conformational changes could affect the binding of UBPs significantly. 

 Separation of triazole-linked ubiquitin chains 

3.1.1 Separation via size exclusion and ion exchange chromatography 

With the data shown in the previous chapter, which indicates linkage-specific 

interaction of proteins with ubiquitin chains, the next step was to investigate the 

significance of chain length. The approach to generate linkage-specific ubiquitin chains 

based on a bifunctional ubiquitin monomer, which is polymerized by CuAAC, results in 

the formation of ubiquitin chains of different polymerization levels. Based on this 

approach, there are two general possibilities to obtain length-defined ubiquitin chains. 

First, the polymerization could be performed in a sequential way, so that always one 

ubiquitin moiety is added to the polymer. In order to do so, a monofunctional Ub 

G75Aha KxC is attached via CuAAC to a free alkyne functionality of another 

ubiquitin/ubiquitin chain. The cysteine of the attached ubiquitin is then modified with 

propargyl acrylate, thereby providing the alkyne functionality for the attachment of the 

next ubiquitin moiety. However, this approach is laborious as it involves several 

sequential click reactions, followed by purification of the “nascent” chain from unreacted 

ubiquitin monomer and several modification steps with propargyl acrylate. Besides this 

method being time consuming, the loss of protein during the sequential purification 

steps was a main reason for discarding this approach.  

The second possibility, the separation of the ubiquitin chain mixture after polymerization 

of a bifunctional ubiquitin monomer, based on chromatographic methods, was 

considered the more promising approach. Size exclusion chromatography (SEC) via a 

HiLoad 16/600 S75pg column allowed the separation of the ubiquitin chains up to the 



Chapter III: Results and Discussion 

 

46 
 

trimers (Figure 23A). SDS PAGE analysis of the SEC run showed that the ubiquitin 

chains stick to each other, indicated by the weak bands of ubiquitin dimer in fraction P3 

(sample of peak P3 in the chromatogram) or ubiquitin monomer in fraction P4 (sample 

of peak P4 in the chromatogram). Various compositions of the mobile phase or the 

storage buffer of the chains, including NaCl concentrations up to 0.8 M (to prevent ionic 

interactions) or addition of 5 % glycerol (to prevent hydrophobic interactions) did not 

improve the separation. Changing the SEC procedure to two Superdex 10/300 GL S75 

columns in line, prevented the carryover of the smaller ubiquitin species into adjacent 

fractions (Figure 23B). Nevertheless, SEC only allowed the separation of ubiquitin 

chains up to the trimer, longer chains were obtained as mixtures. With the intention to 

use dimers, tetramers and chains longer than pentamers as an affinity matrix in affinity 

enrichment assays, purification via SEC was skipped because of the resolution being 

too low.  

 

Figure 23 Separation of triazole linked ubiquitin chains via gelfiltration. 

(A) 1 mg of triazole linked ubiquitin chains was loaded on a HiLoad 16/600 S75 pg column using 25 mM 

Tris-HCl pH 7.5, 300 mM NaCl as running buffer. Main fractions of the peaks (P1-P5) marked in the 

chromatogram were analyzed by SDS PAGE followed by Coomassie Blue staining. (B) 1 mg of triazole 

linked ubiquitin chains was loaded on 2 interconnected SEC columns (1. Superdex 10/300 GL S75, 2. 

Superdex 10/300 GL S75 Increase). Separation was performed with 25 mM Tris-HCl pH 7.5, 300 mM NaCl 

as running buffer. Main fractions of the peaks (P1-P4) marked in the chromatogram were analyzed by SDS 

PAGE followed by Coomassie Blue staining. cv: column volume. 
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Cation exchange chromatography was investigated next, as it has already been applied 

to separate isopeptide linked ubiquitin chains by various groups41,246,247. Conditions 

were chosen according to literature39, which means the protein was dialyzed to 

ammonium acetate buffer pH 4.5, to allow binding to the cation exchange resin. Elution 

of the bound ubiquitin chains was carried out via a linear gradient using the buffer 

mentioned before, supplemented with 1 M NaCl. However, analysis of the purification 

showed no separation of the ubiquitin chains (Figure 24). The corresponding SDS 

PAGE analysis confirmed that the ubiquitin chains eluted mostly as a mixture, within 

100 cv (column volume) at the beginning of the flat gradient. One major problem 

besides the large number of peaks in the chromatogram, was the tailing of the peaks 

resulting in the co-elution of different polymer length. The large number of peaks 

indicated that the ubiquitin monomer sample, used for chain generation, already 

contained several different ubiquitin species varying only by a small molecular size, 

which cannot be distinguished by SDS PAGE analysis. Thrombin, used for removal of 

the GST affinity tag of ubiquitin, shows unspecific cleavage besides the main cleavage 

site, when used at high concentrations and long incubation times. This results in 

products varying only by a few amino acids, which have an impact on the pI (isoelectric 

point) of the protein and therefore also on the elution behaviour in cation exchange 

chromatography (see Figure 43 Appendix). In consequence, polymerization of this 

inhomogeneous monomer sample results in mixtures of each ubiquitin chain length 

rather than in homogenic fractions of defined length. The cation exchange 

chromatography partly separated these ubiquitin chains, indicated by the numerous of 

peaks in the chromatogram (Figure 24) 
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Figure 24 Purification of triazole linked ubiquitin chains by cation exchange chromatography. 

2.5 mg of desthiobiotin labelled, triazole linked ubiquitin chains in 25 mM NaOAc pH 4.5 was loaded on a 

1ml MonoS 5/50 gl column. Elution was performed with a linear gradient from 5 to 35 % buffer B (25 mM 

NaOAc pH 4.5 1 M NaCl) over 300 cv. Fractions of the peaks (P1-P4) marked in the chromatogram were 

analyzed by SDS PA gel analysis followed by Coomassie Blue staining. cv: column volume. 

Purification of thrombin treated ubiquitin G75Aha by cation exchange chromatography, 

followed by ESI-MS analysis, confirmed two different ubiquitin species, showing a 

major (calculated mass: 9302.5 Da) and an alternative (calculated mass: 9002.2 Da) 

thrombin cleavage site varying by three amino acids (Figure 43 Appendix). For this 

reason, the thrombin cleavage site in the used pGEX2TK vector was replaced by a 

TEV cleavage site in all the ubiquitin constructs used for generation of the bifunctional 

ubiquitin. TEV protease, cleavage of the GST affinity tag resulted only in one product, 

which was confirmed by ESI-MS analysis (Figure 44 Appendix). To reduce the tail 

effect, the NaOAc buffer was replaced by MES buffer, which due to its acidic buffer 

range, is also suitable for purification of the used ubiquitin variants (pI 6.8 to 8.2 

depending on the modification). Nevertheless, the tail effect was also observed with 

MES buffer, but the stability of the ubiquitin variants in MES buffer was higher. With 

MES buffer, no precipitation was observed during dialysis unlike the NaOAc buffer, 

when both buffers were set to a pH of 5.5. Due to this, further purifications of ubiquitin 

variants were performed in MES buffer at pH 5.5. Next, the conditions of the click 

reaction were investigated. With ubiquitin wt no tail effect was observed. Therefore 

ubiquitin wt was treated under click reaction conditions and subsequently purified by 
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cation exchange chromatography. No tailing was observed, excluding an effect of the 

click reaction reagents on the elution behaviour during cation exchange 

chromatography. However, when ubiquitin wt and ubiquitin G75Aha were compared, 

the tail effect was observed with ubiquitin G75Aha. This indicates that the azide 

interferes with the affinity matrix, preventing the efficient elution of the protein. 

Reduction of the azide could potentially improve the elution efficiency, which needs to 

be further investigated. Several measures were taken in order to circumvent this 

unfavored interactions. Addition of glycerol or tween to the buffer did not impede the 

tail effect. Only when 5 % glycerol and 0.5 % tween were added to the buffer, while the 

elution buffer was supplemented with 1M NaCl and 0.2 % arginine, tailing could be 

minimized, although not prevented completely (Figure 25). In addition, arginine in the 

elution buffer was detected by the UV detector at 214 nm, the wavelength, which is also 

used to follow the ubiquitin elution. With these conditions, SDS PAGE analysis of the 

whole purification run would be necessary, as small peaks would be overlain by the 

arginine signal. For these reasons, purification via cation exchange chromatography 

was not further pursued. 

 

Figure 25 Purification of ubiquitin G75Aha by cation exchange chromatography.  

1 mg of Ub G75Aha in 20 mM MES pH 5.5 was loaded on a 1 ml MonoS 5/50 gl column. Elution was 

performed with a linear gradient from 0 to 60 % buffer B (20 mM MES pH 5.5, 1 M NaCl, 5 % glycerol 

(v/v), 0.5 % Tween (v/v), 0.2 M arginine) over 40 cv. Analysis was performed by SDS PAGE followed by 

Coomassie Blue staining. cv: column volume. 

3.1.2 Separation via gelfree fractionation 

Gelfree fractionation, a system which was designed to reduce the complexity of protein 

mixtures aimed for bottom up proteomics, was investigated next. The system consists 

of a cartridge, which harbours eight gel columns that are surrounded by a loading and 

a collection chamber, both accessible by pipette (Figure 26). Samples are mixed with 

a sample buffer and are applied to the loading chamber. When an electric current is 
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applied, proteins migrate into the gel column and are separated according to their 

molecular weight. Small proteins elute first into the collection chamber and are trapped 

in a defined buffer volume. At predefined time points, the sample in the collection 

chamber is collected, the chamber is washed and then filled with fresh buffer. The 

method is performed under denaturing conditions, as the running buffer contains SDS. 

Nevertheless, the resolution is very high, outmatching all the methods presented 

before.  

 

Figure 26 Scheme depicting the purification via gelfree fractionation. 

Triazole linked ubiquitin polymers of different length are added to the loading chmber of the gelfree 

cartridge. By applying an electric field the ubiquitin chains are separated according to size in a gel column 

laying between loading and collection chamber. Fractions containing the separated ubiquitin chains are 

collected from the collection chamber at predefined timepoints. Collected elution fracitons are analyzed by 

SDS PAGE. 

The cartridges are available in different percentages, with different resolution optimum 

at a defined molecular weight range. For purification of ubiquitin chains, the 10 % Tris-

Acetate cartridge resulted in the best separation. Ubiquitin chains in high purity up to 

the tetramer were obtained (Figure 27A). As it was not possible to purify chains longer 

then hexamers, ubiquitin chains longer than pentamers were pooled and then used in 

affinity enrichment assays as fraction representing long ubiquitin chains. Besides the 

high resolution, the method showed two major drawbacks. The first drawback is the 

denaturing effect of the SDS containing running buffer, which affected even the highly 

stable ubiquitin. Circular dichroism (CD) spectra of ubiquitin chains recorded before 

and after gelfree fractionation, revealed changes in the secondary structure after 

fractionation (Figure 27B). The curve of the sample before the fractionation, showed a 

local maximum at about 220 nm, which indicates the correct fold of the alpha helix of 

ubiquitin. This alpha helix however was disturbed after gelfree fractionation, indicated 

by the missing local maximum at 220 nm. To restore the native secondary structure, a 

refolding step was introduced into the purification workflow (Figure 27C). Removal of 

SDS from the sample collected during the fractionation process, turned out to be crucial 



Chapter III: Results and Discussion 

51 
 

for correct refolding. Therefore, samples were first dialysed before they were 

supplemented with Urea refolding buffer. After refolding, the purified samples were 

concentrated, and analyzed by CD spectroscopy and SDS PAGE (Figure 27B).  

 

Figure 27 Gelfree fractionation of desthiobiotin labelled K48-linked ubiquitin chains and secondary 

structure analysis. 

(A) Desthiobiotin (DB) labelled K48-linked ubiquitin chains were separated via a 10% Tris Acetate cartride. 

Elution fractions were taken at predefined timepoints followed by SDS PAGE analysis. Fractions containing 

the desired polymer length were pooled and concentrated via 10K amicon filter tubes. (B) CD 

spectroscopic analysis of ubiquitin chains before (black) and after (red) gelfree fractionation, either without 

(w/o, left diagram) or with protein refolding (right diagram). For the “after separation” sample, the separated 

ubiquitin chains were mixed again. (C) Scheme showing the optimized workflow for purification of triazole-

linked ubiquitin chains via gelfree fractionation. 

The second drawback of the purification via gelfree fractionation is the high loss of 

protein and batch to batch separation differences of the cartridges. 0.4 mg of protein 
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was the maximum that could be loaded, without significant loss of separation resolution. 

The yield of on average 50 µg Ub2 (12.5 %), 30 µg Ub4 (7.5 %), 10 µg Ub6+ (2.5 %) that 

was obtained by one purification run was low. With the low yield, several purification 

runs were required in order to obtain enough material for one affinity enrichment assay 

with separated ubiquitin chains. The low yield most likely results from incomplete elution 

from the gel column, as well as losses during the wash steps of the collection chamber. 

 Conclusion 

Separation of triazole linked ubiquitin chains turned out to be challenging as 

conventional approaches were not successful. First, size exclusion allowed only the 

separation of ubiquitin chains up to the ubiquitin trimer, while longer chains were 

obtained as mixtures. Second, cation exchange chromatography, which had been 

already successfully applied for the separation of native ubiquitin chains did not show 

the expected separation. Cation exchange chromatography proved generally 

inappropriate for purification of ubiquitin modified with azidohomoalanin due to a strong 

tail effect during the purification, most likely caused by interactions of the azide 

functionality to the affinity matrix. In the end, gelfree fractionation showed the desired 

resolution, providing pure fractions of ubiquitin dimers, tetramers and a mixed fraction 

containing hexamers and longer chains. However, the low yield, as a major drawback 

of this approach, could not be improved. Nevertheless, upon several consecutive 

purification runs enough length separated ubiquitin chains were obtained to perform 

several affinity enrichment replicates. 

 The impact of chain length on the interactome of ubiquitin 

chains  

Several reports already indicated a potential relevance of chain length for ubiquitin 

signaling28,102,248. After showing the importance of the linkage type for ubiquitin chain 

recognition, the next step was to investigate length dependent interactions via the 

established affinity enrichment assay. Therefore, the three different ubiquitin chain 

groups (Ub2, Ub4, Ub6+) generated as mentioned in the previous section, should reflect 

the effect of short, intermediate and long chains on the interaction landscape of 

ubiquitin chains. 

 Generation of length- and linkage-defined ubiquitin chains 

In analogy to our previous work114,117, ubiquitin chains were generated in the mg scale, 

followed by separation via gel-free fractionation as described in the previous section 
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(Figure 28). Again, the focus lay on the less-well characterized K27-, K29-, and K33-

linked ubiquitin chains and in addition K63-linked chains were included as one of the 

linkage types that has been studied in more detail10,11,21.  

 

Figure 28  SDS-PAGE analysis of a gel-free fractionation run and separated ubiquitin chains. 

(A) Input (IP) shows the ubiquitin chains before fractionation. Numbers indicate elution fractions collected 

during the fractionation. (B) SDS PAGE of linkage- and length-defined ubiquitin chains generated by gel-

free fractionation. Ubiquitin chains were visualized by Coomassie Blue staining. 

 Affinity enrichment with linkage- and length-defined ubiquitin chains  

For investigation of length-specific interactions, the separated, desthiobiotin-modified 

polymers (Ub2, Ub4, Ub6+) of each linkage type (K27, K29, K33, K63) were immobilized 

on streptavidin agarose. The fraction designated Ub6+ contained polymers longer than 

pentamers. Then, affinity enrichment assays in HEK 293T whole cell lysate were 

performed (Figure 29A and B). For selective elution of immobilized polymers and 

bound interaction partners, the agarose beads were incubated with biotin. After in gel 

tryptic digestion, elution fractions were analyzed by LC-MS/MS followed by label-free 

quantification220,249,250.  
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Figure 29 Analysis of affinity enrichment assays for the identification of length-selective ubiquitin 

binding proteins.  

Desthiobiotin labelled ubiquitin chains of defined length (Ub2, Ub4, Ub6+) were used as affinity matrix. (A) 

The respective ubiquitin species (Input, IP) were incubated with Streptavidin agarose. Subsequently the 

flowthrough (Ft) was separated and agarose beads were washed. (B) After incubation with HEK 293T 

whole cell lysate, ubiquitin chains and bound proteins, which are represented by additional bands 

compared to the input samples shown in (A), were eluted and analyzed by SDS-PAGE. Each lane was 

excised and cut into pieces followed by LC-MS analysis. 

Significantly enriched proteins were identified by ANOVA statistics (FDR=0.02 and 

S0=2). In order to visualize the binding behaviour of these proteins to the various 

ubiquitin chain species, correlation-based clustering of the 162 significantly enriched 

interactors was conducted. The resulting heatmap shows the significantly enriched 

proteins (Figure 30). 
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Figure 30 Analysis of affinity enrichment assays for the identification of length-selective ubiquitin 

binding proteins.  

Hierarchical clustering of statistically significant interactions. Rows represent the interacting proteins, 

columns indicate the ubiquitin variant used as affinity matrix. Each column represents the averaged values 

of 3 biological and 2 technical replicates. Red indicates a relative enrichment and blue indicates a relative 

decrease. Numbers on the y-axis are used to indicate clusters of similar interaction behaviour of Ub chain 

binders. Cluster 1: Proteins showing similar interaction pattern with K29- and K33-linked Ub chains. Cluster 

2: Proteins interacting preferentially with short chains (Ub2), Cluster 3: Proteins interacting preferentially 

with long chains (Ub6+), Cluster 4: Proteins interacting preferentially with intermediate chains (Ub4). 

The heatmap shows clear length-dependent binding of many proteins in addition to the 

linkage-selective binding. Especially for longer polymers (Ub6+), large clusters of 

proteins were significantly more enriched compared to shorter polymers (Ub2, Ub4) of 

the same linkage type (Cluster 3; Figure 30, Figure 31). This can be seen most clearly 

for K27-, K29-, and K33-linked polymers. It has been shown that ubiquitin chains of a 

certain linkage type cannot only adopt a single conformation, but rather ensembles of 

conformations specific to the linkage type43,251. In this regard, it seems likely that longer 

polymers can adopt a higher number of different conformations than dimers, which 

would allow longer polymers to provide more orientations of specific interaction sites 

for ubiquitin binders. Furthermore, longer Ub chains increase the binding affinity of 

many interactors by providing additional interaction sites and thereby increase avidity. 

Taken together, our analysis shows a clear tendency that longer polymers interact with 

a higher number of proteins than shorter polymers, which can be seen most clearly for 
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K27-, K29-, and K33-linked ubiquitin chains. For each of these three linkage types, 

55 % to 65 % of the significant interactions were found exclusively with long polymers 

(Ub6+) (Figure 31). For K63-linked polymers, a more evenly distributed binding 

behaviour was observed. 

Besides proteins with a preference for longer ubiquitin chains, the analysis also 

revealed proteins that appear to interact preferentially with chains of short (Ub2) 

(cluster 2 in Figure 30; Figure 31) or intermediate length (Ub4) (cluster 4 in Figure 

30; Figure 31). This selectivity might arise from unique conformations of short polymers 

that cannot be adopted by longer polymers and thus, are preferentially recognized by 

certain UBPs. 

Another outstanding result indicated by the heatmap, is the similarity of K29- and K33-

linked Ub2 and Ub4 (Cluster 1, Figure 30) with respect to interaction partners, as 

indicated by comparable enrichment patterns of the analyzed proteins. In the results 

and discussion section 2.1, a significant overlap of proteins binding to K29- and K33-

linked chains was observed, suggesting similar biological functions of these two linkage 

types. This similar behaviour is also indicated by structural simulations and NMR 

studies of all seven lysine-linked dimers, which show the highest similarities between 

K29- and K33-linked dimers compared to all other linkage types43,251.  

 

Figure 31 Quantitative analysis of length- and linkage-specific affinity enrichment assay data.  

Overview on length-selective interactions shown for each linkage type separately. Colours indicate chain 

length. Blue: dimers, yellow: tetramers, green: hexamers and longer (polymers). 

Among the interacting proteins, some already known interaction partners were 

identified, especially for K63-linked ubiquitin chains. This was expected, as this linkage 

type has been studied more intensively than K27-, K29- and K33-linked chains, and 
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confirms the suitability of the established workflow. For example, ankyrin repeat 

domain-containing proteins 13A and 13D both bind and specifically recognize K63-

linked ubiquitin chains and regulate the internalization of ligand-activated EGFR252. 

However, there was no strong preference for a certain length of K63-linked polymers. 

In addition, several E3 ligases were identified that are known to bind K63-linked chains, 

such as RNF168, or to assemble K63-linked ubiquitin chains, such as HUWE1253-255, 

which is therefore likely to bind this linkage typ. RNF168 showed a clear preference for 

Ub4 and longer polymers, while HUWE1 exhibited clear preference for Ub2 and Ub4. 

Among the significant interactors of K63-linked ubiquitin chains, two DUBs were also 

identified (USP13 and OTUD4), which are known to preferentially cleave K63-linked 

ubiquitin chains (OTUD4 requires phosphorylation for K63-linkage selectivity)256,257. In 

the MS analysis, both DUBs showed preferential binding to Ub2 and Ub4 rather than to 

longer polymers. Moreover, gene ontology analysis (GO analysis) of the significantly 

enriched K29- and K33 linkage-selective binders, revealed a clear length dependant 

binding behaviour especially for these two linkage types. Both K29- and K33-linked 

dimers show an increased binding to hydrolases compared to tetramers and long 

polymers (Figure 32). Long polymers linked via K29 and K33 show an increased affinity 

for hydrolases compared to their dimeric and tetrameric counterparts. Tetrameric K29- 

and K33-linked polymers show by far the strongest binding to ligases, indicating a clear 

length-specific function of ubiquitin chains. For K63-linked polymers, the GO analysis 

showed less length dependent effects, which is in accordance to the more evenly 

distributed binding behaviour of K63-linked chains (shown in Figure 30,31). For K27-

linked polymers, the GO analysis of tetramers was omitted due to a low number of 

significantly enriched binders, which may be caused by structural features of K27-linked 

tetramers, or by experimental differences. Nevertheless, K27-linked dimers show 

increased binding to calcium binding proteins as well as to cytoskeletal proteins 

compared to long K27-linked polymers. The presented information will allow in detail 

analysis of how different polymerization levels are recognized by UBPs. With this 

knowledge, it may be possible to elaborate a general model of how chain length 
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influences chain recognition and thus the fate of respectively modified proteins. 

 

Figure 32 Gene onthology analysis of linkage- and length-specific ubiquitin chain binding proteins 

Proteins significantly enriched in ANOVA analysis were classified according to protein classes. 

Significantly enriched proteins with respect to linkage type and polymer length (Ub2, Ub4 Ub6+) were 

analyzed. Values represent the proportion of interaction partners assigned to a certain protein class with 

respect to the total number of protein class hits.  

 

 Verification of linkage- and length-specific interactions  

In order to verify the length selective interactions determined by LC-MS/MS, some 

proteins were selected and their binding behaviour was verified by Western Blot 

analysis. The first interaction partner analyzed was Ubac1, the non-catalytic subunit of 

the E3 ligase complex KPC, which is involved in poly-ubiquitylation and proteasomal 

degradation of CDKN1B during the cell cycle258. In the MS analysis, Ubac1 showed a 
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clear preference for Ub4 over Ub2 and Ub6+ for all investigated linkage types except for 

the K27 linkage. The Western Blot analysis confirmed not only the preferential 

interaction of Ubac1 with Ub4 (shown exemplarily for K33-linked ubiquitin chains), but 

also the linkage selectivity, as no interaction with K27-linked ubiquitin chains was 

observed (Figure 33A). Next, the catalytic subunit of the E3 ligase complex KPC, 

RNF123 was studied, which showed similar enrichment patterns as Ubac1 with the 

strongest binding to K29-, K33-, and K63-linked Ub4 but no binding to K27-linked 

polymers. Here, Western Blot analysis verified the linkage- and length-selective binding 

of RNF123 to K33- and K63-linked Ub4, which was in perfect agreement with the affinity 

purification mass spectrometry (AP-MS) analysis. As Ubac1 and RNF123 show 

identical binding behaviour to the different ubiquitin chain species, the whole KPC 

complex is probably bound by these ubiquitin chains. Since whole cell extracts were 

used for the current study, more detailed binding studies will be necessary to determine 

which of the two subunits is responsible for the selective ubiquitin chain binding. 

The next protein that was selected for further investigation was RhoA, a Ras-related 

Rho GTPase that is mainly involved in cytoskeleton organization but also in regulation 

of cell migration and the cell cycle 259-261. According to the AP-MS data, RhoA interacts 

preferentially with polymers longer than ubiquitin pentamers (Ub6+). Furthermore, the 

strongest enrichment was observed with K63-linked polymers, in addition a weaker 

interaction with K27- and K29-linked ubiquitin chains and no enrichment with K33-

linked ubiquitin chains (Figure 33B). Notably, the results of the Western Blot analysis 

reflect this binding selectivity with a clear RhoA signal observed for K63-linked Ub6+ 

chains and no signal for shorter polymers of this linkage type or K33-linked polymers 

in general (Figure 33A).  

Furthermore, the selective interaction of the DUB USP15, especially with K29- and 

K33-linked polymers longer than pentamers (Ub6+), was confirmed. USP15 is involved 

in the regulation of various pathways such as NF-kB signalling and mitophagy, where 

it acts as an inhibitor by counteracting the action of RNF41-PRKN262,263. Again, the 

results of the Western Blot analysis were in perfect agreement with the MS results. 

Strong signals in the Western Blot analysis were only observed with K29- and K33-

linked Ub6+ chains, whereas there was no signal with K27-linked polymers (Figure 

33A). 
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Figure 33 Validation of length-selective interactions identified by MS. 

(A) Confirmation of interactions by Western Blot analysis. Elution fractions of the affinity enrichment 

procedure were subjected to Western Blot analysis with antibodies specific for the respective protein. Input: 

(IP) represents 3.2 % of the HEK 293T cell lysate used for affinity enrichment. (*) For RhoA: IP was 

exposed separately due to higher signal intensity compared to the signal intensity in lane K63 Ub6+ (B) 

Hierarchical clustering of statistically significant interactors (rows) selected for verification by 

immunoblotting. Columns indicate different ubiquitin variants used as affinity matrix. Red indicates 

enrichment, whereas no enrichment is indicated in blue. 

In analogy to competition experiments in section 2.2 (results and discussion), native 

K63-linked ubiquitin chains of different length (Ub2, Ub4, Ub6) were used to verify the 

linkage- and in particular length-specific interaction of selected proteins (note: native 

ubiquitin hexamers are only commercially available linked via K63). The K63-linkage 

selective binders RhoA and RNF123 were chosen for further investigation. In the MS 

and Western Blot analysis, RhoA bound preferentially to ubiquitin hexamers, whereas 

strongest interaction of RNF123 was found with ubiquitin tetramers (Figure 33). 
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Therefore, either triazole linked Ub4 (RNF123) or Ub6+ (RhoA) linked via lysine 63 was 

used as an affinity matrix. After incubation with HEK 293T lysate, the sample was split 

into four parts.  

Competition was performed with the native K63-linked ubiquitin chains (Ub2, Ub4, Ub6) 

in excess or with buffer as a control. However, for RhoA no competition was observed, 

as indicated by similar signals for all four samples in the Western Blot analysis (Figure 

34B upper panel). According to the MS analysis (Figure 33), competition with native 

K63-linked ubiquitin chains should diminish or even prevent the signal after 

competition. In contrast, competition for binding of RNF123 to triazole and K63-linked 

Ub4 by native K63-linked ubiquitin partly confirmed its preferred interaction with K63-

linked ubiquitin tetramers as shown by the decreased signal for competition with native 

K63-linked Ub4. However, contradictive to the MS analysis, competition with native 

ubiquitin hexamers also showed an effect. Due to the inconsistent results of MS 

analysis and competition, the purity and linkage composition of the commercial K63-

linked ubiquitin polymers was analyzed. Tryptic digestion of the dimer and tetramer 

sample followed by MS/MS analysis, confirmed a majority of K63-linked ubiquitin 

moieties, with minor impurities of K6 linkages. The analysis of the K63-linked ubiquitin 

hexamer sample mainly identified K33-linked ubiquitin molecules mixed with K63 

linkages. RhoA does not bind to K33-linked ubiquitin chains, explaining the 

unsuccessful competition. The observed competition for RNF123 binding with the 

native “K63 linked” ubiquitin hexamer sample, most likely results from competition with 

the K33-linked chains as RNF123 also binds to K33-linked tetramers and hexamers 

(Figure 33). 
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Figure 34 Competition experiments with isopeptide-linked ubiquitin chains:  

(A) Schematic of the workflow. Affinity enrichment was performed as described with synthesized triazole 

and K63-linked ubiquitin chains (either Ub4 for RNF123, or Ub6+ for RhoA). After incubation of the 

immobilized chains with HEK 293T lysate, beads were pelleted and split equally into four samples. One 

sample was incubated with lysis buffer (no comp.), whereas the other samples were incubated with native 

K63-linked ubiquitin chains, either Ub2 Ub4 or Ub6 in lysis buffer. Native ubiquitin chains were used in 5-

fold excess with respect to the synthesized chains. After incubation, the samples were washed with lysis 

buffer and bound proteins eluted. (B) Elution fractions were analyzed by SDS-PAGE and Western Blot 

with antibodies directed against the proteins indicated. Input, represents 0.8 % of the HEK 293T cell lysate 

used in affinity enrichment assays; No competition: upon affinity enrichment beads were incubated with 

lysis buffer; competition: upon affinity enrichment beads were incubated with 5-fold excess of native 

ubiquitin polymers of the respective length. Running positions of molecular mass markers are indicated. 

 Comparative analysis of both affinity enrichment studies performed 

In both of the performed enrichment assays (2.1 and 4.2, of the results and discussion 

section), triazole linked ubiquitin chains with K27, K29 and K33 linkages were used as 

an affinity matrix, either with mixed polymer length or with length-defined ubiquitin 

chains. One would therefore expect an overlap of identified linkage-selective interacting 

proteins. However, there was only a moderate consistency when raw data of both 

experiments was analyzed together using MaxQuant, followed by statistical analysis 

with the Perseus software. Only 5.5 % (8 out of 145 proteins) of significantly enriched 

K27-linkage selective binders were identified in both experiments. For K29- and K33- 
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linkage selective binders, the overlap between the two experiments was slightly higher, 

8.7 % (11/126 proteins) for K29-inkage-selective binders and 11.6 % (15/129) for K33 

linkage-selective binders respectively. One possible explanation for the low overlap 

could be the different composition of the bait proteins. In the first experiment, a ubiquitin 

polymer mixture was used with decreasing amounts of short to long polymers. 

Quantitative SDS PAGE analysis of the bait protein sample, applied in the first 

experiment, revealed about 10 % of hexamer corresponding to 4 µg immobilized 

hexamer. In the second experiment, a 5-fold excess (20 µg) of ubiquitin hexamers, 

compared to the first experiment, was used. This corresponds to a higher number of 

proteins being identified in the second experiment, as longer chains are expected to 

provide more binding sites for UBPs. 

Another reason for the moderate consistency between the two experiments could be 

the denaturing separation process for generation of the length-defined ubiquitin chains. 

Although the identical secondary structure before and after the separation process was 

confirmed via CD spectral analysis, disruptions of the tertiary structure cannot be 

completely excluded. Detailed NMR analysis of the ubiquitin chains, before and after 

separation, would provide clear evidence that both protein samples are identical. Also 

the fact that in the first experiment thrombin treated ubiquitin was used for generation 

of ubiquitin chains, whereas TEV protease treated ubiquitin was used in the second 

experiment, possibly contributed to the moderate consistency. The overlap of the 

verified interactions of both experiments, however, was high. Nine out of 11 proteins 

showed identical linkage-selectivity in both experiments, which strongly supports the 

robustness of the established method. 

 Conclusion 

For the first time, the here presented data show a clear effect of ubiquitin chain length 

on the selective binding of UBPs. We found preferential binding of UBPs to all 

investigated polymerization levels ranging from short (Ub2) over intermediate (Ub4) to 

long ubiquitin chains (Ub6+). In addition, GO analysis of our data revealed length 

correlated changes, which indicates a length-dependent effect also on the functional 

level. The quality of our data was further supported by confirmation of selected 

interactions by Western Blot analysis. Although further validation by competition 

experiments using native, isopeptide linked ubiquitin chains was only partly conclusive, 

the large number of linkage- and length-selective UBPs allow for various follow-up 

studies to further elucidate ubiquitin signalling. In conclusion, this first in-depth study of 

the interactome of ubiquitin chains of various lengths demonstrates that not only the 
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linkage type, but also the length of a ubiquitin chain itself has general implications for 

UBP recognition and contributes to the complexity of the ubiquitin code.  

 Ubiquitin modification and targeted ubiquitylation for functional 

studies 

 Generation of phosphorylated ubiquitin variants for mineralization studies 

Crystallization processes in living organisms are essential for the formation of 

biominerals with unique mechanical properties264. In this context, proteins can regulate 

crystal polymorphism or even provide specific sites for nucleation by acting as a 

template189. Because of its high affinity to Ca2+, phosphate and thereby also 

phosphorylated proteins are suggested to be relevant in directed calcium carbonate 

(CaCO3) mineralization. Ubiquitin, modified with a phosphate moiety at three defined 

positions, was chosen as model protein due to its stability and small size. Different 

approaches were considered for the site-specific introduction of the phosphate 

moieties. Firstly, CuAAC was used to attach a small molecule carrying the phosphate 

group site-specifically to the protein. Secondly, modification by thiol chemistry of site-

specifically introduced cysteine residues should be investigated.  

5.1.1 Modification of ubiquitin variants via click chemistry 

To generate a site-specifically phosphorylated ubiquitin molecule, three azide 

functionalities were introduced at position N25, D32, and D58 using the unnatural 

amino acid azidohomoalanine (Aha) and selective pressure incorporation (SPI). 

Subsequently, the azide functionalized ubiquitin (Ub3Aha) was modified with 

commercially available propargyl phosphate (1) by CuAAC (Figure 35A). Propargyl 

phosphate was applied in 100-fold molar excess over ubiquitin (for details see Martials 

and Methods 2.1.7). Quantitative modification of Ub3Aha by the propargyl phosphate 

was only achieved when the reaction volume was 200 µl at most. Increased reaction 

volumes resulted in higher levels of only partly modified ubiquitin. In order to generate 

phosphorylated protein in the mg range (the amount necessary for one mineralization 

study) several simultaneous reactions were performed. Quantitative modification of 

Ub3Aha by three phosphate linker molecules was verified by ESI-MS measurement 

(Figure 35B). In further experiments, the ubiquitin with three phosphate functions at 

defined positions, introduced by CuAAC, was used in biomineralization of CaCO3 where 

it showed unique effects in the crystallization behaviour of CaCO3
265. 
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Figure 35 Modification of Ub3Aha with propargyl phosphate (1) by CuAAC. 

(A) Scheme for the modification of Ub3Aha with propargyl phosphate (1) by CuAAC. (B) ESI MS analysis 

of ubiquitin variants; molecular mass (calculated / measured): Ub N25M D32M D58M: 9340.80 Da / 

9341.19 Da, Ub N25Aha D32Aha D58Aha: 9325.41 Da / 9325.88 Da, Ub3P N25Aha D32Aha D58Aha: 

9733.40 Da / 9733.12 Da. 

5.1.2 Modification of ubiquitin variants via thiol chemistry 

As a next step, the modification of Ub3C (N25C D32C D58C) with 2-acrylamidoethyl 

dihydrogen phosphate (acryloyl linker (2)), which was kindly provided by Anke Gerull, 

AG Marx, was investigated. Modification based on thiol chemistry should allow the 

modification of a large amount of protein in one reaction, without the need of several 

simultaneous reactions. The used linker 2 carried an acryloyl functionality on one side 

and the phosphate group on the other (Figure 36A). Based on its water solubility, it 

was used in an aqueous solution with the Ub3C to react with the three cysteine residues 

in a Michael addition. Nucleophilic attack of the deprotonated thiol at the acryloyl group 

was promoted by setting the pH of the reaction buffer to pH 8. To avoid disulphide 

bridges, the protein storage buffer, as well as the reaction buffer, were supplemented 

with 1 mM TCEP. Ub3C was used at 20 µM, whereas the reaction was performed either 

at room temperature (RT) or at 37 °C. Two different linker 2 concentrations were 

investigated, either a 20- or a 100-fold molar excess with respect to the ubiquitin 
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concentration. In addition, for each condition a control reaction was performed, lacking 

the phosphate linker 2. 

 

Figure 36 Modification of Ub3C N25C D32C D58C with acryloyl phosphate linker (2). 

(A) Scheme showing the modification of Ub3C with 2-acrylamidoethyl dihydrogen phosphate (acryloyl 

linker (2)). (B) Analysis of modification reaction by Coomassie Blue staining and fluorescence (520 nm) 

readout. 20 µM ubiquitin was reacted in 20 mM Tris-HCl pH 8 with increasing molar excess of acryloyl 

linker 2 at RT or 37 °C. Samples were taken after 1 h, 4 h and 16 h. Upper panel shows Coomassie Blue 

stained protein whereas the lower panel shows the fluorescent readout of the reaction at 520 nm. As 

reaction control, 10 µl of each reaction was supplemented with F5M for 10 min before SDS PAGE analysis 

followed by fluorescent readout at 520 nm and Coomassie Blue staining. 

The analysis of the reaction shown in figure 36B (Coomassie), shows a significantly 

reduced amount of protein in the linker samples after reaction of one hour. This 

observation was accomplished by a gel like consistency of the reaction rather than an 

aqueous solution, which was especially the case in the reaction with 100-fold molar 

excess of linker. A possible explanation could be that the linker 2, due to its acryloyl 

functionality, polymerized promoted by trace amounts of radicals present in the 

aqueous solution, which was accompanied by protein precipitation. As reaction control, 

for monitoring the modification of the thiol groups by the linker, the samples drawn at 

the indicated time point were supplemented with 100-fold molar excess of fluorescein 

maleimide (F5M), which reacts with free thiol groups.  
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Besides the signal on the Coomassie Blue stained SDS PAGE gel, the fluorescent 

readout at 520 nm of the samples also showed decreasing signals with increasing 

molar excess of linker 2. However, the fluorescent signal decrease was caused by the 

lower amount of protein compared to the control sample, rather than by reaction of the 

acryloyl linker 2 with the cysteine residues. In order to prevent radical formation or to 

scavenger existing radicals, the reaction was performed in the dark, and ascorbic acid 

was added to the reaction as a radical scavenger266. However, the effect on the stability 

of the protein was very low, as well as on the formation of the gel like reaction solution 

(data not shown).  

For this reason, a new linker, 2-(2-bromoacetamido)ethyl dihydrogen phosphate 

(bromo phosphate linker (3)), which was kindly provided by Anke Gurell, AG Marx, was 

used. This linker molecule was not based on an acryloyl functionality but instead carried 

and alpha bromine carboxylic group that could react with deprotonated thiols in a SN2 

reaction (Figure 37B). With the new linker, the best ratio of linker 3 to Ub3C was also 

screened at the start. Therefore, different reactions were performed ranging from no 

linker to 20-, 50- and 100- fold excess. The reaction was again performed in 25 mM 

Tris-HCl pH 8, supplemented with 1 mM TCEP. In addition, two different protein 

concentrations of 20 µM or 100 µM were tested and samples were taken after one hour 

and three hours reaction time.  
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Figure 37 Modification of Ub3C (N25C D32C D58C) with bromo phosphate linker (3).  

(A) 20 or 100 µM ubiquitin was reacted in 25 mM Tris-HCl pH 8 at 37 °C with increasing molar excess of 

bromo phosphate linker 3 whereas samples were taken after 1 h or 3 h. Upper panel shows Coomassie 

Blue stained protein whereas the lower panel shows the fluorescent readout at 520 nm of the reaction 

control (10 µl sample of each reaction was reacted with F5M for 10 min before SDS PAGE analysis 

followed by fluorescent readout at 520 nm) (B) 2-(2-bromoacetamido)ethyl dihydrogen phosphate (bromo 

phosphate linker (3)) which was used for modification of cysteine residues. The molecule was kindly 

provided by Anke Gerull (AG Marx) (C) ESI MS analysis of Ub3C N25C D32C D58C after 3 h reaction with 

100-fold molar excess of bromo phosphate. Calculated / measured mass Ub3P N25C D32C D58C: 9800.01 

Da / 9799.77 Da. 

Here no protein precipitation was observed, (Figure 37A) even at the highest linker 

excess of 100-fold. With 100 µM protein and 50-fold excess of linker 3, quantitative 

modification of free thiols was observed already after one hour. For the reaction with 

20 µM protein, an extended reaction time of three hours was necessary for complete 

modification at 50- and 100-fold molar excess of linker 3, with a faint signal remaining 

for the reaction with 50-fold molar excess of linker 3. 

In conclusion, quantitative modification of Ub3C by the phosphate linker 3 can be 

achieved after three hours with a 50-fold molar excess of linker. Without further 

purification besides dialysis to remove excessive linker, quantitative modification of the 

three cysteine residues (Ub3P) was confirmed by ESI-MS measurement (calculated 

average mass: 9800.01 Da), measured mass: 9799.77 Da) (Figure 37C) 
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Besides the Ub N25C D32C D58C discussed in the previous section, two more variants 

were generated and modified. With the Ub3C variants (K6C N25C D58C) and (K6C 

D32C D58C), the position-dependent effect of protein phosphorylation on CaCO3 

crystallization will be investigated. However, first modifications of the two new Ub3C 

variants with the bromo phosphate linker 3 in analogy to the modification of Ub N25C 

D32C D58C, showed much slower reaction kinetics. After three hours, only little 

modification of the cysteine residues was observed (data not shown). Therefore, 

extended reaction times of up to 72 h were used and different pH values were screened 

in order to support the deprotonation of thiol groups and thereby improving the reaction 

kinetic (Figure 38A). A pH range starting from pH 8, which was also used in the 

previous approach (Figure 37), to pH 9 was tested for complete modification of the 

cysteine residues. A 50-fold molar excess of the linker 3 was used and the respective 

reaction buffer was supplemented with 1 mM TCEP before the pH of the buffer was 

adjusted. Only after 72 h, the reaction was complete for almost all conditions, except 

for the reaction at pH 8 with the Ub K6C D32 D58 variant.  
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Figure 38 Impact of increasing pH values on the modification of Ub3C (K6C N25C D58C) and (K6C 

D32C D58C) with bromo phosphate linker 3.  

(A) 50 µM of the respective Ub3C variant was incubated with 25 mM linker 3 in 25 mM Tris-HCl, 1 mM 

TCEP at the indicated pH, at 37 °C. Samples were drawn at the indicated time points after reaction start, 

ctrl: Ub3C untreated with linker 3, R: reaction, Ub3C incubated for the indicated time with linker (3). Both 

samples were supplemented with 100 mM F5M and incubated for 10 min at RT and subsequently analyzed 

by SDS PAGE followed by fluorescent readout at 520 nm and Coomassie Blue staining. (B) ESI MS 

analysis of Ub3C N25C D25C D58C after 72 h reaction with 100-fold molar excess of bromo phosphate. 

Calculated / measured mass Ub3P K6C N25C D58C : 9059.89 Da / 9059.90 Da (pH 8), 9059.90 Da (pH 9). 

ESI-MS analysis revealed the quantitative modification of cysteine residues by the 

linker 3 for all tested conditions (Ub K6C D32C D58C, at pH 8 was analyzed after 96 h). 

For both ubiquitin variants, the measured mass of 9059.90 (N25C) and 9059.80 (D32C) 

matched the calculated average masses of 9059.89 Da (N25C) 9059.19 Da (D32C) 

(Figure 38B). However, the MS analysis also showed the occurrence of side reactions. 

In addition to the desired mass, three weak signals were observed, one of which can 

be assigned to an additional modification most likely of a lysine residue 

(9240.88/9240.82 Da). This additional lysine modification occurred at pH 8, to a similar 

extent as with pH 9, indicated by the two MS spectra shown in figure 38B. Due to the 

already very slow conversion under the shown conditions, lowering the pH in order to 

prevent this side reaction was not an option. Shorter incubation times (48 h) at pH 8 

were tested, in order to prevent the occurrence of the additional modification (Figure 
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39A). However, the sample taken after 48 h showed incomplete modification for both 

ubiquitin variants, and the additional lysine modification to a small extent (data not 

shown). A potential explanation for the slow reaction kinetics, compared to the 

modification of ubiquitin (N25C D32C D58C), is the incomplete reduction of the thiol 

groups of the cysteine residues and hence the formation of disulfide bonds. Although 

all buffers used for purification of the Ub3C (K6C N25C D58C) and Ub3C (K6C D32C 

D58C) variants were supplemented with 1 mM TCEP, the persistence of disulfide bonds 

to reduction was further investigated. For this reason, Ub3C variants were incubated 

with 2 mM TCEP at 37 °C for 30 min prior to linker (3) addition, in order to allow 

quantitative reduction of cysteine residues. Modification of these reduced protein 

samples with linker showed already complete modification after 4 h, indicating that 

incomplete reduction was the reason for the slow reaction kinetics in the previous 

approaches (Figure 39B). 

 

Figure 39 Modification of Ub3C (K6C N25C D58C) and (K6C D32C D58C) with and without additional 

thiol reduction. 

(A) 50 µM of the respective Ub3C variant was incubated with 25 mM bromo phosphate linker 3 in 25 mM 

Tris-HCl, 1 mM TCEP pH 8 at 37 °C. Samples were drawn at the indicated time points after reaction start, 

ctrl: Ub3C untreated with linker 3, R: reaction, Ub3C incubated for the indicated time with linker 3. Both 

samples were supplemented with 100 mM F5M and incubated for 10 min at RT and subsequently analyzed 

by SDS PAGE followed by fluorescent readout at 520 nm and Coomassie Blue staining. (B) Modification 

of Ub3C (K6C N25C D58C) and (K6C D32C D58C) with bromo phosphate linker (3). 50 µM of the 

respective (pre-reduced) Ub3C variant was incubated with 25 mM linker in 25 mM Tris-HCl, 2 mM TCEP 

pH 8 at 37 °C. The sample was drawn 4h after reaction start, ctrl: Ub3C untreated with linker 3. 

Nevertheless, the two masses lighter than the product mass of 9059 Da were also 

observed after the incubation time of four hours, however no additional lysine 

modification was observed. The side reactions could not be assigned to incomplete 

modification of the three cysteine variants nor to possible hydrolysis of a phosphate 

group of the linker. In addition, as the side reactions could not be prevented by various 
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reaction conditions, a suitable purification method was developed in order to obtain the 

pure product.  

The reaction was first cleared from the excessive linker by several purification runs over 

HiTrap desalting columns while the buffer was simultaneously exchanged to 25 mM 

Tris-HCl pH 8.7. The pure Ub3P, modified at the three desired positions with the 

phosphate linker, was obtained by anion exchange chromatography267 (Figure 40A). 

The quantitative modification and purity of both Ub3P (K6C N25C D58C) and Ub33P 

(K6C D32C D58C) variants was confirmed by ESI-MS analysis, shown exemplary for 

Ub3P K6C D32C D58C in figure 40B (right). However, the purification reduced the yield 

drastically to 15-20 %.  

 

Figure 40 Purification and analysis of Ub3P. 

(A) Chromatogram of the anion exchange chromatography of Ub3P K6C D32C D58C with buffer A: 25 mM 

Tris-HCl pH 8.7, B: 25 mM Tris-HCl, 50 mM NaCl pH 6.5. (B) ESI-MS spectrum of the Ub3P K6C D32C 

D58C sample before (left) and after purification (right) with the correct calculated average mass of 9059.19 

Da. 

5.1.3 Conclusion 

Both approaches applied to generate site specifically phosphorylated ubiquitin provided 

the desired product in high purity. However, modification based on CuAAC was 
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laborious and time consuming. Modification based on thiol chemistry, which was 

investigated to scale up the reaction and lower the work expended, turned out to be 

problematic due to formation of side products. Most likely, traces of impurities (detected 

by NMR) present in the synthesized linker (3) caused the formation of side products. 

As the impurities could not be removed completely during purification of the linker (3), 

another synthesis strategy, allowing higher purity of the linker could prevent formation 

of side products. With an already clean product after modification of the Ub3C variants, 

further purification is not necessary, thereby increasing the yield drastically.  

The ubiquitin with three phosphate functions at defined positions, introduced by 

CuAAC, already showed unique effects in biomineralization of CaCO3
265. This 

demonstrated that Ub designer proteins pose a unique new generation of crystallization 

additives where the 3D arrangement of mineral-interacting functions can be designed 

at will, promising their future use for programmable, target-oriented mineralization 

control. With the two additional ubiquitin variants (K6C D32C D58C / K6C D25C D58C) 

modified with three phosphate functions at hand, also position dependent effects of the 

phosphate functionalities on biomineralization can be investigated. 
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 Site-specific ubiquitylation of histone H1.2 

Besides generation of linkage- and length-defined ubiquitin chains, CuAAC mediated 

ubiquitylation of substrate proteins has a wide range of applications such as 

investigation of cellular functions of ubiquitin modifications127,170,268. One of the most 

prominent examples for the regulatory effect of ubiquitylation is the modification of 

histones269,270. Mono-ubiquitylation of histone H2A and H2B has major consequences 

in transcription regulation as well as in DNA repair271. Here ubiquitylated histone H2A 

and H2B regulate the recruitment of DNA damage response factors to damaged 

chromatin271. For this reason, generation of site-specifically ubiquitylated histones not 

only by one ubiquitin moiety but also by ubiquitin polymers, could significantly improve 

the current understanding of the cellular consequences of histone ubiquitylation. 

5.2.1 Generation of H1.2-Ub2 and H1.2-Ub4 conjugates 

As a first step conditions for the site-specific modification of alkyne modified 

H1.2 K64Plk by Ub2 were investigated. The ubiquitin dimer, linked via K63 was purified 

by gelfree fractionation as described in the materials and methods section 2.2.2 from a 

mixture of Ub chains of various length. The purified Ub2 carried an alkyne functionality 

on the distal ubiquitin and an azide functionality on the proximal ubiquitin. The latter 

was used for linkage formation to the H1.2 K64Plk. In order to determine the best 

reaction efficiency, increasing SDS concentrations in the reaction were screened. In 

addition, by SDS PAGE analysis of the soluble fraction and the pellet after the reaction, 

optimal conditions with respect to protein solubility were determined. SDS 

concentrations of 0.2-0.3 mM showed the best yield of ubiquitylated H1.2, as well as 

good solubility of the H1.2-Ub2. In contrast, at a concentration of 0.5 mM SDS most of 

the protein was found in the pellet after the reaction.   

After determination of optimal reaction conditions, H1.2-Ub2 was purified by gelfree 

fractionation followed by protein refolding. As shown in figure 41A-C site-specifically 

ubiquitylated H1.2 was obtained in high purity and good solubility after refolding. 100-

200 µg of purified H1.2-Ub2 could be generated by one approach, which is sufficient for 

most biochemical assays. For generation of H1.2 modified with ubiquitin tetramers, the 

elaborated reaction conditions as described above did not result in the same efficient 

modification of H1.2 K64Plk. Also upon intensive screening of different conditions and 

employment of freshly prepared protein, the efficiency could not be increased. A 

possible explanation could be the impaired accessibility of the azide in the ubiquitin 

tetramer due to conformational constraints, which are not present in the Ub dimer. 
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However, H1.2-Ub4 was obtained in moderate yields as shown in figure 41D, which 

shows that site-specific modification of histones by ubiquitin polymers is feasible. 

 

Figure 41 Generation of polyubiquitylated histone H1.2. 

(A) SDS PAGE analysis of the modification of H1.2 K63Plk with K63-linked Ub2. 13 µM H1.2 K64Plk was 

reacted with 13 µM purified, K63-linked Ub2 in PBS pH 7.4 under increasing SDS concentrations. CuAAC 

was induced by addition of 3 mM Cu(I), together with addition of 6 mM THPTA. The reactions were 

incubated on ice for 1h. Soluble fraction and pellet were loaded separately. (B) Purification of H1.2-Ub2 by 

gelfree fractionation® using a 8 % Tris-Acetate cartridge. Fractions collected after defined time points were 

analyzed by SDS PAGE and respective samples were pooled. (C) Pooled fractions containing purified 

H1.2-Ub2 were refolded in 8 M Urea followed by analysis of soluble fraction and pellet. (D) Modification of 

H1.2 K64Plk with K63-linked Ub2 and Ub4. Reaction conditions were in analogy as indicated in A. 
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5.2.2 Conclusion 

Using alkyne modified histone and bifunctional, K63-linked Ub2 and Ub4, site-specific 

ubiquitylation of histone H1.2 mediated by CuAAC was achieved. Modification with Ub2 

was performed in good efficiency, with only small amounts of unmodified H1.2 K64Plk 

left after the reaction. Also the solubility of the purified H1.2-Ub2 was high, with only 

traces of precipitated protein left after refolding of the H1.2-Ub2 conjugate. 100-200 µg 

of purified H1.2-Ub2 was obtained by one approach. Also H1.2-Ub4 could be generated 

following this approach, however in lower yields, which may be due to impaired 

accessibility of the azide in the ubiquitin tetramer, due to conformational constraints. 

Nevertheless, the generated H1.2-Ub2/4 conjugates can be used in a wide range of 

biochemical assays, which could provide valuable information on the physiological 

functions of polyubiquitylation of histones.    
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 Summary  

Ubiquitylation, the modification of proteins by ubiquitin, is one of the most versatile post-

translational modifications in eukaryotic cells11,12,21,94,272. As ubiquitin also serves as its 

own substrate, proteins can be modified by numerous different ubiquitin chains, in 

which the individual moieties are linked via one or several of the seven lysine residues 

of ubiquitin11. Besides the most studied K48- and K63-linked ubiquitin chains, the 

functions of the so called atypical ubiquitin chains linked via K6, K11, K27, K29 or K33 

are only partly understood10,11,21. For this reason, identification of UBPs that selectively 

bind certain ubiquitin chain topologies is an important step towards a better functional 

understanding of ubiquitin chain signaling. With linkage-specific, DUB-resistant 

ubiquitin chains generated via CuAAC, the prerequisite for the study of ubiquitin chains 

in cell lysate has been laid112,114,169.  

In this work, a straightforward protocol for affinity enrichment assays using triazole 

linked ubiquitin chains as an affinity matrix, was established. As there is no general 

protocol for affinity enrichment assays, optimal assay conditions were elaborated with 

emphasis on wash and elution conditions. For immobilization of ubiquitin chains on 

streptavidin agarose, desthiobiotin was introduced by CuAAC at the distal ubiquitin 

moiety of the chain. This allowed mild and highly specific elution of immobilized 

ubiquitin chains and bound prey protein by competitional binding of biotin. After 

determination of optimal conditions, proof of principle experiments showed successful 

enrichment of known ubiquitin chain binders out of defined protein mixtures, as well as 

out of diluted whole cell lysate. Finally, preferential binding of hRad23a to K48-linked 

ubiquitin chains over K29-linked chains proved the suitability of the established 

approach for identification of linkage-selective UBPs.  

For the first time, the here established approach allows the identification of a large 

number of linkage-selective ubiquitin binding proteins (UBPs) in one assay. The power 

of our approach was shown by the identification of a large number of UBPs for the 

poorly studied linkage types K27, K29, and K33. Several of the identified binders were 

found to interact with more than one linkage type, however, a large number of proteins 

only showed specific interaction with one of the three linkage types. Most importantly, 

several of the linkage-selective binders were confirmed by Western Blot analysis and 

competition studies with native, isopeptide linked ubiquitin chains. The latter not only 

proved the linkage-selective binding of the identified UBPs, but also showed the native 

like behavior of the triazole linked ubiquitin chains on a structural and functional level. 

Identification of K48 linkage-specific UBPs was not successful, which may be due to 
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conformational characteristics caused by the desthiobiotin linker or the triazole linkage 

at position K48.  

With the data showing a clear effect of the linkage type on the binding of UBPs, ubiquitin 

chain length as a criterion for selective ubiquitin chain recognition was also 

investigated. Therefore, several approaches to generate linkage-specific ubiquitin 

chains of defined length were investigated. Gelfree fractionation showed the highest 

resolution, allowing purification of Ub2, Ub4 samples in high purity and a Ub6+ fraction, 

consisting of ubiquitin hexamers and longer polymers. Affinity enrichment assays with 

these length-defined ubiquitin polymers showed clear length-dependent binding of 

many proteins, in addition to their linkage-selective binding. Next to preferential binding 

to ubiquitin chains of short (Ub2) and intermediate length (Ub4), the largest part of the 

significant binders was found to interact selectively with long ubiquitin chains (Ub6+). 

Again, the length-specific interaction of several UBPs was confirmed by Western Blot 

analysis proving the robustness of the established approach. However, competition 

experiments were only partly conclusive, most likely due to inhomogeneous native 

ubiquitin chain samples with respect to linkage types. 

For the first time, this study clearly indicates that both, linkage type and the length of a 

ubiquitin chain have a major impact on its ability to be selectively recognized by UBPs. 

In addition, in combination with the vast variety of ubiquitin chain topologies accessible 

by CuAAC, the here established approach provides a valuable and versatile tool to 

unravel the complex mechanisms of ubiquitin signalling. 

In addition, the generation of site-specifically modified histone H1.2 with ubiquitin 

dimers and tetramers has been established, as well as the site-specific modification of 

ubiquitin with phosphate carrying linker molecules. In this respect, three ubiquitin 

variants were generated each of which was modified by three phosphate groups. The 

modification with a small molecule carrying a phosphate was accomplished either by 

CuAAC or based on thiol chemistry, depending on the small molecule. Combinations 

of modifications at K6, N25, D32 or D58 were used. These site-specifically 

phosphorylated ubiquitin variants have been used to study the effect of “designer 

proteins on directed biomineralization of CaCO3..
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 Perspective 

Further experiments could include enrichment studies with lysate harvested after 

certain stimuli, which could provide further insight into cellular functions of the 

investigated chain types, since some of these chains are known to be upregulated upon 

different stimuli. First studies in this direction already showed effects in enrichment 

patterns for example after DNA damage206. Additional stress conditions to be 

investigated are, for instance, oxidative stress, ER stress or mitochondrial stress. In 

addition, cell type and tissue dependent investigation of chain type specific enrichment 

patterns could also provide valuable insights in linkage- and length-dependent Ub chain 

signaling. Furthermore, besides the already investigated homogenous ubiquitin chains, 

branched or mixed ubiquitin chains, which are even less understood, present an 

interesting target for further studies. Both topologies are accessible by CuAAC273 and 

hence can be applied as an affinity matrix in enrichment assays in order to identify 

specific UBPs.  

Following these lines, ubiquitin chains modified by acetylation, phosphorylation, 

phosphoribosylation or SUMOylation also could be investigated. The crosstalk of the 

various posttranslational modifications is still very poorly understood274. The 

identification of proteins interacting selectively with specifically acetylated and 

phosphorylated ubiquitin chains could provide important functional insights into these 

ubiquitin chain modifications. In Parkin mediated ubiquitylation of mitochondrial 

proteins, phosphorylation of K6-linked ubiquitin chains has already been connected to 

the regulation of mitophagy95,275. Therefore, phosphorylation of ubiquitin chains most 

likely plays an important role in other cellular pathways as well.  

Furthermore, with the large number of identified UBPs interacting selectively with a 

certain ubiquitin topology, it may be possible to elaborate a general model of how 

topology is selectively recognized. As a first step in this direction, a high resolution X-

ray structure of a length-selective UBP, together with the respective ubiquitin chain 

could reveal first insights into how long ubiquitin chains are recognized. Up to now, no 

structures of ubiquitin chain binders in combination with polymers longer than trimers 

are available14, which explains the limited understanding of chain length recognition on 

a mechanistic and functional level.  

Furthermore, the gathered information on topology specific UBPs can be used to 

develop new tools, in order to further study the mechanisms of ubiquitin signaling. 

Ubiquitin binding domains that exhibit the recognition of specific ubiquitin chain 
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topologies, can be isolated and used to generate topology specific ubiquitin binding 

proteins (Ub-BP), in analogy to the widely used TUBEs. These Ub-BPs would be 

valuable tools for sensing substrates modified with a certain topology. In addition, these 

Ub-BPs could be used to study linkage-specific functions of ubiquitin chains in-cellulo. 

Bimolecular fluorescence complementation (BiFC) is based on the reconstitution of 

fluorescence of two non-fluorescent fragments of a normally fluorescent protein, which are 

fused to Ub-BPs276. Upon Ub chain binding, fluorescence is reconstituted due to close 

proximity of the non-fluorescent fragments. This approach can be used to monitor linkage-

specific ubiquitylation in vitro, in fixed and living cells277. Upon expression of these Ub-

BPs in cells, linkage-specific functions could be impeded. However, this inhibitory effect 

could be used to study the contribution of linkage-specific ubiquitin chains to certain 

cellular processes. Therefore, specific Ub-BPs could be valuable tools to unravel 

cellular functions, the location and the dynamics of linkage-defined ubiquitylation of 

proteins. 

Furthermore, with the large number of identified linkage-specific ubiquitin binding 

proteins, it would be highly interesting to study one or several of them in more detail. 

In-depth biochemical studies of for example PLAA, which was identified here as a K27-

linkage-selective interactor, is a promising candidate. The yeast ortholog of PLAA 

(Ufd3/Doa1) interacts with Cdc48 (mammalian p97/VCP), an ATPase involved in 

several ubiquitin-dependent pathways225-231. Detailed information on the potential 

function of K27-linked ubiquitin chains in these pathways would be a huge step toward 

a better functional understanding of this still enigmatic chain type.  
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 Zusammenfassung  

Ubiquitylierung bezeichnet die posttranslationale Modifizierung von Proteinen mit 

Ubiquitin und ist eine der häufigsten und vielfältigsten Modifizierungen von Proteinen 

in eukaryotischen Zellen11,12,21,94,272. Ubiquitin selbst kann ebenfalls als Substrat dienen, 

woraus eine Vielzahl verschiedener Ubiquitinketten resultiert, die über ein oder 

mehrere der sieben Lysine in der Ubiquitinsequenz verknüpft sind. Neben den gut 

untersuchten K48- und K63-verknüpften Ketten sind vor allem die Funktionen der 

„atypischen Ketten“, verknüpft über K6, K11, K27 K29 und K33, bisher noch wenig 

verstanden10,11,21. Für ein besseres funktionelles Verständnis der verschiedenen 

Ubiquitintopologien kann die Identifizierung von UBPs sorgen, die diese Topologien 

spezifisch erkennen. Der Grundstein für zellbasierte Untersuchung von Ubiquitinketten 

wurde mit der Entwicklung proteolytisch stabiler, triazol verknüpfter Ubiquitinketten 

gelegt112,114,169.  

In dieser Arbeit wurde die affinitätsbasierte Anreicherung von Proteinen, die an triazol 

verknüpften Ubiquitinketten binden, etabliert. Da hierfür kein generelles Protokoll 

angewendet werden kann, wurden zuerst optimale Wasch- und Elutionsbedingungen 

bestimmt. Um die Ubiquitinketten auf Streptavidin Agarose zu immobilisieren, wurde 

die distale Ubiquitineinheit der Kette mit Desthiobiotin modifiziert. Dies wurde 

begleitend mit der Kettenpolymerisierung über CuAAC erreicht. Die 

Desthiobiotinmodifizierung erlaubte eine milde, als auch hoch spezifische Elution der 

immobilisierten Ketten und den daran gebundenen Proteinen. Anhand der Isolierung 

bekannter Interaktionspartner aus definierten Proteinmischungen, als auch aus 

verdünntem Zellysat, konnte die zuverlässige Anwendbarkeit des entwickelten 

Protokolls gezeigt werden. Letztlich zeigte die selektive Bindung von hRad23a an K48 

verknüpfte Ketten gegenüber K29 verknüpfte Ketten das Potential des Ansatzes zur 

Isolierung verknüpfungsspezifischer UBPs.  

Der hier etablierte Ansatz erlaubt erstmals die Identifizierung einer großen Zahl 

verknüpfungsspezifischer UBPs in einem Experiment. In diesem Zusammenhang 

wurden UBPs identifiziert, die selektiv an die wenig untersuchten K27, K29 und K33 

verknüpften Ketten binden. Einige dieser Interaktionspartner wiesen Affinität zu 

verschiedenen Verknüpfungen auf, eine große Zahl hingegen zeigte spezifische 

Bindung zu einer der drei Verknüpfungen. Einige dieser spezifischen Interaktionen 

wurden über Western Blot Analyse und zusätzlich durch Kompetitionsstudien mit 

nativen, isopeptid verknüpften Ketten, bestätigt. Dadurch wurde nicht nur die selektive 

Interaktion bestätigt, sondern auch die große Ähnlichkeit der nativen und triazol 
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verknüpften Ketten in Bezug auf Struktur und Funktion. Es konnten jedoch keine 

spezifischen UBPs für K48 verknüpfte Ketten identifiziert werden. Dies könnte an 

negativen Einflüssen der Triazolbindung und des Desthiobiotinlinkers an Position K48 

auf die Ubiquitinkonformation liegen.  

Da die Daten einen klaren Effekt der verschiedenen Verknüpfungen auf das 

Bindungsverhalten der UBPs zeigten, war es naheliegend, ebenso den Einfluss von 

der Kettenlänge auf die spezifische Erkennung zu untersuchen. Gelfree fractionation 

erwies sich als die einzige Methode zur Trennung der Ubiquitinpolymere mit 

ausreichender Auflösung. Hiermit konnte Ub2, Ub4, in großer Reinheit isoliert werden, 

während Polymere länger als Ubiquitin Pentamere als Mischung erhalten wurden. 

Letztere wurden zur Isolierung von Proteinen herangezogen, die präferiert an lange 

Ubiquitinketten binden. Interaktionsstudien mit Ubiquitinpolymeren von definierter 

Länge, verknüpft über K27, K29, K33 und K63, zeigten ein klares, längenspezifisches 

Bindungsverhalten zahlreicher Proteine. In diesem Zusammenhang wies der größte 

Teil der signifikanten Interaktionspartner eine präferierte Bindung zu langen Ketten auf. 

Es wurden jedoch auch Proteine identifiziert, die selektiv an kurze, sowie Ketten 

mittlerer Länge gebunden haben. Einige dieser längenspezifischen Interaktionen 

wurden erfolgreich über Western Blot Analyse verifiziert, was die Robustheit des 

entwickelten Ansatzes unterstützt. Jedoch zeigten Kompetitionsstudien mit nativen 

Ubiquitin Ketten kein eindeutiges Ergebnis, was wahrscheinlich auf die Inhomogenität 

der nativen Ubiquitinproben in Bezug auf die Verknüpfungen zurückzuführen ist. 

Mit der vorliegenden Arbeit konnte erstmals gezeigt werden, dass sowohl der 

Verknüpfungstyp als auch die Länge von Ubiquitinketten einen signifikanten Einfluss 

auf das spezifische Bindungsverhalten von UBPs hat. In Zusammenhang mit der 

großen Vielfalt der verschiedenen Topologien von Ubiquitinketten, stellt der entwickelte 

Ansatz ein wertvolles und universelles Werkzeug zur Aufklärung des komplexen 

Ubiquitin Signalsystems dar. 

Des Weiteren wurden in dieser Arbeit zwei Methoden entwickelt, die die 

positionsspezifische Funktionalisierung von Histon H1.2 mit Ubiquitin Dimer und 

Tetramer, sowie die Modifizierung von Ubiquitin mit Phosphatlinkern, erlaubt. In diesem 

Zusammenhang wurden drei Ubiquitinvarianten hergestellt, die jeweils mit drei 

Phosphatgruppen an unterschiedlichen Positionen modifiziert waren. Es wurden 

Kombinationen von Modifikationen an K6, N25, D32, oder D58 verwendet. Die 

Modifizierung mit einem Linkermolekül, das eine Phosphatgruppe trug, wurde entweder 

durch CuAAC oder basierend auf Thiolchemie erreicht. Dementsprechend wurden zwei 
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verschiedene Linkermoleküle verwendet. Diese spezifisch phosphorylierten 

Ubiquitinvarianten werden in weiteren Studien zur Untersuchung möglicher Effekte von 

„designer“ Proteinen in Biomineralisation von CaCO3 verwendet.
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 Materials and methods 

 Materials: 

 Media 

Media1 Compound Final concentration 

NMM  (NH4)2SO4 7.5 mM 

New Minimal Medium NaCl 8.5 mM 

 KH2PO4 55 mM 

 K2HPO4 100 mM 

 MgCl*6 H2O 1 mM 

 CaCl2 1 mg/ml 

 FeSO4*6 H2O 1 mg/ml 

 CuSO4 1 mg/ml 

 MnCl2*4 H2O 1 mg/ml 

 ZnCl2 1 mg/ml 

 Na2MoO4 1 mg/ml 

 Glc 20 mM 

 Amino acids (-Met) 50 mg/ml 

 Thiamin 10 mg/ml 

 Biotin 10 mg/ml 

LB Medium LB-Medium 20 % (w/v) 

DMEM 1x + FCS (fetal 

calf serum) 

DMEM 

FCS 

 

10 % (v/v) 

SOC Bacto trypton 2 % (w/v) 

 Bacto yeast extract 0.5 % (w/v) 

 NaCl 10 mM 

 KCl 2.5 mM 

 MgCl2 10 mM 

 MgSO4 10 mM 

                                                
1 Components were added into a graduated beaker and the volume was adjusted by adding 

distilled water. Carbenicillin and chloramphenicol were added 1:1000 before the media was 

sterile-filtered and stored at 4 °C until further usage. 
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 glucose 20 mM 

 Buffers 

SDS PAGE Component 

SDS loading dye 6x 10 % (v/v) glycerol 

 2 % (w/v) SDS 

 50 mM Tris, pH 6.8 

 0.05 % (w/v) bromphenol blue 

 1 % (v/v) β- mercaptoethanol 

Stacking gel pH 6.8 125 mM Tris-HCl  

 5% (w/v) Acrylamide 30 %, 0.8 % bisacrylamide,  

 0.1 % (w/v) SDS 

 0.1% (w/v) APS 

 0.05 % (v/v) TMED 

 0.05 % (w/v) bromphenolblue 

Resolving gel pH 8.8 375 mM Tris-HCl  

 15 % (w/v) Acrylamide 30 %, 0.8 % 

bisacrylamide,  

 0.1 % (w/v) SDS 

 0.1% (w/v) APS 

 0.05 % (v/v) TMED 

SDS running buffer 10x 2 M glycine 

 250 mM Tris-HCl 

 1 % (w/v) SDS 

Coomassie Blue 20 % (v/v) acidic acid 

 1 % (v/v) Brilliant Blue R250 

 79 % (v/v) H2O 

Destaining Solution 10 (v/v) acidic acid 

 50 % (v/v) MeOH 

 40 % (v/v) H2O 

 

  



Chapter VII: Materials and methods 

86 
 

Western Blot Component 

Transfer buffer 20x  0.5 M Tris-HCl 

 2 M glycine 

 Acidic acid to adjust pH 8.3 

TNE 20x  0.2 M Tris HCl pH 7.6 

 50 mM EDTA 

 1 M NaCl 

TNE-T 1x TNE buffer  

 0.1 % Tween 20 

 

Affinity enrichment Component 

High Salt wash buffer 25 mM Tris-HCl, pH 7.5 

 500 mM NaCl 

 1 % NP-40 

HEK 293T lysis buffer/wash buffer 25 mM Tris-HCl pH 7.5 

 150 mM NaCl 

 1 mM DTT 

 1 mM EDTA 

 0.1 M Pefabloc® 

 1 µg/mL Aprotinin/Leupeptin 

 1 % NP40 

 5 % glycerol 

 

Agarose gel electrophoresis Component 

TAE electrophoresis buffer 50x 2 M Tris-HCl 

 50 mM EDTA 

 Acidic acid to adjust pH 8.3 

Agarose gel 0.8 % (w/v) agarose in 1x TAE-electrophoresis 

buffer 

 0.5 µg/ml% ethidium bromide 
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 Enzymes and proteins 

Enzyme/Protein Supplier 

BamHI-HF NEB 

EcoRI-HF NEB 

BSA Roth 

Dpn I NEB 

NdeI NEB 

Pfu DNA ligase Thermo Fischer 

T4 DNA ligase NEB 

Trypsin Promega 

Ubiquitin Sigma 

UCHL3 Katrin Stuber, (Scheffner group) 

 Chemicals 

Substance Supplier 

Amino Acids Sigma 

Ammoniumhydrogen Carbonate Fluka 

Acidic acid, 100% Merck 

Acrylamide 30 % (v/v), bisacrylamide 0.8 % 

(v/v) 

Roth 

Aprotinin/Leupeptin Sigma 

APS, 10% (w/v) Merck 

Azide PEG3-Desthiobiotin Jena Bioscience 

Biotin TCI 

CaCl2 Merck 

Chloroacetamide Sigma 

DTT Roth 

EDTA Roth 

ET2O Roth 

Glucose Sigma 

Glycerol VWR 

HCl, 37 % Roth 

HEPES Roth 

Imidazole Fluka 
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Iodoacetamide Sigma 

Isopropyl alcohol VWR 

Isopropyl-β-D-thiogalactopyranosid (IPTG) Roth 

K2HPO4 Sigma 

L-Azidohomoalanine Iris Biotech GmbH 

MeCN VWR 

MgCl2 Merck 

MgSO4 Merck 

MnCl2*4H2O AcrosOrganics 

Na2MoO4 abcr 

NaCl Roth 

NaOH Merck 

NP40 Fluka 

Pefablock® Sigma 

Propargyl phosphate Sigma 

SDS Roth 

TEMED Roth 

Tetrakis(acetonitrile)copper(I)tetrafluoroborate Sigma 

TFA Merck 

THPTA Sigma 

Trisma-Base Sigma 

Tris(2-carboxyethyl)phosphine (TCEP) Roth 

Tween 20 Roth 

 Kits and Standards 

Kit/Standard Supplier 

QIAquick Gel extraction Kit Qiagen 

Pierce BCA-Protein Assay Kit Thermo Scientific 

GeneRulerTM DNA Ladder Mix Thermo Scientific 

PageRulerTM Prestained Protein Ladder Thermo Scientific 

PageRulerTM Unstained Protein Ladder Thermo Scientific 

CloneJet PCR Cloning Kit  Thermo Scientific 

Q5® Site-Directed-Mutagenesis Kit NEB 

QIAprep Spin Miniprep Kit Qiagen 
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 Disposables 

Disposable Supplier 

96 well plates, transparent, flat bottom  Greiner 

Cuvettes Roth 

Falcon tubes, 15ml, 50 ml Roth 

Frit, 20 µM Isolute® Soe Accessories 

Glutathione Sepharose 4 fast flow GE Healthcare 

Petri dishes Roth 

Reaction tubes 1.5 ml, 2 ml Starlab 

Reaction tubes, 0.5 ml Starlab 

Slide-A-Lyzer Dialysis Cassettes Thermo Fischer 

Snake skin tube, 3.500 cut off Roth 

Sterile filtration filters Merck Milipore 

Syringe filters QualiLab 

Syringes Henke Sass Wolf, Braun 

Tips, U-C18, 0.2 µl bed volume  Merck 

 Laboratory equipment 

Device Supplier 

ÄKTA pure 25 GE 

Amersham Imager 600 GE 

CD Spectrometer Jasco J-815 JASCO 

Centrifuge Thermo Fischer Lynx 4000 

Centrifuge Haraeus, Multifuge 4 KR 

Centrifuge Biofuge Promo R, Heraeus 

Column (Anion Exchange) Mono Q 5/50 GL, GE 

Column (Cation Exchange) HiTrap SP HP 1ml / 5 ml 

Column (Cation Exchange) Mono S 5/50 GL, GE 

Column (SEC) HiLoad 16/600 Superdex 75, GE 

Column (SEC) Superdex 75 10/300 GL, GE 

Column (SEC) Superdex 75 Increase 10/300 GL, GE 

Desalting column HiTrap Desalting 5 ml, GE 

Fractionation cartridge 10% Tris-Acetate Cartridge Kit, 

Expedeon 
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Freeze dryer Heraeus, Lyovac GT2 

Gel elecotrophoresis apparatus BioRad 

Gelfree fractionation® GELFrEE 8100 Fractionation station, 

Expedeon 

Incubator New Brunswick Scientific 

Mass spectrometer Bruker micrOTOF focus 2 

NanoDrop 1000 PeqLab 

PCR-thermocycler Biometra 

pH meter Mettler Toledo, InLab Expert Pro 

Photometer Eppendorf 

Pipet-Boy Eppendorf 

Pipettes Eppendorf 

Power supply Power Pac 3000 BioRad 

SDS PAGE racks BioRad 

Sonication, Sonoplus Bandelin 

Speed vac Concentrator 5301, Eppendorf 

Sterile bench HERA safe 

Table top centrifuges Eppendorf 5417C, 5804R 

Thermoblock GRANT 

Thermomixer Eppendorf 

 Antibodies 

Antigen Supplier, order number 

AIF  (ab32516, abcam) 

Anti-mouse IgG/HRP Dianova 

Anti-rabbit IgG/HRP Dianova 

Phospholipase A2 activator protein  (ab133589, abcam) 

RanBP9  (ab140627, abcam) 

RhoA  (ab54835, abcam) 

RNF123  (sc-101122), Santa Cruz Biotechnology) 

Strep Tactin® Ap conjugate (2-1503-001, IBA) 

TOM1  (ab77649, abcam) 

UBAC1/KPC2  (ab151317, abcam) 

USP13  (ab109264, abcam) 

USP15  (ab71713, abcam) 
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USP15 (ab71713, abcam) 

WHIP  (ab99316, abcam) 

ZRNB1  (ab103417, abcam) 

 Methods 

 Methods for bacterial cell culture, protein modification and purification 

2.1.1 Expression of Ub K48C  

E. coli BL21 (DE3) transformed with pet3a-UbK48C was cultured in LB media 

supplemented with 100 mg/L carbenicillin at 37 °C at 200 rpm until the culture reached 

an OD600 = 0.7. Then gene expression was induced by addition of 1 mM IPTG. The 

culture was incubated for 6 h at 37 °C under shaking at 200 rpm before the cells were 

harvested by centrifugation at 4560 g at 4 °C. The pellet was resuspended in 50 mM 

NaOAc buffer pH 4.5 supplemented with Pefablock® 0.1 M, Aprotinin/Leupeptin 1 

µg/ml and 1 mM DTT. Cells were lysed by sonication and the lysate was cleared by 

centrifugation at 21000 g, for 30 min at 4 °C. Subsequently the protein was loaded on 

a HiTrap SP HP 1ml column (GE) and purified using a linear gradient: 0-100% B in 25 

cv, (A: 25 mM NaOAc pH 4.4, B 25 mM NaOAc pH 4.4, 1M NaCl)  

2.1.2 Expression of Ub KxC G75Aha 

The nucleotide sequence of human Ub G75M lacking the initial ATG codon, was 

synthesized and codon optimized for expression in E. coli by GeneArt. The gene was 

cloned into the pGEX2TK vector (Thrombin site was mutated to a TEV cleavage site) 

using BamHI and EcoRI which resulted in a GST-Ub fusion construct. Site directed 

mutagenesis was used to mutate a selected lysine residue at position x to cysteine (x 

= 6, 11, 27, 29, 33, 48, 63)(constructs were kindly provided by Zhao186). For 

recombinant expression Met auxotrophic E. coli B834 were transformed with the 

respective plasmid and expression was performed in new minimal medium (NMM). 

Therefore an overnight culture in LB media with 1 mg/L carbenicillin was used to 

inoculate a 1L culture of NMM supplemented with 100 mg/L carbenicillin and 0.04 mM 

methionine. The culture was incubated at 37 °C and shaking at 200 rpm for 6 h until 

the cells reached the stationary phase. Cells were pelleted by centrifugation and 

resuspended subsequently in fresh NMM supplemented with 0.5 mM Aha and 100 

mg/L carbenicillin. After incubation at 37°C and 200 rpm for 30 min, gene expression 

was induced by addition of 1 mM IPTG and the culture was further incubated at 25 °C 
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o/n. After harvesting the cells by centrifugation the pellet was resuspended in lysis 

buffer (1 % (v/v) Triton X-100 in PBS, pH 7.4) and the cells were lysed by sonication. 

The lysate was cleared by centrifugation at 21000 g, 30 min 4 °C and 2 ml GSH beads 

were added to the supernatant, which was then incubated for 5 h on a roller at 4 °C. 

Beads were washed 2 times with PBS pH 7.4 before they were incubated with 500 µl 

PBS supplemented with 0.33 mg TEV protease o/N at RT to cleave the GST fusion 

product. The beads were washed with 10x200 µl aliquots of PBS pH 7.4 whereas the 

supernatant contained the purified UbKxC G75Aha. Purity was then assessed by SDS 

Page gel analysis followed by Coomassie Blue staining. The concentration was 

determined by BCA assay. 

2.1.3 Removal of the GST-tag by TEV protease cleavage 

The thrombin cleavage site on the pGEX2TK vector was mutated to a TEV protease 

cleavage site using the Q5® Site-Directed Mutagenesis Kit. The used primer are listed 

below (2.3.11). 

2.1.4 Modification of UbKxC G75Aha with propargyl acrylate (PA) 

20 µM of Aha75CxUb were incubated with 100 eq. propargyl acrylate (PA) in 25 mM 

Tris-HCl (pH 8.0)/MeCN= 9:1 at 37 °C under shaking at 180 rpm for 2 h. 20 µL of 

reaction mixtures were withdrawn and reacted with 25 eq. fluorescein-5-maleimide 

(F5M) in the dark at RT for 20 min. As control, the same amount of PA-untreated 

Aha75CxUb was incubated with F5M under the same conditions. All the samples were 

resolved by SDS-PAGE and visualized under UV-light. The same gel was subsequently 

stained by Coomassie Blue. 

To remove excess PA, reaction mixtures were transferred to dialysis tubes (3500 

MWCO) and dialyzed sequentially against 25 mM Tris-HCl (pH 7.5)/MeOH= 4:1, and 

25 mM Tris-HCl (pH 7.5). Final purification was performed by gelfiltration in 25 mM Tris-

HCl pH 7.5, 300 mM NaCl using a HiLoad S75 16/600 column (GE). 

2.1.5 Expression and purification of Ub3C (N25C D32C D58C)  

The of Ub (N25C D32C D58C) gene was codon optimized by IDT and cloned 

downstream of the GST and thrombin cleavage site into the pGEX2TK vector by 

BamH1 and EcoR1 double digest followed by T4 ligation. E. coli BL21-DE3 were 

transformed with this construct in order to enable recombinant expression of the fusion 

protein. Upon cell lysis in 1 % (v/v) Triton X-100 in PBS, pH 7.4, 1 mM TCEP the GST-
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fusion protein was purified by gravity chromatography over GSH-agarose, followed by 

stringent washing. Removal of the affinity tag was achieved by thrombin cleavage 

(20 U/1 l expression culture) over night at RT, followed by elution of the purified protein 

in 25 mM Tris-HCl pH 7.5, 1m TCEP. All elution fractions, were pooled and 

concentrated using centrifugal filters (MWCO: 3.5 kDa) before final purification by 

gelfiltration in 25 mM Tris-HCl pH 7.5, 300 mM NaCl,1 mM TCEP, using a HiLoad S75 

16/600 column (GE). The calculated mass of the purified product (8256.71 Da) was 

confirmed by ESI-MS. 

2.1.6 Expression and purification of Ub3C (K6C N25C/D32C D58C) 

Expression and purification were performed in analogy to a protocol established by 

Katrin Stuber (AG Scheffner) 

The gene of Ub (K6C N25C D58C or K6C D32C D58C), which was ordered codon 

optimized from IDT, was cloned into the pet21a vector by Nde I / EcoR I double digest 

and T4 DNA ligase (NEB) ligation.  

E. coli BL21 (DE3) transformed with pET21a Ub was cultured in LB medium containing 

100 mg/L carbenicillin at 37 °C overnight. The pre-culture was diluted with fresh LB 

medium supplemented with 100 mg/L carbenicillin to an OD600 value of 0.1. Cells were 

grown at 37 °C until they reached an OD600 of 0.7 before gene expression was induced 

by addition of 1 mM IPTG. Cells were further incubated for 5-6 h at 37 °C before cells 

were harvested by centrifugation and stored at -20 °C. Pellets were resuspended in 

lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 30 mM imidazole, Triton X-100 1% 

(v/v)) and were subsequently sonicated. The lysate was cleared by centrifugation 

followed by IMAC purification using a HisTrap HP 5 ml column (Figure 42A)(buffer A:  

50 mM Tris-HCl pH 7.5, 150 mM NaCl, 30 mM imidazole, buffer B: 50 mM Tris-HCl pH 

7.5, 150 mM NaCl, 500 mM imidazole, Elution: Step to 45% buffer B for 5 cv, step to 

100 % buffer B 3 cv. Purified fractions containing the respective Ub-His variant were 

supplemented with 75 µg/ml UCHL3 and incubated for 2 h at RT to allow quantitative 

cleavage of the C-terminal His tag before samples were diluted to 25 mM NaOAc 25 

mM pH 4.4. Subsequently samples were purified by cation exchange chromatography 

using a HiTrap SP HP column 5ml (Figure 42B) (buffer A: 25 mM NaOAc pH 4.4, buffer 

B: 25mM NaOAc pH 4.4, 1M NaCl) using a linear gradient 0-100 % buffer B in 36 cv. 

Purified samples were analyzed by SDS-PAGE followed by Coomassie Blue staining. 

Respective samples were pooled and dialyzed to 50 mM Tris-HCl, 25 mM NaCl pH 7.5, 

The concentration was measured by BCA protein assay (ThermoFisher). The purity of 
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the respective Ub variants was confirmed by ESI-MS analysis. Ub K6C N25C D58C; 

calculated average mass: 8516.70 Da, detected average mass: 8516.59 Da; Ub K6C 

D32C D58C; calculated average mass: 8515.80 Da, detected average mass: 8515.89 

Da. 

 

Figure 42 Expression and purification of Ub3C variants (K6C N25C/D32C D58C).  

(A) IMAC purification, chromatogram and SDS PAGE analysis, shown exemplary for Ub K6C N25C D58C. 

BI: before inductions, AI: after induction, P: pellet after cell lysis and centrifugation, S: supernatant after 

cell lysis and centrifugation, 3-13 selected elution fractions. (B) Cation chromatography of Ub K6C N25C 

D58C chromatogram and SDS PAGE analysis; IP: input, Ft: flowthrough, 9-22: selected elution fractions. 

(C) ESI-MS analysis of purified Ub (K6C N25C D58C): calculated average mass: 8516.70 Da, detected 

average mass: 8516.59 Da, and Ub (K6C D32C D58C): calculated average mass: 8515.80 Da, detected 

average mass: 8515.89 Da. 
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2.1.7 Modification of Ub3Aha with propargyl-phosphate linker 

Generation of phosphate modified Ub was performed by CuAAC in 20 mM Tris-HCl 

(pH 8) supplemented with 0.5 mM SDS under argon atmosphere. Ub N25Aha D32Aha 

D58Aha (45 µM) was mixed with 100-fold excess of propargyl phosphate (4.5 mM) and 

6 mM THPTA before the reaction mixture was flushed with argon. The reaction was 

initiated by adding 3 mM Cu(MeCN)4BF4 and the reaction mixture was flushed with 

argon again. After incubation on ice for 3 h, the reaction was quenched with 15 mM 

EDTA and dialyzed at 4 °C overnight 25 mM HEPES buffer (pH 7.5). Analysis of the 

reaction was performed via MS measurement. 

2.1.8 Modification of Ub3C with Br-phosphate linker 

50 µM of the respective Ub variant was incubated with 50 eq. Br-phosphate linker in 25 

mM Tris-HCl pH 8.0, 2 mM TCEP at 37 °C at shaking for 4 h. 20 µL of reaction mixtures 

was withdrawn and reacted with 25 eq. fluorescein-5-maleimide (F5M) in the dark at 

RT for 20 min. As control, the same amount of linker untreated Ub was incubated with 

F5M under the same conditions. All the samples were resolved by SDS-PAGE and 

visualized under UV-light. The same gel was subsequently stained by Coomassie Blue. 

To remove excess linker, the reaction mixture was desalted in 25 mM Tris-HCl (pH 8.7) 

using 5ml Hi Trap desalting columns (GE). Subsequently the Ub3P was separated from 

side products by anion exchange chromatography using a MonoQ 5/50 GL column 

(GE) (Buffer A: 25 mM Tris-HCl pH 8.7, Buffer B: 25 mM Tris-HCl, 50 mM NaCl pH 7.5), 

linear gradient: 0-100 % B over 60 cv. Pure Fractions were concentrated using Amicon 

centrifugal units with 10 kDa molecular weight cut-off, simultaneously the buffer was 

exchanged to 5 mM HEPES pH 7.5. Afterwards the concentration was assessed by 

BCA assay and purity was analyzed by SDS-PAGE analysis followed by Coomassie 

Blue staining. 

2.1.9 Expression of HR23a-TUBES 

The plasmid pGEX-6-P1 containing the hR23a-TUBES gene was kindly provided by 

the Scheffner group and was transformed into E. coli BL21 (DE3). For recombinant 

expression cells were cultured in LB medium containing 1 mg/L carbenicilin to an OD600 

= 0.7 at 37 °C at 200 rpm. Then gene expression was induced by the addition of 1 mM 

IPTG. Cells were further incubated at 37 °C for 6h at 200 rpm, followed by harvesting 

the cells by centrifugation at 4560 g at 4 °C. Afterwards the pellet was resuspended in 

lysis buffer (1 % (v/v) Triton X-100 in PBS, pH 7.4) and the cells were lysed by 

sonication. The lysate was cleared by centrifugation at 21000 g followed by addition of 
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GSH agarose to the supernatant, which was then incubated for 5 h on a roller at 4 °C. 

Beads were washed 2 times with PBS pH 7.4 before the GST-TUBES were eluted by 

20 mM GSH in 25 mM Tris-HCl pH 7.5. The pooled elution fractions were dialyzed to 

25 mM Tris-HCl pH 7.5. The purity was assessed by SDS Page analysis and 

Coomassie Blue staining. The concentration was determined by BCA assay.  

 Methods for Ub chain generation and affinity enrichment 

2.2.1 Generation of desthiobiotin-modified Ub chains 

Generation of desthiobiotin-modified Ub chains was performed by CuAAC in 25 mM 

Tris-HCl (pH 8) supplemented with 0.5 mM SDS under argon atmosphere. 

Aha75C27Ub-PA (120 µM) was mixed with 5 mM THPTA before the reaction mixture 

was flushed with argon. The reaction was initiated by adding 2.5 mM Cu(MeCN)4BF4. 

After 5 min, 2.5 mM azide-PEG3-desthiobiotin were added and the reaction mixture was 

flushed with argon. After incubation on ice for 1 h, the reaction was quenched with 15 

mM EDTA and dialyzed at 4 °C overnight against PBS pH 7.4 

2.2.2 Separation of Ub chains according to size  

Gelfree fractionation® was used to separate the different polymers. After 

polymerization by CuAAC the samples were desalted by dialysis to MilliQ at 4°C for 48 

h. Afterwards the samples were concentrated to a concentration of at least 4 mg/ml as 

only 112 µl sample can be loaded into the fractionation chamber. In order to increase 

the yield of purified polymers always three runs were performed in parallel, whereas 

the separation was performed according to the manufacturer’s instructions (expedeon). 

In brief, 0.4 mg of desalted polyUb was mixed with 30 µl acetate sample buffer (5x), 8 

µl 1 M DTT and MiliQ in order to adjust the sample volume to 150 µl. The sample was 

heated to 56 °C for several minutes before loading on the 10% Tris-Acetate Cartridge. 

During the separation run samples were taken at predefined time points according to 

the manufacturers protocol. Purity of samples was analyzed by SDS-PAGE followed 

by Coomassie Blue staining. 
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Table 1 Sample preparation for Gelfree fractionation 

Component Volume 

Sample Up to 112 µl 

Acetate Sample Buffer (5x) 30 µl 

1 mM DTT 8 µl 

Final volume (adjusted with H2O) 150 µl 

 

Fractions containing the desired Ub polymer length were first dialyzed 48 h to MiliQ in 

order to remove SDS before then the samples were supplemented with 8M Urea in 25 

mM Tris-HCl pH 7.5. Refolding of the protein was then accomplished by dialysis to 25 

mM Tris-HCl pH 7.5, 50 mM NaCl. Samples were concentrated using Amicon 

centrifugal units with 10 kDa molecular weight cut-off, before again the concentration 

was assessed by BCA assay and purity was analyzed by SDS-PAGE analysis followed 

by Coomassie Blue staining.  

2.2.3 Preparation of whole cell lysate of HEK 293T cells 

Cells were grown in in DMEM supplemented with 10% (v/v) FBS at 37 °C, 5% -vol CO2 

until they were confluent. To harvest the cells, they were centrifuged at 500 g for 10 

min. Cell pellets were washed with cold PBS, resuspended in cold lysis buffer (25 mM 

Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM DTT, 1 mM EDTA, 1 % NP40, 5 % glycerol, 

Pefablock® 0.1 M, Aprotinin/Leupeptin 1 µg/ml) and incubated on ice for 20 min. 

Lysates were centrifuged at 15,000 rpm for 20 min at 4 °C. Protein concentration of 

lysates was determined by BCA assay using BSA in lysis buffer as reference protein. 

2.2.4 Affinity enrichment assay with desthiobiotin labeled Ub chains 

High Capacity Streptavidin agarose was equilibrated in 1x PBS pH 7.4, beads were 

pelleted by centrifugation before the supernatant was removed. The beads were 

supplemented with desthibiotin modified Ub (1.3 µg / µl bead slurry) and incubated for 

3h at 4°C, 900 rpm to allow binding. Beads were washed 3 times with high salt wash 

buffer (25 mM Tris-HCl pH 7.5, 500 mM NaCl, 1 % NP40). Subsequently freshly 

prepared cell lysate (7 mg of protein) or purified prey protein was added before the 

beads were incubated again for 3 h at 4 °C at 900 rpm. The beads were pelleted by 

centrifugation and the supernatant was removed. Unspecific interactions were removed 

by 7 consecutive washing steps with ice cold lysis buffer (25 mM Tris-HCl pH 7.5, 150 

mM NaCl, 1 % NP40, 5 % glycerol, 1 mM DTT, 1 mM EDTA) after which the 
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desthiobiotin modified Ub and bound interaction partners were eluted with 0.8 mM 

biotin in 25 mM Tris-HCl pH 7.5. Elution was performed 3 times at 37 °C with fresh 

elution buffer for each step to allow quantitative recovery of bound Ub. Before further 

processing the 3 elution fractions were pooled and concentrated via SpeedVac.  

2.2.5 In gel digestion and preparation of MS samples 

Bands were excised and cut to small pieces before they were washed with MiliQ, 50 

mM NH4CO3 and 50 mM NH4CO3:MeCN (1:1, v/v), until gel pieces were colourless. 

The supernatant was removed and reduction was performed by addition of 10 mM DTT 

in 50 mM NH4CO3 at 56 °C for 1 h. After removal of the supernatant alkylation was 

performed at rt by addition of 50mM Chloroacetamide in 50 mM NH4CO3. Subsequently 

gel pieces were washed with 50 mM NH4CO3 and 50 mM NH4CO3:MeCN (1:1, v/v) 

before they were dried in pure MeCN. After drying the residual MeCN the gel pieces 

were supplemented with 10 ng/µl Trypsin in 50 mM NH4CO3. After swelling the pieces 

for 90 min on ice, the trypsin solution was removed and protein digestion was performed 

o/n at 37°C. Peptides were extracted by addition of MeCN (3 %, v/v) and TFA 0.1 % 

(v/v) in MilliQ which was supported by sonication.  

For the preparation of MS samples µ-C18 ZipTip® pipette tips were used directly in the 

extraction solution to desalt and concentrate the peptides. Elution fractions were then 

diluted with 0.1% FA in MilliQ to reduce the MeCN concentration to 5% (v/v). 

2.2.6 MS analysis: linkage defined Ub polymers 

Tryptic peptides were separated on an EASY-nLC 1000 (Thermo Scientific) system 

using a 31 min gradient from 5 % ACN, 0.1 % formic acid to 45 % ACN, 0.1 % formic 

acid followed by a washing step at 100 % ACN at a flow rate of 300 nl/min. Each of the 

4 independent biological replicates were shot as technical duplicates. Mass spectra 

were collected on an LTQ-Orbitrap Fusion Tribrid mass spectrometer (Thermo 

Scientific) operated in data dependent top-spedd mode with dynamic exclusion set at 

60 s and a total cycle time of 3 s. Full scan MS spectra were acquired in the Orbitrap 

at a resolution of 120000 (at m/z 200) with an automatic gain control ion target value of 

4e5 and a maximum injection time of 50 ms. Most intense precursors with charge states 

of 2-7 and intensities greater than 5e3 were selected for MS/MS experiments using CID 

with 35 % collision energy. Isolation was performed in the quadrupole with an automatic 

gain control ion target value of 2e3 and a maximum injection time of 300 ms. 
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2.2.7 MS analysis: linkage and length defined Ub polymers 

Tryptic peptides were separated on an EASY-nLC 1200 (Thermo Scientific) system at 

a flow rate of 300 nL/min using a 45 min gradient from 5 % ACN/0.1 % formic acid to 

35 % ACN/0.1 % formic acid and 5 min to 45 % ACN/0.1 % formic acid followed by a 

washing step at 80 % ACN. Mass spectra were recorded on a Q Exactive HF mass 

spectrometer (Thermo Scientific) operated in data dependent Top20 mode with 

dynamic exclusion set to 40 s. Full scan MS spectra were acquired at a resolution of 

120000 (at m/z 200) with an automatic gain control target value of 3e6 and a maximum 

injection time of 60 ms. Most intense precursors with charge states of 2-6 reaching a 

minimum automatic gain control target value of 2e3 were selected for MS/MS 

experiments. Normalized collision energy was set to 28. MS/MS spectra were collected 

at a resolution of 15000 (at m/z 200), an automatic gain control target value of 1e5 and 

100 ms maximum injection time. Each of the biological triplicates was measured in 

technical duplicate. 

2.2.8 Mass Spectrometry Data Analysis and Quantification (mixed chains) 

Raw files from LC-MS/MS measurements were analyzed using MaxQuant (version 

1.5.5.1) with the andromeda search engine [2, 3] with default settings and match 

between runs and label-free quantification (LFQ) (minimum ratio count 2) enabled. For 

protein identification, the human reference proteome downloaded from the UniProt 

database (download date: 2016-09-14) and an integrated database of common 

contaminants was used. Identified proteins were filtered for reverse hits and common 

contaminants at a false discovery rate of 1 %. 

Further data processing was performed using Perseus software (version 1.5.5.3) [4]. 

LFQ intensities were log2 transformed. The proteins were filtered to be detected in at 

least 6 replicates among 8 replicate experiments and missing values were imputed from 

a normal distribution (width = 0.3 and shift = 1.8), based on the assumption that these 

proteins were below the detection limit. Significantly enriched proteins were identified 

by t-test (FDR = 0.01, s0 = 2), comparing LFQ intensities of each experiment group 

(K27, K29, K33) with the mono Ub control group. The data was visualized in a volcano 

plot of log2 ratio change versus the negative logarithmized p-values. 
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2.2.9 Mass Spectrometry Data Analysis and Quantification (length separated 

chains) 

Raw files from LC-MS/MS measurements were analyzed using MaxQuant (version 

1.5.5.1) 220,249 with match between runs and label-free quantification (LFQ) (minimum 

ratio count 2) enabled. The minimal peptide length was set to 5. For protein 

identification, the human reference proteome downloaded from the UniProt database 

(download date: 2018-02-22) and the integrated database of common contaminants 

were used.  

Further data processing was performed using Perseus software (version 1.6.1.3)250. 

Identified proteins were filtered for reverse hits, common contaminants and proteins 

that were only identified by site. LFQ intensities were log2 transformed, filtered to be 

detected in at least 4 out of 6 replicates and missing values were imputed from a normal 

distribution (width = 0.3 and shift = 1.8), based on the assumption that these proteins 

were below the detection limit. Significantly enriched proteins were identified by an 

ANOVA test (FDR = 0.02, s0 = 2), averaged and normalized by Z-scoring. Finally, the 

enriched proteins were analyzed by hierarchical clustering (Euclidean distance) and 

plotted as heatmap. Proteins with a minimum Z-score of 0.5 are indicated as enriched 

in the respective sample (see suppl. Table 1). 

2.2.10 Generation of polyubiquitylated histone H1.2 

13 µM H1.2 K64Plk (kindly provided by Simon Geigges, Ag Marx) was reacted with 13 

µM, bifunctional K63-linked Ub2/Ub4 (which was purified by gelfree fractionation®, as 

described in 2.2.2) in PBS pH 7.4, supplemented with 0.2 mM SDS. CuAAC was 

induced by addition of 3 mM Cu(MeCN)4BF4, together with addition of 6 mM THPTA. 

The reaction of a total volume of 200 µl was incubated on ice for 1h. Commonly several 

reactions were performed in parallel with a total protein amount of 1.2 mg. After SDS 

PAGE analysis of the reactions, they were pooled and purified via a 8 % Tris Acetate 

gelfree cartridge in 3 simultaneous runs. Following SDS PAGE analysis, respective 

samples were pooled and supplemented with 8 M Urea. Refolding was performed via 

dialysis to PBS pH 7.4.  
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 Standard molecular biology methods 

2.3.1 SDS PAGE 

For analysis of protein samples by SDS PAGE, samples were supplemented with 

loading dye to a final concentration of 1x loading dye. Samples were denatured at 95 

°C for 5 minutes before analysis. A resolving gel (12.5 % or 15 % acrylamide) in 

combination to a stacking gel (5 % acrylamide) was used to separate proteins according 

to their molecular weight. Electrophoreses was performed in 1x SDS running buffer at 

a constant current of 35 mA. A protein ladder was used as reference on each gel. 

Following separation, gels were stained using Coomassie Blue, destained and 

photographed using an Amersham imager 600 (GE) 

2.3.2 Western Blot analysis  

Samples were loaded on a SDS polyacrylamide gel and electrophoresis was performed 

as mentioned in 2.3.1. The membrane (PVDF 0.2 µM GE) was activated for 5 min in 

MeOH before transfer. Transfer was performed in transfer buffer for 90 min at constant 

60 V. After blocking with 5 % milk in TNE-T for 1 h, the membrane was incubated with 

primary and secondary antibody according to the manufacture’s instructions for the 

respective antibody. 

2.3.3 Site-Directed-Mutagenesis (SDM) 

For site directed mutagenesis plasmids were used as DNA templates and short 

oligonucleotides harbouring the designed mutation were used as primers. All 

components and respective concentrations are listed below. PCR reaction was 

performed with the thermostable DNA polymerase Pfu in a thermocycler under cyclic 

succession of denaturing, annealing and elongation for 20 cycles.  

Table 2 Components of a PCR for site-directed mutagenesis 

Component Stock concentration Final concentration 

DNA template  100 ng 

dNTPs 10 mM each 200 µM each 

Primer (fw/rv) 10µM 0.4 µM 

Pfu reaction Buffer 10 x 1x 

Pfu turbo Polymerase 2.5 U/µl 0.05 U/µl 

Final volume (adjusted with H2O)  50 µl 
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Table 3 PCR program for a site-directed mutagenesis. Step 2-4 was repeated in 20 cycles. 

Step conditions 

1. Initial denaturation 95 °C 2 min 

2. Denaturation 95 °C 15 s 

3. Primer annealing 55 °C 30 s 

4. Extention 68 °C 10 min 

5. Elongation 68 °C 12 min 

Final volume (adjusted with H2O)  

 

Following PCR amplification, 0.4 U/µl DPN I was added to the reaction, which was then 

incubated at 37°C for 1 h.  

2.3.4 Agarose gel electrophoresis 

Agarose gel electrophoresis was performed with 0.8 % agarose in 1x TAE 

electrophoresis buffer supplemented with 0.5 µg/ml ethidium bromide. DNA samples 

were mixed with 6x DNA loading dye and applied to the gel, which was run at constant 

100 V in 1x TAE electrophoresis buffer. DNA intercalated ethidium bromide was 

visualized and documented upon UV irradiation using ChemiDoc XRS (BioRad) 

2.3.5 DNA extraction from agarose gel 

The isolation and purification of DNA from agarose gels was performed using the 

QIAquick Gel Extraction Kit according to the instructions given by the manufacturer.  

2.3.6 DNA Ligation 

In order to ligate a purified DNA fragment into a vector backbone (50 ng), a molar ratio 

of 1:3 (insert to vector) was used in the ligation reaction. T4 DNA Ligase reaction buffer 

and 40 U of ligase was added followed by addition MiliQ to adjust the final volume of 

20 µl. The mixture was incubated ad RT for 1h. To check for relegation of the digested 

vector backbone, a control ligation, without insert was performed 

2.3.7 Transformation 

Chemical competent (c.c.) cells were thawed on ice, mixed with 100 ng plasmid DNA 

or 4 µl of a PCR reaction, carefully mixed and incubated on ice for 5 min. The heatshock 

was performed at 42 °C for 45 s. For transformation of electrocompetent cells, cells 

were thawed on ice mixed with 100 ng of plasmid and transferred to a 1 mM 
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electroporation Gene Pulser cuvette. Electroporation was performed under the 

following conditions: 1800 V, 5 ms, 200 Ω. The cells were transferred from the cuvettes 

to clean reaction tubes and were placed on ice 

After the transformation step, cells were incubated on ice for 5 min before 850 µl of 

SOC medium was added. Then phenotypic expression of antibiotic resistance genes 

was achieved by incubation at 37 °C, 750 rpm for 60 min. The cell suspension was 

centrifuged at 1290 g for 5 min. The supernatant was discarded and cells were grown 

overnight on agar plates with the respective antibiotic(s) at 37 °C.  

2.3.8 Plasmid preparation 

Plasmid preparation was performed with the QIAprep Spin Miniprep Kit according to 

the manufacturer’s instructions 

2.3.9 Sequencing 

Sequencing was performed by GATC. 10 µl sample were submitted containing 80-100 

ng/µl plasmid DNA and 5 µl of 5 µM primer. 

2.3.10 CD Spectroscopy 

0.2 mg of the respective Ub variant was dialysed to MiliQ. Samples were measured in 

a High Precision Cell (optical path length: 1 mM) (Hellma Analytics) at 20 °C. Far-UV 

CD spectra were recorded from 200 to 300 nm using a Jasco-J-815 CD spectrometer. 

The accumulation number was set to 10 spectra for each protein variant.  

2.3.11 Primer  

Application Sequence 5´3´ 

pGEX2TK Thrombin siteTEV site fw: ctttcagggccgtgcatctgttggatcc 

rw: taaagattttcatccgattttggaggatg 
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  Appendix 

 ESI-MS analysis of thrombin treated Ub G75Aha 

 

Figure 43 Analysis of Ub G75Aha after thrombin cleavage:  

A) Ub G75Aha in 20 mM MES pH 5.5 was purified using a 1 ml MonoS column. Elution was performed 

with a linear gradient from 0-55 % buffer B (20 mM MES pH 5.5, 1 M NaCl) over 50 cv.B) ESI-MS analysis 

of ubiquitin species resulting from thrombin cleavage. 
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 ESI-MS analysis of TEV treated Ub G75Aha 

 

Figure 44 Analyis of ubiquitin G75Aha after TEV cleavage. 

Ub G75Aha in 20 mM MES pH 4.5 was purified using a 1 ml MonoS column. Elution was performed with 

a linear gradient from 0-55 % buffer B (20 mM MES pH 4.5, 1 M NaCl) over 50 cv.B) ESI-MS analysis of 

purified G75Aha (calculated mass 9060.32 Da) 
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 String clustering of linkage-specific Ub chain binders 
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Figure 45 String network analysis of significantly enriched interacting proteins. 

Proteins significantly enriched for K27, K29 and K33 linked chains were clustered using  STRING (version: 

10.5) MCL clustering: inflation parameter: 1.7. 
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 List of abbreviations 

Abbreviation Explanation 

%  percent 

(NH4)2SO4  ammonium sulfate 

°C  degree celsius 

μl  microlitre 

10x  ten times concentrated 

AA  amino acid 

aaRS  aminoacyl tRNA synthetase 

Aha  azidohomoalanine 

APS  ammonium persulfate 

BCA  bicinchoninic acid assay 

E. coli  Escherichia coli 

EDTA  ethylenediaminetetraacetic acid 

ESI  electrospray ionisation 

EtOH  ethanol 

FeSO4*7H2O  iron(II) sulfate heptahydrate 

fw  forward 

g  gram 

g  standard gravity 

G  glycine 

GST  glutathione S transferase 

h  hour 

His6tag  poly-histidine affinity tag 

MnCl2*4H2O  manganese(II) chloride tetrahydrate 

MS  mass spectrometry 

Na2MoO4  sodium molybdate 

NaCl  sodium chloride 

NaOAc  sodium acetate 

NaOH  sodium hydroxide 

NCL  native chemical ligation 

ng  nanogram 

nm  nanometer 

nM  nanomolar 
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NMM  new minimal medium 

NMR  nuclear magnetic resonance 

nt  nucleotide 

OD  optical density 

PAGE  poly-acrylamide gel electrophoresis 

PBS  phosphate buffered saline 

PCNA  proliferating cell nuclear antigen 

PCR  polymerase chain reaction 

Plk  propargyl-protected pyrrolysine derivate 

Pol  DNA polymerase 

Pyl  pyrrolysine 

PylRS  pyrrolysine tRNA synthetase 

RBR  RING In- Between RING 

RING  Really Interesting New Gene 

rpm  revolutions per minute 

RT  room temperature, 22°C 

rv  reverse 

SDM  site directed mutagenesis 

SDS  sodium dodecyl sulfate 

SDS-PAGE  sodium dodecyl sulfate polyacrylamide gel 

electrophoresis 

SOC  super optimal broth 

SPI  selective pressure incorporation 

SPS  solid phase synthesis 

MnCl2*4H2O  manganese(II) chloride tetrahydrate 

TAE  Tris- acetate- EDTA 

TBE  tris-Borate-EDTA 

TCEP  tris(carboxyethyl)phosphine 

TEMED  N,N,N',N'-tetramethyl-ethane-1,2-diamine 

TEV  tobacco etch virus 

TFA  trifluoroacetic acid 

THF  tetrahydrofuran 

THPTA  tris-(hydroxypropyltriazolylmethyl)amine 

Tris  ethane-1,2-diamine 
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tRNA  transfer ribonucleic acid 

U  units 

Ub  ubiquitin 

UV  ultraviolett 

v/v  volume per volume 
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