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1. INTRODUCTION 

 

1.1 Biochemistry of ubiquitination 

 
The human cell is composed of numerous proteins with important functions such as 

producing enzymes by accelerating chemical reaction, signaling substances when hormones 

are produced, functioning as important actors for immune defense system, also involved in 

the forming and structuring of cells [1, 2]. Proteins have different half-lives, which are 

determined by the nature of the amino acids present at their N-terminal [3]. Some proteins will 

be long-lived, while others will be rapidly degraded. The proteolysis not only enables the cell 

to dispose of misfolded or damaged proteins, but also to fine-tune the concentration of 

essential proteins within the cell, such as proteins involved in the cell cycle [4] In all tissues, 

protein breakdown occurs generally in two cellular locations; - extracellular proteins and 

some cell surface proteins are taken up by endocytosis and degraded within lysosomes; - 

intracellular proteins are degraded by proteasome in cytoplasmic degradative system. The 

process of proteasomal proteolysis is a rapid and highly specific degradation which can be 

achieved through the addition of one to several ubiquitin molecules to target protein. The 

process is called “ubiquitination” [5].  

 

About 35 years ago Goldstein isolated a protein which he identified as a lymphocyte 

differentiation promoting factor, as he thought it was ubiquitous to living cells and he called it 

ubiquitin [6, 7]. The basic functions of ubiquitin and the ubiquitination pathway were elucidated 

in the early 1980s by Aaron Ciechanover, Avram Hershko, and Irwin Rose for which they 

were awarded the Nobel Prize in Chemistry in 2004 "for the discovery of ubiquitin-mediated 

protein degradation" [8-10]. Ubiquitin  is a small regulatory protein of 76 amino acids (~ 8.5 

kDa) which is transferred to target proteins in an ATP-dependent process and is present in all 

types of cells [11, 12]. Among eukaryotes, it is one of the most conserved proteins during 

evolution. Ubiquitin acts through its post-translational attachment to other proteins [13], where 

the modification of proteins by the covalent attachment of ubiquitin plays a fundamental role 

in the control of many biological processes including apoptosis [14], cell cycle regulation [15], 

DNA repair [16] transcription and targets it for destruction by the 26S proteasom [17]. Several 

ubiquitin-like proteins have been discovered, such as SUMO1 (small ubiquitin-like modifier 

1), NEDD8 (Neuronal-precursor cell-expressed developmentally down-regulated protein 8), 

Rad23 (RADiation sensitivity abnormal/yeast RAD-related; excision repair of UV-damaged 
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DNA), Elongin B (transcription elongation) which proteins control diverse functions in cell-

growth regulation [18, 19].  

 

Protein ubiquitination  is an extremely versatile control mechanism that regulates all aspects 

of cell life [5, 20].  In this process, the C-terminal carboxylate residue of ubiquitin is covalently 

attached to lysine residues to a target protein. A lysine residue on the first ubiquitin can attach 

covalently to the C-terminal carboxylate of a second ubiquitin and so-on to create 

polyubiquitinated proteins [21]. Ubiquitination is a post-translational process of attaching a 

protein with ubiquitin by an enzymatic cascade of three enzymes: an ubiquitin-activating 

enzyme E1, an ubiquitin-conjugating enzyme E2 and an ubiquitin ligase E3. In the first step, 

ubiquitin is activated by E1 in an ATP dependent manner by forming a thioester bond between 

the carboxyl group of the C-terminal glycine of ubiquitin and the thiol group of the active site 

cysteine residue of E1. Activated ubiquitin is transferred to the active site cysteine residue of 

E2 preserving the high energy thioester bond. Activated E2-ubiquitin complex was recognized 

by an ubiquitin-ligase E3 which is responsible for the type of ubiquitin chain formed, the 

specificity of the target protein, and the regulation of the ubiquitination process. The E2 

transfers the covalent attachment of ubiquitin to the target protein [11, 13, 22]. This covalent 

attachment is mediated by the formation of an isopeptide bond between the carboxyl group of 

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

substrate protein. This process can be repeated until a short chain is formed with four or more 

ubiquitin molecules and then the E3 releases the ubiquitin-labelled protein which is shuttled 

to the 26S proteasome for degradation (Fig. 1) [23, 24].  

 

Ubiquitin E3 ligases can be classified into three major types of the catalytic domains: the 

HECT domain (Homologous to E6-associated protein C Terminus) E3, the RING finger 

(Really Interesting New Gene) E3, and the U-box E3. A catalytic cysteine residue present in 

the HECT domain, which has an essential cysteine that acts as an acceptor for ubiquitin 

before its transfer to the substrate (Fig. 1. B) [25, 26]. In contrast, the RING and U-box E3s do 

not form covalent intermediates with ubiquitin. Instead, they appear to function as scaffolds to 

position substrates in close to an E2-ubiquitin covalent complex, which facilitates the direct 

transfer of ubiquitin from E2 enzymes to substrates (Fig. 1. A) [27, 28]. Interestingly, despite the 

lack of sequence homology, the RING and the U-box domains display remarkable similarity 

in structure, suggesting a common mechanism of action for these enzymes [29]. Sometimes 

efficient polyubiquitylation needs an additional ubiquitination factor (E4) that binds to and 
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further extends existing polyubiquitin chains in conjunction with E1, E2, and E3 [30]. 

 

A B

 

 
Figure 1. Major enzymatic pathways of protein ubiquitination. Ubiquitination is mediated by the concerted 
action of three classes of E1/E2/E3 enzymes. Two unique ubiquitin ligases (E3); (A) RING and (B) HECT 
domain, resulting in either attachment of a single ubiquitin molecule (mono-ubiquitination) or attachment of 
multiple ubiquitin units to several substrate lysine residues on the same protein (multi- and poly-ubiquitination). 
A polyubiquitin chain serves as the binding and degradation signal for the downstream proteasome. The 
deubiquitinating enzymes (DUB) and ubiquitin-like-specific proteases (ULPs) can remove ubiquitins from 
substrates [19].  

 

The ubiquitination is not only concerned with targeting proteins for degradation by the  

proteasome but also controlls the signaling proteins, as well as removing misfolded, damaged 

or mutant proteins that could be harmful to the cell [15, 31]. It is a reversible process as 

modified proteins can be deubiquitinated by the action of ubiquitin-specific isopeptidases and 

can be considered to be functionally analogous to other types of modification including 

phosphorylation [22, 32, 33]. Also there are a number of other ubiquitin-like modifier molecules 

such as SUMO and NEDD that can become covalently attached to lysine residues in proteins 

by ubiquitination [34]. Thus the SUMOylation (SUMO) [35] and the NEDDylation (NEDD) [36] 

also requires E1/E2/E3 enzymes which are a post-translational modification involved in 
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various cellular processes. Monoubiquinated proteins such as epidermal growth factor 

receptors were widely represented that many membrane proteins. Cell-surface transmembrane 

molecules that are tagged with ubiquitin are often monoubiquitinated, and this modification 

alters the subcellular localization of the protein, often targeting the protein for destruction in 

lysosomes [33]. Thus, ubiquitination appears to be a key regulator of protein degradation by 

both proteasomes and lysozomes [37].  

 

 

1.2 The ubiquitin-proteasome system of protein degradation 

 

Protein degradation through the ubiquitin proteasome system (UPS) is the major pathway of 

non-lysosomal proteolysis of intracellular protein. The UPS recognizes and destroys 

misfolded or damaged proteins, unassembled polypeptide chains and abnormal proteins that 

result from mutations, which might disrupt normal cellular homeostasis. Unlike most 

regulatory mechanisms, protein degradation is inherently irreversible. The main two 

components of UPS are (1) three enzymes that add a ubiquitin on substrate proteins 

(Ubiquitination) destined for degradation, and (2) tagging of the substrate protein by the 

covalent attachment of multiple ubiquitin molecules (Conjugation) and then subsequent 

degradation of the tagged protein by the proteasome [22, 38]. Destruction of a protein can lead 

to a complete, rapid, and sustained termination of the process involving the protein as well as 

a change in cell composition. The rapid degradation of specific proteins permits adaptation to 

new physiologic conditions [39-44]. 

 

BA

Protein to be 
degradaded

Ub recceptor

Adaptor 
receptor

RP-19S

CP-20S

a

b

c

19S

20S26S

 
 
Figure 2. The proteasome structure and activity. (A) Computer enhanced image from electron microscopy of 
proteasomes. The 26S complex is composed of two 19S regulatory particles (RP-19S) and the 20S core particle 
(CP-20S), which consists of four stacked subunit rings. (B) The schematic illustration of proteasome; the 
ubiquitin chain is disassembled at the 19S proteasome, and the substrate is unfolded before it can enter the 
cavity of the 20S subunit where proteolysis takes place. 
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The 26S proteasome is a ubiquitous, macromolecular assembly designed for the controlled 

proteolysis of proteins and two chambers consists of 20S core complex and two 19S 

regulatory caps that are attached to each end of the core. The 20S core resembles a barrel-

shaped structure made of two types of subunits consisting of four stacked protein rings with 

proteolytic activity. The two 19S complexes recognize and bind to ubiquitin marked proteins 

that are destined for degradation. Once modified by a polyubiquitin chain of at least four 

ubiquitins, the substrate protein can bind either directly to intrinsic ubiquitin receptors in the 

19S regulatory complex of the 26S proteasome (Fig. 2. B-a) or to adaptor proteins that 

contain both polyubiquitin-binding and proteasome-binding domains (Fig. 2. B-b). It is not 

fully understood why certain polyubiquitin-modified substrates must be shuttled to the 

proteasome by adaptor proteins and others can associate directly with polyubiquitin-binding 

subunits in the proteasome regulatory complex [45]. The ubiquitinated proteins translocate into 

the center of the 20S catalytic core. Several active sites on the inner surface of proteasome 

hydrolyze ubiquitinated proteins into reusable short peptides and ubiquitin molecules which 

are recycled by the action of proteasome-associated deubiquitylating enzymes (DUBs). 

DUBs prove to be as important as the ubiquitin ligases are for regulating ubiquitin-mediated 

effects (Fig. 2. B-c) [16, 46, 47].  

 

With multiple cellular targets, the ubiquitin proteasome system (UPS) controls in the 

regulation of basic cellular processes [48]. Beyond the role of protein ubiquitination in 

proteolysis mediated by the proteasome, it can also regulate protein activation [49], inhibition, 

localization, apoptosis, vesicular trafficking [50, 51], transcription [52] and the immune and 

inflammatory responses in a proteasome-independent manner [53]. The importance of the UPS 

has been widely illustrated by the protein abnormalities in this pathway and is implicated in 

the pathogenesis of many human diseases, including cancer or neurodegenerative diseases [54, 

55]. 

 

 

1.3 Structure and function of ubiquitin chains 

 

Ubiquitin chains are formed by the formation of an isopeptide bond between a carboxyl group 

of ubiquitin glycine76 and a ε-amino group on a lysine of consecutive ubiquitin. Ubiquitin 

itself possesses seven lysines (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48 and Lys63) and all of 

them can be modified for chain formation, resulting in ubiquitin chains of different lengths 
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and shapes [56]. All seven lysine residues participate in the formation of Ub-Ub linkages, with 

a relative abundance order of Lys48 > Lys11 and Lys63 >> Lys6, Lys27, Lys29 and Lys33. 

Ubiquitin chains with mixed linkages were also identified, although in a low proportion 

compared with conjugated mono-ubiquitin or different types of homotypic chain [57]. 

 

In some cases, the actual lysine used for ubiquitin-ubiquitin conjugation is preserved 

throughout the chain indicating that E2/E3/E4 enzymes preferentially assemble distinct 

polyubiquitin chains [13, 58, 59]. It has been shown that the heterodimeric E2 enzyme complex 

(Mms2/Ubc13) specifically catalyzes the formation of ubiquitin chains, in which Lys63 of 

ubiquitin is used for ubiquitin-conjugation (Fig. 3) [60]. Similarly, a member of the HECT 

family of E3 enzyme (KIAA10) has been reported to synthesize both Lys48-linked and 

Lys29-linked ubiquitin chains in the presence of the E2 (UbcH5) [25, 26, 61]. An obvious 

possibility is that different E2s/E3s/E4s interact in a spatially distinct manner with an 

"acceptor (Proximal)" ubiquitin molecule so that different lysine residues are positioned into 

close proximity of the activated C-terminal carboxyl group of the "donor (Distal)" ubiquitin 
[26]. 

 

 
Figure 3. Model for interaction of E2 enzyme (Mms2/Ubc13) (surface) with E3 enzyme (RING domain) (red) 
and two ubiquitins (Purple). (A) The two ubiquitins were positioned to place the C-terminal of the donor Ub and 
Lys63 of the acceptor Ub within 3 Å of the thiol active site (yellow circle) while avoiding steric clashes.  
 

As a consequence, it can be conjugated to target proteins either as a monomer or as ubiquitin 

chains, which have diverse lengths and linkage types. Ubiquitinated proteins can be classified 

into two categories, Monoubiquitinated and Polyubiquitinated proteins (Fig. 4). In 

monoubiquitinated proteins, a single ubiquitin moiety is attached to a specific lysine residue 

of the substrate [32]. Moreover, several lysine residues in the substrate can be tagged with 
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single ubiquitin molecules, referred to as "multi-(mono)ubiquitinated" proteins [62-64]. The 

polyubiquitinated proteins, one or more lysine residues of the protein are modified with the 

formation of polymeric chains by the subsequent additions of ubiquitin molecules to the 

previous ubiquitin [65]. In some cases, polyubiquitination requires the activity of E4 ubiquitin 

chain assembly factors in addition to the E1/E2/E3 machinery [30, 66]. The Polyubiquitin chains 

are useful tools for investigating the specificity and reactivity of deubiquitinating enzymes 

(DUBs) and the recognition of polyubiquitinated proteins with ubiquitin binding domains 

(UBDs) [41, 67]. 
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Figure 4. Types of ubiquitin modification. Different ubiquitin linkages result in various conformations of its 
chain and create numerous biological signals in the cell. Ubiquitin chains are built by the formation of an 
isopeptide bond between Gly76 of one ubiquitin and the ε-amino group of one of the seven lysines in the 
substrate. Substrates can be modified with a single ubiquitin molecule at a single (A. Monoubiquitination) or 
multiple (B. Multi-monoubiquitination) lysine residues. Further ubiquitin conjugation to the lysine residues of 
ubiquitin results in Polyubiquitination (C, D). Polyubiquitin chains linked through Lys63 or Lys48 of ubiquitin 
are the most abundant [68, 69].  
 

Different types of ubiquitin chains are involve in the regulation of different cellular processes 
[15, 57]. Monoubiquitination is implicated in endocytic processes[33], modulating protein activity 
[32, 65], membrane trafficking, sorting of proteins to the multivesicular body (MVB) [70], 

budding of retroviruses [71] transcriptional regulation [52, 72]. By contrast, polyubiquitin chains 

can vary in length with the number of ubiquitin molecules, resulting in different topologies 

and ultimately different functional consequences [41]. Polyubiquitin chains linked via Lys6, 

Lys11 and Lys48 bind to the proteasomal subunits (Rpn10/S5a) with similar affinities, 

suggesting that these chains may play a role in proteasomal degradation [22, 73-75], whereas 

elongation via Lys11, Lys29 and Lys63 are involved in several non-proteolytic cellular 

processes, such as IκB kinase activation [76], ribosome modification [77], and receptor 
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endocytosis in vivo (Fig. 4) [15, 57, 78]. Much less is known about the roles of unconventional 

polyubiquitin chains linked through Lys6, Lys11, Lys27, Lys29 or Lys33. In fact, recent 

studies imply that Lys11-linked chains are involved in proteasome-dependent protein 

degradation of cell cycle regulators [79] and Lys6 linkages catalyzed by the E3 ligase 

(BRCA1/BARD) may regulate DNA repair [80, 81]. Both Lys27 and Lys33 may be built during 

stress response by U-box E3 ligase [28].  

 

 

1.3.1  Lysine63-linked ubiquitin chains  

 

 
  

Figure 5. Structures of the K63-linked ubiquitin chains. (A), Ribbon representation of K63-linked di-ubiquitin 
crystal containing two ubiquitin molecules per asymmetric unit. The X-ray crystal structure of K63-linked di-
ubiquitin is known at resolutions of 1.9 Å (s.2.3.2) [82]. (B), A semitransparent surface covers the di-ubiquitin 
molecules in cartoon representation and the position of the hydrophobic surface patch is shown in blue on the 
surface [83]. The K63-linked di-ubiquitin molecules are aligned on the proximal ubiquitin moiety. (C), Four 
equivalent extended K63-linked ubiquitin chain that runs through tetra-ubiquitin crystals. Four equivalent 
ubiquitin molecules are corresponding to two adjacent asymmetric units within the crystal lattice. The linkage 
residues are between molecules Ub1–Ub2 and Ub3–Ub4 for K63-linked di-ubiquitin, and for Ub2–Ub3 in linear 
di-ubiquitin [84]. 
 

Lys63-linked ubiquitin chains are built by formation of an isopeptide bond between Gly76 of 

ubiquitin to a ε-NH2 group of Lys63 residues of the preceding ubiquitin giving rise to 

polyubiquitinated proteins. Lys63 is on the opposite face of the ubiquitin molecule from the 
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carboxyl terminus, allowing the two molecules in the asymmetric unit to assemble in an 

extended head-to-tail fashion, with the C-terminus of the donor (distal) ubiquitin pointing 

toward the Lys63 side chain of the acceptor (proximal) ubiquitin (Fig. 5. A) [41, 85]. In this way, 

alternating proximal and distal ubiquitin molecules form an elongated chain that runs through 

the crystal, estimating how translational disorder along the direction of tri- and tetra-ubiquitin 

can be accommodated in the same crystal lattice. The Lys63-linked ubiquitin chains assume a 

highly extended configuration with a left-handed helical twist; the helical chain contains four 

ubiquitin monomers per turn and has a repeat length of approximately 110 Å. (Fig. 5. C) [84]. 

The Lys63-linked di-ubiquitin adopts an identical open conformation which has the Ile44 

hydrophobic patch on each ubiquitin moiety, can independently interact with ubiquitin 

binding domains (Fig. 5. B) [83, 86].  

 

The Lys63 linked polyubiquitin chains play a crucial role in endocytic processes such as 

intracellular trafficking of membrane proteins, signal transduction through the NF-κB 

pathway, DNA damage tolerance and endocytosis (Fig. 4) [87-89]. Proteins modified with 

Lys63-linked chains are recognized by ubiquitin binding domains, mediating interactions 

essential for NF-κB activation in response to IL-1 and TNFα stimulation [67, 90, 91]. In DNA-

damage response pathways, Lys63-linked ubiquitin chains have important functions during 

the recruitment of repair machineries to the sites of DNA damage [16, 81]. Recent studies 

suggest that Lys63-linked polyubiquitin chains may support proteasomal degradation in vitro. 

However, the in vivo significance of these observations is still poorly understood [92, 93]. 

 

The discovery of ubiquitin binding domains (UBDs) can help the progress study for the 

pathway mechanism of ubiquitin chains. Consistent with the diversity of ubiquitin structures, 

more than twenty UBDs have been identified to date [94]. Indeed, it is thought that specific 

recognition by ubiquitin binding domain-containing proteins confers functional specificity of 

different ubiquitin chain topologies. Independently folded ubiquitin binding domains interact 

directly with monoubiquitin or polyubiquitin chains. UBDs can be found in enzymes that 

catalyze ubiquitination, deubiquitination, or in ubiquitin receptors that recognize and interpret 

signals from ubiquitin conjugated to substrate proteins. The largest class of UBDs are α-

helical; UBA (ubiquitin associated), UIM (ubiquitin-interacting motif), MIU (motif 

interacting with ubiquitin), CUE (coupling of ubiquitin conjugation to endoplasmic reticulum 

degradation) and so on [95].  
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The principal epitope on monomeric ubiquitin that is recognized by UBDs, is the so-called 

Ile44 patch, a surface cluster of hydrophobic side chains that includes Leu8, Ile44, and Val70 
[96]. The Ile44 patch may contribute to specificity of recognition, it is sufficient to distinguish 

different chain types, implying conformational differences between chains with different 

linkages. This notion is supported by structural information that is emerging for different 

types of polyubiquitin chains [97]. Structural analysis shows Lys63-linked ubiquitin chains 

adopt an extended conformation, which have their hydrophobic surfaces (Ile44 patch) 

available for binding [86]. The new crystal structures are consistent with the NMR 

spectroscopy results of solution studies of Lys63 ubiquitin chain conformations, and reveal 

the structural basis for differential recognition of Lys63 versus Lys48 ubiquitin chains (Fig. 6) 
[69, 83]. 

 

A B

 

 
Figure 6. NMR Structure comparison of (A) Lys63- and (B) Lys48-linked di-ubiquitin in recognition by 
different UBDs [94]. The UBDs are shown in green. (A), The RAP80-Lys63 di-ubiquitin complex. (B), The 
hHR23A-Lys48 di-ubiquitin complex (PDB; 1ZO6). The Lys48-linked di-ubiquitin forms a more compact shape 
with the chain extending perpendicular to the ubiquitin dimer, while the K63-linked di-ubiquitin chain has more 
extended conformations. 
 

NMR spectroscopy and crystallographic studies demonstrate that the Lys63- and Lys48- 

linked ubiquitin chains have closed and extended conformation [69], resulting in different 

mechanisms of recognition by UBDs involved in the ubiquitin pathway [96, 98]. In particular, 

UIM and UBA domains are able to distinguish among the different types of polyubiquitin 

chains and bind preferentially to chains with a specific linkage. The specific topology of the 

polyubiquitin chain, or the surfaces of the polyubiquitin chain that are exposed upon 

formation of a particular lysine linkage, are possible structural elements that could be 

recognized [83]. 

 



 11 

The structure of the tandem UIMs of RAP80 (Receptor-associated protein 80) in complex 

Lys63 linked di-ubiquitin revealed that the two UIMs of RAP80 and the inter-UIM region 

form a continuous helix. The each Ile44 hydrophobic patch of K63-linked di-ubiquitin chain 

allows interacting with UIMs domains. The proximal and the distal ubiquitins of the Lys63- 

linked di-ubiquitin simultaneously interact with UIM1 and UIM2, respectively (Fig. 6. A) [99, 

100]. The specific spacing between the UIMs appears to be critical in the specificity of the 

interaction for Lys63 linkage, although no direct interaction is present between RAP80 and 

the Lys63-isopeptide bond [101, 102].  

 

Inroads into understanding polyubiquitin specificity have been made for UBA2 domains, 

whose structures have been characterized in complex with Lys48-linked ubiquitin chains in 

vivo. Structural determination of UBA domains revealed a composition of a three-helical 

bundle to contact an overlapping face on ubiquitin that includes hydrophobic Ile44 patch [103-

105]. The RAD23A, a human homologue of radiation sensitivity abnormal 23, has a UBA 

domain at its C-terminus that specifically binds to K48-linked but not K63-linked ubiquitin 

chains and it is implicated in the modulation of polyubiquitin with 26S proteasome interaction. 

This structure provides an explanation for the preference of this domain for Lys48-linked 

chains: it contacts the ubiquitin linker region to expand its binding surface beyond that 

possible for monoubiquitin (Fig. 6. B) [59, 105, 106]. The Lys48-linked chains up to tetra-

ubiquitin (Ub4) mainly form a compact closed conformation, in which the hydrophobic Ile44 

patch is partially buried between the two packed ubiquitin moieties (Fig. 7). Hence, a single 

Lys48-specific UBA domains can insert between the hydrophobic patch of both ubiquitin 

molecules. Such structural attributions appear to be required for the recognition by the 

proteasomal subunits [105, 107, 108].  

 

 

1.3.2 Lysine48-linked ubiquitin chains  

 

The classical function of Lys48-linked polyubiquitin consisting of a minimum of four 

ubiquitin moieties serves as targeting signals for proteasomal degradation. Lys48-linked 

ubiquitin chains are built by formation of an isopeptide bond between Gly76 of ubiquitin to 

the ε-NH2 group of Lys48 residues of the preceding ubiquitin giving rise to polyubiquitinated 

proteins [5, 73, 74]. For the synthesis of polyubiquitin chains linked through specific Lys side 

chains, a series of enzymatic reactions are available, in which proximally and distally blocked 
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monoubiquitins (or chains) are conjugated to produce a particular chain in high yield. 

Individual chains are then deblocked and joined in another round of reaction. Successive 

rounds of deblocking and synthesis can give rise to a chain of any desired length [109]. 

 

Crystallographic analyses of lysine48-linked di-ubiquitin (Ub2) were determined at 

resolutions of 1.6 Å and revealed an ordered isopeptide bond in a trans configuration [110]. The 

molecule has internal approximate 2-fold symmetry with multiple hydrophobic and 

hydrophilic contacts along the 2-fold axis. Each ubiquitin forms one α-helix, consisting of 

residues 23-34, and there is a short stretch of 310 helix (type of a right-handed helical 

secondary structure), comprised of residues 56-59. Also ubiquitin has a mixed β-sheet that 

contains five strands, consisting of residues 1-7, 11-17, 40-45, 48-50, and 65-72 [111]. The 

secondary structure of each ubiquitin moiety in di-ubiquitin is almost identical to native 

ubiquitin. However, there are several unique features of Lys48-linked di-ubiquitin. The 

Lys48-linked di-ubiquitin has a pronounced hydrophobic core and also a small hydrophobic 

patch on the surface composed of Leu8, Ile44, and Val7. These hydrophobic patch of the 

other by the intramolecular approximate 2-fold axis, forming a hydrophobic pocket in the 

center of the conjugate [111, 112]. Therefore, the Lys48-linked ubiquitin chains predominantly 

adopt a closed conformation and the total surface area is 7680 Å (Fig. 7. A).  

 

The crystal structure of Lys48-linked tetra-ubiquitin (Ub4) adopts a C2-type symetmetry 

containing two di-ubiquitin chains in the asymmetric unit. Diffraction data of tetra-ubiquitin 

was recorded at 2.3 Å resolutions and the structure was determined by molecular replacement 

using di-ubiquitin as a reference model. The tetra-ubiquitin structure shows ubiquitins 1 and 3 

forming closed di-ubiquitin interfaces with ubiquitins 2 and 4, respectively. Also, the C-

terminus of the distal domain is unstructured/ flexible and should easily adopt a conformation 

accommodating closer contact between the units (Fig. 7. B) [107, 113]. Synthesis of Lys48-

linked tetra-ubiquitin was prepared following published protocols [114], two forms of Lys48-

linked di-ubiquitin were synthesized with the distal ubiquitin carrying different mutations. 

The Lys48-linked di-ubiquitin used in the proximal end (1–2) of tetra-ubiquitin contained 

K48C, K63R mutations at ubiquitin 2. The Lys48-linked di-ubiquitin used in the distal end 

(3–4) of tetra-ubiquitin contained K48R, K63R mutations at ubiquitin 4, removing the need to 

use the K48C mutation to block K48 on ubiquitin 4 during di-ubiquitin formation. 
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Figure 7. Structure of the Lys48-linked ubiquitin chains. (A) Ribbon representation of Lys48 linked di-ubiquitin 
crystal containing two ubiquitin molecules per asymmetric unit (PDB; 1AAR). (B) The K48 linked tetra-
ubiquitin conformation in the crystal structure is consistent with proximal Ub (#1, yellow) and distal Ub (#4, 
blue) molecules (1F9J). In Lys48 linked chains, all ubiquitin molecules interact with each other, and the 
hydrophobic patch residues are not exposed (red sticks).  
 

The Lys48 linked di-ubiquitin (Ub2) and tetra-ubiquitin (Ub4) in solution adopt flexible 

geometries including both closed and open conformations. NMR chemical shift perturbation 

experiments indicate that the Lys48-linked ubiquitin chains adopt a predominately closed 

conformation at neutral pH in which the hydrophobic patch is sequestered at the interface, but 

undergoes a conformational change to an open form at lower pH (Fig. 8) [107, 113]. These 

results suggest that the two neighboring ubiquitin subunits of Lys48 linked chains are not 

rigid in the closed conformation under the pH conditions. Also the Lys48-linked ubiquitin 

chains converted from a “closed” to an “extend” conformation to accommodate an ubiquitin 

binding domains (UBDs). The two geometries of them may exist in equilibrium in cells, and 

the presence of a UBD may convert to favor of the open configuration [105].  

 
(A) (B)

Proximal Ub Distal UbProximal Ub Distal Ub

pH6.8 pH4.5(A) (B)

Proximal Ub Distal UbProximal Ub Distal Ub

pH6.8 pH4.5

 
 
Figure 8. Conformations of the Lys48-linked di-ubiquitin at pH 6.8 (A) and pH 4.5 (B). NMR chemical shift 
perturbation data show that the conformation of di-ubiquitin is dynamic and pH dependent; at pH 4.5 the open 
conformation is fully populated, and the closed conformation is almost fully populated at pH 6.8, with tetra-
ubiquitin exhibiting a similar pH-dependent behavior. Cylindrical arrows (red) indicate the orientation of α-
helices. The conformation of diubiquitin shown here is from the crystal structure and should be considered as an 
illustration only. 
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1.4 Pathophysiology of neurodegenerative diseases depending on defect of ubiquitin 

proteasome system 

 

The deregulation of ubiquitin proteasome pathway contributes to various pathogenesis of 

inherited and acquired human diseases such as cancer, neurodegenerative diseases and 

metabolic disorders, which are caused by aberration of molecules composed of ubiquitin 

proteasome system or their substrate proteins [115]. The pathological states associated with the 

ubiquitin proteasome system can be classified into two major groups: (a) those that result 

from loss of function (-), a mutation in an enzyme or substrate that leads to stabilization of 

certain proteins; and (b) those that result from gain of function (+), resulting in accelerated 

degradation of the protein target [116].  
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Figure 9. Potential route for the formation of inclusion bodies. Under normal cellular conditions, functional 
proteins are generated through the corrected folding or refolding by molecular chaperones. The formation of 
aggregates may be prevented by proteasomal degradation. Blockage of proteasomes by mis-folded protein may 
cause protein accumulation and aggregation that leads to the formation of inclusions. 
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The presence of misfolded proteins and ubiquitinated inclusions bodies play important roles 

in understanding their molecular pathogenesis in the UPS [117]. The UPS eliminates mutated or 

abnormally modified proteins by degradation to prevent their accumulation as aggregates that 

often form intracellular inclusion bodies [118]. Unfortunately, with increasing age, chaperones 

and UPS become less efficient [119, 120]. Furthermore, several inherited forms of 

neurodegeneration are due to mutations in genes, which exacerbate protein misfolding of the 

resulting protein. This may inhibit the activity of proteasomes, leading to protein 

accumulation, aggregation and the formation of cytoplasmic inclusion bodies. These 

inclusions will eventually block access to the centre of the proteasome and impair its activity, 

resulting in increased cellular toxicity and eventual cell death (Fig. 9) [121-124]. The distinctive 

ubiquitin-positive, intra- or extracellular, insoluble inclusion bodies are widely detected in the 

brain tissues of many patients with neurodegenerative pathologic impediments [42, 125]. These 

are characterized by the presence of a major core protein, such as α-synuclein (the constituent 

of Lewy bodies in Parkinson’s disease) [126], β-amyloid peptide (Aβ, associated with the 

plaques of Alzheimer’s disease), Pick’s bodies (Pick’s disease) [127], polyglutamine 

(Huntington’s disease) [128, 129], Bunina bodies (Lou Gehrig's disease) [130] that provide the 

seed of an inclusion [131-133]. 

 

In Alzheimer’s disease, molecular-misreading occurs when one or more base pairs are lost 

during the transcriptional process. A frameshift mutations in the ubiquitin B (UBB) gene lead 

to extension of the molecule with 20 amino acid residues at C-terminus [Ubiquitin B (+1); 

(UBB+1)] which is generated by the result of a ΔGU dinucleotide deletion into UBB mRNA 

transcripts. The frameshifted protein (UBB+1) is ubiquitinated at lysine 48, but cannot donate 

itself to an expanding polyubiquitin chain because its C-terminal glycine residue is missing. A 

high expression of UBB+1 can block the proteasomal degradation and subsequently will result 

in neuronal cell death by apoptosis [134, 135]. The ubiquitinated UBB+1 (Ub-UBB+1) is normally 

degraded by the UPS. When the activity of the proteasome is decreased, it results in 

accumulation of Ub–UBB+1 and subsequently a further inhibition of the proteasome leading 

to accumulation of toxic proteins with neuropathologic consequences. Alzheimer’s disease 

(AD) and Parkinson’s disease (PD) related with UBB+1 have different neuropathology. The 

neurofibrillary tangles in AD brains are abundantly labeled with an antibody against UBB+1, 

whereas the α-synuclein aggregates in PD brains show negative UBB+1 immunoreactivity [136, 

137]. So, the UBB+1 will be a valuable tool as an in vivo reporter of UPS activity in 
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neurodegeneration which might be considered as a potential target for therapeutic intervention 

in AD, whereas in PD [138, 139].  

 

 

1.5 Analytical methods for identification and structural characterization of specific 

lysine linked ubiquitin chains 

 

Efficient and sensitive analytical methods are required to perform successful bioanalytical 

applications to determine the molecular structure of polypeptides and proteins, in particular 

comprising ubiquitin conjugate modifications [140, 141]. The high complexity of the specific 

branched ubiquitin conjugates requires the use not only of sensitivity physicochemical 

methodologies but also of various immunochemical and biological techniques for the 

characterization and identification [142-144]. Mass Spectrometry [143-149], NMR spectroscopy [150], 

Circular Dichroism [151, 152], Edman Sequencing, High Performance Liquid Chromatography 

(HPLC) with UV/VIS detection systems [153, 154] and Gel Electrophoresis have been employed. 

A combination of several analytical methods is necessary for a comprehensive 

characterization of the protein for an appropriate quality control concerning identity, purity 

and potency [155, 156]. 

 

 

1.5.1 Protein-separation Technologies 

 

Protein-separation technologies simplify complex protein mixture by resolving them into 

individual proteins or small group of proteins. On the other hand, protein separation allows 

investigators to target specific proteins for analysis, because they also permit apparent 

differences in protein levels to be compared between two samples. Many different kinds of 

analytical methods such as gel electrophoresis (including 1-dimensional and 2-dimensional 

gel electrophoresis) and high performance liquid chromatography (HPLC) combination of 

selective separation methods [affinity, ion exchange, size exclusion, etc.] can be used to 

separate and to purify proteins and peptides. Thin-layer chromatography (TLC) can also be 

used to separate peptides derived from proteolytic digestion of a protein [157]. 
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1.5.2 Affinity-derived Techniques 

 

Affinity refers in general to the binding biochemical interactions between complex molecules 

of biological nature that are non-covalent and originating in a multitude of different physical 

interactions, like dipole interaction, hydrogen bond or hydrophobic interaction. The study of 

affinity has been always a source of precious information for understanding the mechanisms 

of different biological processes. Particularly, affinity is used to determine the binding energy 

of an antigen–antibody combination [158]. The most popular affinity-derived techniques are 

immuno-affinity and affinity-chromatography which utilizes antibody columns to purify and 

identify antigens, or antigen columns to purify antibodies. The antigen–antibody reaction may 

be described using reaction kinetics as well as thermodynamic equations [159, 160]. The 

immunoblotting technique provides information about the molecular weight and quantity of a 

specific recognition of antigens by antibodies. The Western blotting analysis is a powerful 

and sensitive immunoblotting method to detect and characterize a multitude of proteins. A 

sample of proteins is first separated by gel electrophoresis based on their molecular weights 

and then an antibody recognizes the desired target proteins via antigen-antibody specific 

reactions among a number of proteins. Dot blot is a simplified procedure in which protein 

samples are not separated but are immobilized directly onto membrane before detection using 

antibody [161, 162].  

 

The identification of discrete sites on antigens that are recognized and bound by particular 

antibodies, so called epitopes, are important for the characterization of proteins, providing a 

starting point for the design of diagnostic tools or for the development of new vaccines [163, 

164]. Epitopes are composed of sequential contiguous residues along the polypeptide chain (a 

continuous sequence epitope), or nonsequential residues from segments of the chain 

(discontinuous or conformational epitope) brought together in the tertiary structure [1, 158]. 

There are several conventional methods which are employed for the identification of epitopes 

such as alanine-scanning mutagenesis [165] or X-ray crystallograpic determination of epitope 

structures and antibody binding sites [43]. These classical methods use synthetic or 

recombinant peptides which cover the sequence of interest for binding assays. These methods 

are very sensitive but they are of limited specificity and usually limited to linear epitopes.  

 

Another possible approach for epitope characterization is the application of protein antigen 

proteolysis in combination with mass spectrometric peptide mapping analysis [166-171]. Two 
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complementary analytical strategies were applied: (a) the antigen is bound to the antibody and 

then proteolytically degraded by different enzymes (epitope excision) and (b) the antigen is 

first subjected to enzymatic digestion, and then the fragments are applied to an immobilized 

antibody column (epitope extraction) [172, 173]. In theory, the antibody prevents either 

proteolysis, or chemical modification of sites on the antigen that are situated in the antibody 

binding pocket. An important feature of this approach is that, because non-denaturing 

conditions are used, the antigen retains its native conformation so that conformational 

epitopes can be directly determined [167, 174]. Interestingly, ubiquitin was previously identified 

as a component of neuronal inclusions in neurodegenerative disorders which are all heavily 

ubiquitinated and can be readily visualized with ubiquitin antibodies. Therefore, ubiquitin 

antibodies are very useful for studies of neuronal inclusions. Taking into account the 

advantages of the strategies present above, the determination of ubiquitin epitopes is 

important for a better understanding of the role of ubiquitin antibody related to 

neurogenerative diseases [175-177]. 

 

 

1.5.3 Mass spectrometric methods for protein analysis  

 

Apparently linkage-specific conformations of polyubiquitin chains are important for these 

cellular functions, but the structural basis distinguishing Lys48- and Lys63-linked chains still 

remain elusive. In order to perform successful bioanalytical applications on molecular 

structure determination such as ubiquitin conjugate modifications, efficient and sensitive 

analytical methods have been required. High resolution FT-ICR mass spectrometry using 

Nano-ESI and ESI-Ion-trap MS were successfully applied for the direct characterization of 

macromolecules, particularly important classes of biopolymers such as polyubiquitin 

conjugates [178]. Furthermore, more sophisticated analytical techniques must be acquired to 

understand the complicated structural conformation of specific lysine linked polyubiquitin 

conjugates. As part of such an enterprise, performing ion mobility-mass spectrometry (IM-

MS) in combination with ESI source can derive effective results in reasonable structural data 

comparison between K48- and K63-linked di-ubiquitin.  

 

In order to exploit the protein profiles expressed under different physiological and 

pathophysiological conditions, protein analysis by mass spectrometry (MS) is usually used as 

a powerful platform in proteomics [179]. The technology is applied for mass determination of 
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the molecular mass and can be adapted for the identification of large polar biomolecules such 

as proteins and peptides. MS allows compounds to be identified by the production of ions and 

their subsequent separation and detection based on their mass-to-charge (m/z) ratio, conferring 

a very high level of specificity with sensitivity. The principal components of a typical mass 

spectrometer are the ion source, the mass analyzer and the detector (Fig. 10) [180]. The 

molecule is ionized and the ion is propelled into a mass analyzer by an electric field that 

resolves each ion according to its m/z ratio. The time required for ions to travel a set distance 

and strike a detector is determined and m/z values are calculated from the time-of-flight 

measurements. Then the detector passes the information to the computer for analysis [181].  

 

 
 
Figure 10. A single-stage mass spectrometer. The instrument consists of three components: an ionization source, 
mass analyzer and ion detector. A) Ionization of analytes by MALDI. The co-crystal of matrix and sample is 
targeted by a laser causing a desorption process followed by ionization and then introduction into the mass 
analyzer. B) Electrospray ionization process. The sample solution is admitted through a small capillary from 
which the spray is formed at atmospheric pressure. The charged aerosol is evaporated due to Coulomb 
explosions to smaller droplets which finally results in desolvated macro-ions. 
 

A high resolution mass spectrometer with matrix assisted laser desorption/ionization mass 

spectrometry (MALDI-MS) [145, 182-184], electrospray ionization (ESI-MS) [185, 186] and LC-MS-

equipment were available and successfully used for the structure analysis [187]. MALDI and 

ESI are now the dominant methods of ionization in biological MS and are routinely used in 

the analysis of peptides and proteins. Both these approaches are known as soft ionization 

techniques, allowing molecules to remain relatively intact during the ionization process. 

These methods solved the difficult problems of generating ions from large, nonvolatile 
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biomolecules such as proteins and peptides without their destruction and thus opened a way to 

analyse these molecules bases on their masses. Large proteins can be measured with accurate 

mass measurement as little fragmentation of the molecule occurs. The development of “gentle 

ionization” techniques above-mentioned by the Nobel Prize for chemistry in 2002 was 

awarded to John Fenn and Kuichi Tanaka [188]. Current MS-based approaches for identifying 

ubiquitin and polyubiquitin chains are demonstrated by the analysis of ubiquitination sites 

based on the identification of signature peptides with an internal Gly-Gly tag in ubiquitinated 

lysine residues following trypsine digestion. Because of the diglysine residue (GG-tag) can be 

simply detected as a small modifier with mass addition of 114 Da [143, 189-191]. 

 

Matrix-assisted laser desorption ionization (MALDI) creates ions by excitation of molecules 

that are isolated from the energy of the laser by an energy absorbing matrix [192, 193]. The laser 

energy strikes the crystalline matrix to cause rapid excitation of the matrix and subsequent 

ejection of matrix and analyte ions into the gas-phase (Fig. 10. A) [194]. In most MALDI 

analyses, the mass of the analyte is determined by time-of-flight (TOF) or ion cyclotron 

resonance (ICR) analyzers [173, 184]. The MALDI-TOF-MS has recently become a popular and 

versatile method to analyze a range of macromolecules from biological origin. Its ability to 

desorb high molecular weight molecules, its high accuracy and sensitivity, combined with its 

wide mass range (1~300 kDa), make MALDI-TOF-MS a promising method for the 

identification of biomolecular complex, including peptides, proteins, oligosaccharides and 

oligonucleotides [195].  

 

Electrospray ionization (ESI) creates ions by application of a potential to a flowing liquid 

causing the liquid to charge and subsequently spray (Fig 10. B). The electrospray creates 

charged droplets of solvent-containing analyte. Solvent is evaporated as the droplets enter the 

mass spectrometer by heat or some other form of energy (e.g. energetic collisions with a gas), 

and multiply-charged ions (M+nH)n+ are generated in the process [196, 197]. This can be 

mathematically transformed into a simple mass spectrum that reveals the molecular weights 

of the fragments. For ESI, analysis can be performed on various types of analyzers, including 

quadrupole time-of-flight (QTOF), triple quadrupole, ion trap, or ion cyclotron resonance 

(ICR) [198]. One benefit of this method for analysis is that a liquid chromatography (LC) 

column may be used for the separation of the components of a protein mixture before entering 

the ESI mass spectrometer, which facilitates automation [186]. Recently, nano-electrospray 

(Nano-ESI) has been developed as a new ESI variant, which is shown to be tolerant to large 
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variations of solution parameters, while taking advantage of the long spraying time and 

considerably reduced sample consumption, compared to conventional ESI sources. The name 

nano-electrospray is intended to reflect the low flow (nl/min) and droplet size (200 nm) 

characteristics of the interface. The low flow rates of this technique provide significant 

advantages for the use of buffers, detergents, and other co-solvents required for the 

solubilization of biopolymers [199, 200].  

 

Recent developments in instrumentation for Ion mobility spectrometry (IMS), a gas-phase 

post-ionization separation method, combined with mass spectrometry (IM–MS) reveals 

potential applications of this relatively new developments technique for high-resolution 

separations of analytes based on ion conformation and mass-to-charge (m/z) ratios. The ions 

drift through the drift tube under the influence of a weak electric field, and collide with the 

buffer gas. IMS is a rapid gas-phase separation technique, as typical drift time measurements 

occur on the millisecond time-scale. The time required for the ions to reach the detector 

depends upon the ion's collision cross section, charge state, and the drift tube operating 

parameters such as electric field strength, drift tube length, and the buffer gas pressure, 

temperature, and mass. In addition to separative capacity, IMS can also be used as a means for 

structural characterization by converting ion drift times to average collision cross-sections [201-

203]. MALDI and ESI are both effective sources for producing biomolecular ions for IM–MS 
[204-206]. In the mid-1990s, Bowers and colleagues demonstrated the use of ion mobility mass 

spectrometry (IM–MS) for the determination of gas-phase peptide structure [207, 208]. Clemmer 

and Jarrold also described protein tertiary structure dependence on charge-state for model 

systems using electrospray ionization (ESI)–IM–MS [209, 210]. More recently, the proteomics 

based on IMS approaches to the study of protein misfolding and protein conformational 

diseases such as Alzheimer’s disease [211], Parkinson’s disease [212].  

 

 

1.5.4 Analytical methods of protein structure determination 

 

Edman degradation is the classical sequencing method of proteins. Usually it is performed 

after cleavage of the polypeptide chain into small fragments by either enzymatic digestion 

using different endoproteases or by chemical splitting with for example, cyanogen bromide. 

The orders of amino acids are determined by stepwise removal and identification of 

successive amino acids from the N- or C-terminal. Subsequently the resulting peptides are 
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separated by reversed-phase high-performance liquid chromatography (RP-HPLC) followed 

by sequencing [213].  

 

To characterize secondary structure of proteins the use of spectroscopic methods, such as 

Circular dichroism spectroscopy (CD) [214, 215] and Fourier transform infrared spectroscopy 

(FT-IR) [216] techniques, have become a helpful tool for evaluating tertiary structures of 

proteins and peptides as well. For example, for proteins with α-helix conformation CD 

spectroscopy is mainly used, while IR spectroscopy is widely used for the characterization of 

proteins with ß-sheet or ß-turn structures. Also the ExPASy World Wide Web molecular 

biology server of the Swiss Institute of Bioinformatics sequence analysis program 

(http://expasy.org/tools/) can be employed for the prediction of primary, secondary and 

tertiary structures [217]. 

 

 

1.6 Scientific goals of the dissertation 

 

Knowledge gained from the recent evidence indicates that the distinct actual lysine residues 

of ubiquitin chain formation determine the biochemical and biological functions of the 

respective polyubiquitin chain. The different lysine linkage ubiquitin chains which have 

different 3-dimensional structures reflecting their different biological functions were used to 

generate antibodies and to isolate and characterize proteins that selectively recognize distinct 

polyubiquitin chains in a specific linkage-manner.  

 

Studies to obtain insight into the biochemical and physiological functions of different 

ubiquitin chains are hampered by the fact that, besides K48- and K63-linked ubiquitin chains, 

defined chemical or biochemical preparation procedures are not available for isomeric oligo-

ubiquitin conjugates formation. A goal of this study was performed by the design and 

development of a thioether linkage based approach for the synthesis of oligo ubiquitin 

conjugates with defined lysine-specific linkages. The elucidation of the structural features of 

actual lysine residues of ubiquitin chains will be a crucial importance for understanding the 

mechanism of neurodegenerative diseases. 

 

Thus, main scientific goals for the study are the synthesis, mass spectrometric structural and 

biochemical characterisation of a chemically defined ubiquitin chains that differ by the lysine 
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residue used for ubiquitin-ubiquitin conjugation and recognition specificities of different 

lysine linked ubiquitin conjugates against Lys63 linkage ubiquitin antibody. These studies 

will contribute to the elucidation of the biochemical and physiological functions of different 

ubiquitin chains. The detailed objectives for the dissertation are summarized as follows: 

 

1. Chemical synthesis of polyubiquitin chains with specific lysine residues conjugated to 

specific ubiquitin-ubiquitin branching sites. The ubiquitin-ubiquitin conjugates are prepared 

with each of the specific internal lysine residues as for introducing ubiquitin-ubiquitin 

branching sites using a specific chemical linkage approach, and can be built up with defined 

molecular branching sites to the level of oligomers. In order to synthesize successfully these 

new conjugates, new synthetic method was developed such as chemoselective ligation. The 

thioether bond is a chemically and biologically stable linkage; it has no immunogenic 

character; its formation occurs with very high yield. 

 

2. Structural determination of polyubiquitin conjugation using mass spectrometry (MS) for the 

characterization of chemically synthesized polyubiquitin chains. To perform successful 

bioanalytical applications on structural determination of polyubiquitin conjugate 

modifications, efficient and sensitive analytical methodology is needed. A high resolution 

mass spectrometer with ESI and MALDI was available and successfully used. More 

sophisticated analytical technique, Ion Mobility-MS must be acquired to understand the 

complicated structural conformation of specific lysine linkage di-ubiquitin chains. Together 

with electrospray ionization mass spectrometry, the mobility separation is highly 

complementary, especially in analyzing structural characterization of the biochemically-active 

lysine specific linked di-ubiquitins by IMS–MS providing additional insight as to how the 

different lysine linkages influence protein conformation. Furthermore, IMS-MS is highly 

suitable to provide information that might provide an understanding of the relationship 

between gas phase structure and solution conformation. 

 

3. Charcterization of the biochemical properties of synthetic ubiquitin activated ubiquitin 

enzymes using in vitro autoubiquitination assay. The chemically synthesized ubiquitin is 

recognized by the ubiquitin-ligase E3 enzymes with efficiency similar to wild-type ubiquitin, 

indicating the feasibility of chemically synthesized ubiquitin such as the cystein-mutation and 

thioether-ligation approach in producing biochemically active conjugates.  
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4. Characterization of molecular epitope recognition selectivity of Lys63 specific ubiquitin 

antibody to synthetic ubiquitin peptides containing different lysine linkages. The monoclonal 

Lys63 linkage ubiquitin antibody was immobilised on a sepharose column in order to identify 

the corresponding epitope of the synthetic K63 linked ubiquitin. Epitope excision and 

extraction methods in combination with high resolution mass spectrometry are have been 

carried out in order to elucidate epitope structure of the antigen. In another approach, 

immunoblotting methods such as dot blot and western blot were applied in order to evaluate 

the recognition specificity of the antibody.  
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2. RESULTS AND DISCUSSION 

 

2.1 Chemical and biological principle for synthesis of ubiquitin conjugates 

 

The biological and biochemical functions of proteins derive from their unique folded structure, 

which in turn is defined by the amino acid sequence of its polypeptide chain. Typical protein 

molecules in a cell consists of a polypeptide chain of ~ 300 amino acid residues and can 

express more than 100000 distinct protein molecules [218]. Because of the diverse and 

important roles of proteins, protein production methods such as recombinant technology and 

chemical synthesis are required. 

 

The production of proteins with recombinant DNA technology can provide access to large 

quantities of proteins and allows the exchange of 1 of 20 common amino acid residues by 

another. However, the restrictions of the genetic code and aggregation severely limit the 

possible modifications and the yield of properly folded proteins produced. The chemical 

synthesis and semisynthesis of proteins have the potential to overcome the disadvantages of 

biological methods [219, 220]. In particular, solid-phase peptide synthesis (SPPS) is rapid to 

effect any desired change in the primary structure of a protein molecule, easily automated, 

and subsequent purification can be carried out using standard technologies such as HPLC. 

Accordingly, the application of existing and emerging synthetic methods could facilitate 

research in all aspects of protein science.  

 

Chemical synthesis of polypeptide has been traditionally accomplished by step-wise solid 

phase peptide synthesis and convergent synthesis by segment condensation, both of which use 

protected peptide fragments. Some drawbacks of this methodology include byproduct 

formation, intermolecular ß-sheet aggregation, and decreased solubility of fully protected 

fragments [221-223]. SPPS is rarely successful for the synthesis of peptides with >50 residues 

and syntheses of protected peptide fragments by segment condensation are inefficient, may 

undergo C-terminal racemization, and are poorly soluble in organic and aqueous solvents. In 

the early 1990s, a new principle about total chemical synthesis of proteins based on the 

“native chemical ligation” (NCL) methods was proposed to overcome the drawbacks [224, 225]. 

The chemical ligation approach relied on a conceptual breakthrough that enables the use of 

unprotected peptide segments for the total chemical synthesis of proteins, introduces a novel 
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concept, the chemoselective ligation. Uniquely reactive functionalities are incorporated into 

each peptide by chemical synthesis [226]. Chemoselective reaction of these moieties enabled 

the site-specific ligation of completely unprotected peptide segments for the synthesis of large 

polypeptide chains, and can be readily purified and characterized by sensitive, high-resolution 

methods (Fig. 11). Reactions were designed to be carried out in aqueous solution with 

addition of a chaotropic agent, which was used to increase the solubility of the reacting 

peptide segments, thereby allowing the use of higher peptide concentrations to accelerate the 

ligation reactions. The chemical ligation method has proven to be simple to implement, highly 

effective, and generally applicable [227]. A variety of chemical ligations have been used; 

thioester [226], oxime [228], thioether [229, 230], thiazolidine [231], peptide bond forming ligation 
[232], and directed disulfide formation [233].  

 

Expressed protein ligation (EPL) is a protein engineering approach that allows recombinant 

and synthetic polypeptides to be chemoselectively and regioselectively joined together. 

Expressed protein ligation employs a different tactic to incorporate an unnatural residue at the 

desired position within a protein. In essence, the approach involves linking together synthetic 

and recombinant peptide building blocks to give the final protein product. This semisynthesis 

is achieved by incorporating “molecular Velcro” at appropriate ends of the fragments, 

allowing their assembly to take place with high regioselectivity in water at physiological pH. 

Although EPL involves more chemical steps than the in vivo version of nonsense suppression 

mutagenesis, it has two important advantages: multiple unnatural amino acids can be 

introduced into the protein, and a much broader range of modifications is possible [234, 235].  
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Figure 11. Principle of chemical ligation strategy. The native chemical ligation technique to join unprotected 
peptides next to a cysteine residue has greatly facilitated the synthesis of proteins of moderate size. Expressed 
protein ligation (EPL) uses native chemical ligation (NCL) as a tool to connect a smaller synthetic peptide to a 
larger expressed protein fragment by a combination of chemical and biochemical methods. 
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Ligation strategies have obvious advantages; (i), by coupling together small to medium sized 

peptides, which can be produced routinely to a high level of homogeneity; (ii), the task of 

product purification can be greatly simplified; and (iii), by using unprotected peptide, the 

problems of poor fragment solubility normally associated with fragment condensation 

methods are eliminated.  

 

The production of polyubiquitin chains containing non-canonical linkages, such as isopeptide 

bonds, is an ongoing challenge in chemical biology. Chemical or enzymatic synthesis for 

polyubiquitin production is readily available. The chemical synthesis of proteins provides an 

important approach to the elucidation of relationship of their tertiary structure and functions 

of biochemical and biological activity [236]. The enzymatic synthesis of peptides with 

proteolytic enzymes is considered biocatalyst and substrate engineering, and recent advances 

and challenges are promoted. The chemical synthesis has limitated their potential because of 

the complicated strategies and large-scale synthesis, which remain major challenge. The 

combination of chemical and enzymatic synthesis takes synergistically advantage of the good 

properties of each technology and contribute to success of polyubiquitin synthesis [237, 238]. 

High resolution FT-ICR mass spectrometry was predominantly used for the characterization 

of the specific lysine linkage polyubiquitin chains, due to the high accuracy of mass 

dertermination and the possibility to carry out fragmentation reactions such as IRMPD 

leading to sequence-specific fragment ions [239-249]. Ion mobility mass spectrometry has been 

recently emerging as a highly efficient tool for the separation and analysis of structural 

differentiation of specific lysine linkage polyubiqutin chains with distinct conformations and 

charge structures [250-252]. And affinity proteomics methods are especially suitable for 

identifying the reconjugation structures of polyubiquitin [174, 253-256]. 

 

The different ubiquitin chains adopt different conformations, and the existence of proteins that 

selectively interact with different ubiquitin chains leads to different biochemical and 

biological functions which have been supported by experimental evidences [57, 68]. The 

classical view of the function of Lys48-linked polyubiquitin is that a chain consisting of a 

minimum of four ubiquitin moieties can interact to target proteins for degradation by the 

proteasome (Fig. 12. A). In contrast, Lys63-linked polyubiquitin chains can interact to a 

destructive fate of misfolded proteins in order to selectively clear them by autophagy, which 

represents a proteasome-independent pathway. For example, when the amount of misfolded 

proteins exceeds the capacity of the UPS degradation pathway, misfolded protein DJ-1 can be 
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modified with Lys63-linked ubiquitin chains, which are subsequently recognized by an 

ubiquitin receptor termed HDAC6. DJ-1 is a ubiquitously expressed protein that is mutated in 

an autosomal recessive, early-onset form of Parkinson’s disease [257]. HDAC6 protein can 

interact with dynein, a minus end driven microtubule motor, to deliver misfolded DJ-1 to a 

perinuclear region to promote its sequestration in aggresomes. The aggresomes sequester 

toxic misfolded proteins and facilitate their elimination by autophagy (aggresome-autophagy 

pathway) (Fig. 12. B) [121, 122].  
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Figure 12. Protein degradation pathway with Lys48- and Lys63-linked polyubiquitin chains. (A), The misfolded 
proteins are recognized and conjugated with K48 linked polyubiquitin chains, resulting in efficient degradation 
by the 26S proteasome. (B), Under the condition of proteasomal impairment, the parkin cooperates with 
Ubc13/Uev1a to mediate K63 linked polyubiquitination of misfolded proteins. The K63 linked polyubiquitin 
chain promotes binding of the dynein adaptor protein HDAC6, which effectively loads the misfolded protein 
onto the dynein motor complex for retrograde transport along microtubules to aggresomes [257-259]. 
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The challenge of specific lysine linkage polyubiquitin chain synthesis can be met by the 

combination of protein semisynthesis with recombinant protein expressed in conjujuction 

with the the chemoselective ligation approach described above. This method provides 

unlimited variation of the covalent structure of a polypeptide chains with the objective of 

understanding the structure of protein functional properties [260, 261]. Futher, the different lysine 

linkage polyubiuitin chains will be used to generate antibodies and to isolate and characterize 

proteins that selectively recognize distinct polyubiquitin chains in a linkage-specifc manner. 

Therefore, the production of a series of chemically defined polyubiquitin chains that differ by 

the lysine residue used for ubiquitin-ubiquitin conjugation using appropriate tools will be 

important for study. These studies will also contribute to the elucidation of the biochemical 

and physiological function(s) of different polyubiquitin chains. 

 

 

2.2 Design of synthetic approaches for ubiquitin conjugation of Lys-ε-amino-specific 

ubiquitin by chemoselective ligation 

 

The modification of ubiquitin to defined oligo-ubiquitinated conjugates has received 

considerable interest due to the finding that isomeric oligo-ubiquitin conjugates exhibit 

distinct differences in their biochemical functions, depending on the specific lysine-ε-amino 

linkage used for conjugate formation [262]. For efficient chemical synthesis of ubiquitin 

conjugates with defined lysine-specific linkages, the design and development of a thioether 

linkage-based approach is employed. In a chemoselective reaction, two unique, mutually 

reactive chemical functional groups are employed, these groups are designed to react with one 

another, but do not react with any of the other functional groups of the peptide. When these 

two peptide segments are mixed in solution, an unambiguous reaction ensures to form a single 

product in essentially quantitative yield [254, 263]. Chemoselective ligation can be divided into 

two classes: non-native ligations and acyl transfer ligations. Non-native ligations take 

advantage of unique reactivities that are absent from protein side chains, such as forming 

thioester, disulfide, and thioether bonds [219, 222, 230, 264].  

 

For the performing ubiquitin conjugation, the "donor" ubiquitin in which the C-terminal 

amino group is replaced by a cysteine was attached to the "acceptor" ubiquitin, in which the 

N-terminal amino group is chloroacetylated. These two ubiquitin molecules can be linked to 

each other by using thioether linkage (Fig. 13) [240, 265]. This approach was successfully 
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applied for the preparation of Lys63 linked di-ubiquitin by ligation of a linear ubiquitin-

derived peptide with a C-terminal cysteine as “donor” component with a corresponding 

Lys63-branched bis-haloacyl-activated ubiquitin “acceptor” peptide.  

 

Ubiquitin 1 CO-CH2-Cl + HS-CH2-CH-NH Ubiquitin 2 NH2

- HCl

Ubiquitin 1 CO-CH2-S-CH2-CH-NH Ubiquitin 2 NH2

COOH

COOH

Acceptor Donor

 
 
Figure 13. Schematic representation of chemoslective ligation. Thioether bond formation represents a 
chemoselective ligation approach, in which a thiol group reacts with a chloroacylated moiety in an SN2 reaction. 
The reaction occurs at pH 7-8. 
 

The conjugation reaction was performed in solution, under slightly alkaline conditions, 

between the chloroacetylated ubiquitin and the ubiquitin containing one cysteine residue with 

a free thiol group in the sequence by thioether linkage formation. The thioether linkage 

approaches are used for the synthesis of ubiquitin conjugations, because this type of bond 

presents the following advantages:  

 
- Chemically and biologically stable linker (vs. disulfide bond) 

- Easy coupling with good yield (vs. disulfide and amide bond formation) 

- Application of unprotected peptides in conjugation (vs. amide bond formation) 

- Non immunogenic bond (vs. some bifunctional coupling reagents) 

- Specific linkage to each one of the ubiquitin lysine residues 

 

 

2.2.1 General synthetic approaches of Lys-ε-amino-specific linked ubiquitin peptides 

 

Ubiquitin peptides were prepared by Solid Phase Peptide Synthesis (SPPS). This technique 

was first developed by Bruce Merrifield to synthesize polypeptides and awarded with the 

Nobel Prize in 1984 [266, 267]. The processing of SPPS is carried out on solid support via an 

acid labile linker, which activates the resin sites and strengthens the covalent bond between 

the C-terminal amino acid of peptide and the polymer support. The resin is insoluble in the 
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solvents used for synthesis, but has the tendency to swell considerably on presence of these 

solvents. Thus, the chemistry of SPPS takes place within a well-solvated gel containing 

mobile and reagent-accessible chains, and it is relatively simple and fast to remove excess of 

reagents and by-products.  

 

The general principle of SPPS is one of repeated cycles of coupling-deprotection. Briefly, 

the free N-terminal amine group on the resin is coupled to a single Nα-protected amino acid 

unit. This unit is then deprotected, revealing a new free N-terminal amine which can be 

coupled to a further Nα-protected (Cα-carboxyl activated) amino acid. The choice of a side 

chain protecting group depends on the choice of protecting group on the α-amino group, so 

that differently acid sensitive or an “orthogonal” combination of protecting groups are used. 

At the end of the synthesis, a different reagent is applied to cleave the bond between the C-

terminal amino acid and the polymeric support; the peptide then goes into solution and can 

be obtained from the solution.  

 

Two mainly used types of SPPS are 9-fluorenylmethoxycarbonyl/t-butyl (Fmoc/tBu) 

chemistry (base labile alpha-amino protecting group) and t-butoxycarbonyl/benzyl (Boc/Bzl) 

chemistry (acid labile protecting group) [268]. Each method involves fundamentally different 

amino acid side-chain protection and consequent cleavage and deprotection steps. The Fmoc 

(9-fluorenylmethyl carbamate) is currently a widely used protective group that is generally 

removed from the N-terminus of a peptide in the iterative synthesis of a peptide from amino 

acid units. The advantage of Fmoc is that it is cleaved under very mild basic conditions, but 

stable under acidic conditions. This allows mild acid labile protecting groups that are stable 

under basic conditions, such as Boc and benzyl groups, to be used on the side-chains of amino 

acid residues of the target peptide. This orthogonal protecting group strategy is common in the 

art of organic synthesis. 

 

The orthogonal synthesis strategy, which selectively removed the protecting group of the ε-

amino group of lysine residue, can be useful for the synthesis of specific lysine linked 

ubiquitin conjugates [240]. Using orthogonal coupling method, an amide bond is formed 

conceptually different from an orthogonal protecting group strategy. It is site-specific and 

allows only a single specific coupling reaction between the thio group of one cystein peptide 

segment and the Nε-amine of lysine peptide segment, in presence of other reactive amino 
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moieties. In such a method, a capture step brings the respective Nε-amine and thio group-

termini into close proximity and the isopeptide bond formation is made at high effective 

position. The specific Lys-ε-amino linked ubiquitin peptides were synthesized manually by 

Fmoc/tBu strategy using side chain protected lysine derivatives: Fmoc-Lys(Mtt)-OH or Dde-

Lys(Fmoc)-OH. These derivatives as an orthogonal- or quasi orthogonal-anchoring site have 

many interesting applications in peptide and combinatorial chemistry, such as synthesis of 

cyclic, branched peptides and the preparation of peptides carrying side-chain modifications, 

libraries of cyclic glycopeptides, and synthesis of β-turn mimetics, and so on [269-271].  

 

 

2.2.1.1 Attachment of the first amino acid on the TGA resin  

 

The ubiquitin peptides are synthesized on TGA resins are based on tentagel (TG), a composite 

of polyethylene oxide grafted on to low cross-linked polystyrene gel-type matrix, which has 

been amino functionalized and derivatized with the labile 4-hydroxymethylphenoxyacetic 

acid linker (Fig. 14). The peptide product has a C-terminus free carboxyl form by a cleavage 

from the TGA resin. The first step of synthesis was attachment of the first amino acid (Fmoc-

Gly-OH) to hydroxymethyl functionalized TGA resin, which can be performed by 4-

dimethylaminopyridine (DMAP) catalyzed esterification with an appropriate symmetrical 

anhydride, diisopropylcarbodiimide (DIC) for activation of carboxyl group via Mitsunobu 

reaction [272].  

 
 

 
PEG: Polyethylene glycol 

 

Figure 14. Schematic representation of TGA resin. 

 

The next step of synthesis was the removal of Nα-Fmoc protecting group of first amino acid 

on the TGA resin using a very efficient mixture of 2 % DBU (1,8-diaza-bicyclo[5.4.0]undec-

7-ene), 2 % piperidine in DMF [273]. In order to attach the second amino acid to the first amino 

acid on the resin and allow the peptide bond formation to proceed, the carboxyl group of the 

4-hydroxymethylphenoxy acetyl linker ®TG
amino resin

NovaSyn
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Nα-Fmoc protected second amino acid was activated by benzotriazole-1-yl-oxy-tris-

pyrrolidino-phosphonium hexafluorophosphate / 4-methylmorpholine (PyBOP/NMM) and the 

activated amino acid derivative was coupled to the first amino acid. The efficacy of the 

coupling step was verified by bromophenol blue test, which is visualized by an intense blue 

color. If the coupling reaction was completed, a new synthetic cycle started; deprotection and 

coupling steps were repeated until the desired sequence was obtained. Extensive washing with 

DMF was performed after each step in order to remove excess of reagents and by-products.  

 

The simple but sensitive color test, Bromophenol Blue test (BBT) as a qualitative estimation 

method was performed for checking the completeness of first amino acid loading on the resin. 

BB is an indicator which changes its color from blue to yellow based on the protonation with 

amines (Fig. 15). As the reaction proceeds, the blue coloration fades to yellow, indicating a 

completion of amino acid coupling. The test is carried out using 0.05 % bromophenol blue 

solution in DMF [221].  
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Figure 15. The protonation mechanism of bromophenol blue with amine. (3’,3”,5’,5”-
tetrabromophenolsulfonphtalein) Bromophenol blue, reacts to the presence of free amine group. Because of salt 
formation, the color changes from yellow to blue.  
 

After the attachment of first amino acid to the TGA resin, UV-Vis Spectrometer (SHIMADZU 

UV-1202) was used for the loading capacity determination as a quantitative method. The 

Fmoc protecting group of first amino acid on the resin was removed by 20 % piperidine in 

DMF solution and UV absorbance of this solution is determined at 290 nm. As a reference, 

the UV absorbance of 20 % piperidine in DMF was measured. The loading capacity was 

calculated according to the equation below (Table 1). 
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Table 1. The loading capacity determination of Fmoc-Gly-TGA resin. 
 

Fmoc loading:   mmol/g. resin = (Abssample - Absref) / (1.65 x mg of resin) 
 

Fmoc loading 
capacity 

Sample 
absorption 

Reference 
absorption 

Sample 
(mg) 

No 

0.189 0.590 0.395 0.625 1 

0.208 0.595 0.395 0.600 2 

0.204 0.600 0.395 0.610 3 

0.200 - - - Average 

 

 

2.2.1.2 Synthesis of linear specific Lys-ε-amino group of chloroacetylated ubiquitin 

peptides 

 

The optimization of polyubiquitin conjugation reaction was performed using a model system 

consisting of a partial sequence of ubiquitin with defined Lys-ε-amino branching sites. The 

“acceptor” molecule was ClAc-K63 ubiquitin(54-76), which contains the ε-amino group of 

lysine63 residue, [H-54RTLSDYNIQK63(ClAc)ESTLHLVLRLRGG76-OH] 1. The 

recombinant “donor” molecule was ubiquitin (1-75)-Cys 6, containing one cystein residue in 

the C-terminal.  

 

The ClAc-K63 Ub(54-76) 1, was synthesized manually by Fmoc/tBu strategy on TGA resin 

with a capacity of 0.20 mmol/g using the following side chain protected amino acid 

derivatives: Fmoc-Arg(Pbf)-OH, Fmoc-His(Trt)-OH, Fmoc-Ser(tBu)-OH, Fmoc-Glu(OtBu)-

OH, Fmoc-Thr(tBu)-OH, Fmoc-Gln(Trt)-OH, Fmoc-Asn(Trt)-OH, Fmoc-Tyr(tBu)-OH, 

Fmoc-Asp(OtBu)-OH, and Fmoc-Lys(Mtt)-OH.  
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Figure 16. Outline of the synthesis of Lys63-ε-amino group of chloroacetylated ubiquitin (54-76) 1, by 
Fmoc/tBu chemistry. 
 

After completion of the synthesis, the chloroacetyl group was introduced at the Nε-amino 

group of Lys63 residue by chloroacetic acid pentachlorophenyl ester (ClAc-OPcp; 5 equiv 

excess in DMF/DCM) after removal of Nε-Mtt protecting group (4-Methyltrityl) using 1 % 

TFA in DCM. The Nα-Fmoc protecting group was removed under basic conditions (2 % 

piperidin, 2 % DBU in DMF), then the peptide was cleaved from the resin simultaneously 

with the removal of the side chain protecting groups by using a cleavage mixture containing 

90 % trifluoroacetic acid (TFA), 5 % triisopropylsilane (TIS) and 5 % water for 3 h (Fig. 16). 

During the reaction highly reactive carbocations were generated and it was necessary to trap 

them to avoid undesired reactions with sensitive amino acids such as Cys, His, Ser, Tyr. This 

effect was obtained by the addition of scavengers to the cleavage solution (crystalline phenole, 

ethanedithiol, thioanisole, d.i. water).  

 

After cleavage from the resin, the ClAc-K63 Ub(54-76) 1, was precipitated with t-

butylmethyl-ether, washed with diethyl ether and dissolved in 10 % acetic acid prior to freeze-

drying. Crude products were purified by preparative RP-HPLC and characterized by mass 
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spectrometry (Fig. 17, Table 2). The ESI-FT-ICR mass spectrum showed a single 

homogeneous peptide product with the experimental molecular mass of 2744.4633 Da, 

consistent with the calculated molecular mass of 2744.4471 Da (C18H199N37O36Cl1). 
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Figure 17. RP-HPLC profile (A) and ESI-FT-ICR mass spectrum (B) of Lys63-ε-amino group of 
chloroacetylated ubiquitin(54-76) peptide. The inset shows the isotopic distribution of the [M+4H]4+ ion.  
 

Using the identical protocol as described above, the Lys48-ε-amino group of chloroacetylated 

ubiquitin(47-76), [H-47GK48(ClAc)QLEDGRTLSDYNIQKESTLHLVLRLRGG76-OH] 2, was 

manually synthesized by SPPS and characterized by MS. The sequence of ClAc-K48 Ub(47-

76) 2, is seven amino acids more then ClAc-K63 Ub(54-76) 1, at the N-terminus, therefore the 

synthesis is more difficult and has a low yield. In order to synthesise long sequence and to 

eliminate truncated sequences, triple coupling and capping procedures were carried out. The 

triple coupling was carried out using a mixture of PyBOP, NMM in DMF and the capping was 

done by using a solution containing 10 fold molar excess of acetic anhydride and NMM in 

DMF.  

 
After completion of the synthesis, the chloroacetyl group was introduced at the Nε-amino 

group of Lys48 residue by chloroacetic acid pentachlorophenyl ester (5 equiv excess in 

DMF/DCM) after removal of Nε-Mtt protecting group (4-Methyltrityl) using 1 % TFA in 
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DCM for 1hr. The Nα-Fmoc protecting group was removed under basic conditions, then the 

peptides were cleaved from the resin using TFA, triethylsilane and water (95: 2.5: 2.5 v/v/v) 

for 2 hours at room temperature, and analytical RP-HPLC was performed on a Vydac C4 

column (Fig. 18. A). The analytical RP-HPLC shows a major peak in the chromatogram at ca. 

39.6 min. The peptide was collected, lyophilized and the structure of the peptide was 

measured by ESI-Ion-Trap mass spectrometry and the only abundant peak was the [M+6H]6+ 

ion at m/z 580.06, consistent with the element formula C146 H244 N45 O47 Cl1 (Fig. 18. B). 
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Figure 18. (A), Analytical RP-HPLC profile and (B), ESI-Ion-Trap mass spectrum of Lys48-ε-amino group of 
chloroacetylated ubiquitin(47-76) peptide.  
 

 

2.2.1.3  Synthesis of linear N-chloroacetylated Lys63-ubiquitin peptides 

 

The designated linear N-chloroacetylated ubiquitin peptides, N-ClAc Ub(54-76): [ClAc-
54RTLSDYNIQKESTLHLVLRLRGG76-OH] 3, and N-ClAc Ub(61-76): [ClAc-
61IQKESTLHLVLRLRGG76-OH] 4, as “acceptor” components were performed in the first 

step of the attachment of C-terminal Gly76 residue to the TGA resin (0.20 mmol/g coupling 

capacity) and the general manual SPPS approach with Fmoc/tBu chemistry. Both linear N-

chloroacetyl-ubiquitins (3, 4) containing a Lys63 residue and the N-terminal amino groups of 

either Arg54 or Ile61 were chloroacetylated using a 5-molar excess of chloroacetic acid 

pentachlorophenyl ester in DMF/DCM.  
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For isolation and characterization of the N-chloroacetylated ubiquitin(54-76) 3, and N-

chloroacetylated ubiquitin(61-76) 4, the peptides were cleaved from the resin using a cleavage 

mixture containing 90 % TFA, 5 % water and 5 % TIS, and the crude product purified by 

HPLC on a preparative C4 column. The ESI-FT-ICR mass spectra showed each single 

homogeneous peptide products with the experimental molecular mass of 3; 2744.46 Da and 4; 

1896.36 Da (Fig. 19, Table 2). Further, both N-chloroacetylated peptides were converted into 

the N-iodoacetylated peptide upon KI treatment, which were used in the thioether ligation 

with ubiquitin donor peptides.  
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Figure 19. ESI-FT-ICR mass spectra of (A) N-chloroacetylated ubiquitin(54-76) and (B) N-chloroacetylated 
ubiquitin(61-76). The isotopic distribution of the [M+H] + ion is represented in detailed view, and the isotopic 
pattern is consistent with the element formula (A; C118H198N37O36Cl1, B; C82H143N26O23Cl1). 
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2.2.1.4 Synthesis and characterization of Lys63-ε-amino-linkage of N-bis-

chloroacetylated di-ubiquitin peptides 

 

N-chloroacetylated ubiquitin peptides comprising the designated Lys-NH2
ε-specific linkage 

were prepared as “acceptor” components in the first step of the general thioether conjugation 

approach by manual synthesis, using the scheme of insertion of lysine-branching sequences 

and orthogonal protecting groups shown in Figure 20. The synthesis of Lys63-ε-amino-

linkage of N-bis-chloroacetylated ubiquitin(54-76)2, [(ClAc-
54RTLSDYNIQKESTLHLVLRLRGG76-OH)2] 5, was carried out manually on a NovaSyn 

TGA resin (0.29 mmole/g coupling capacity) according to Fmoc/tBu chemistry. The following 

analogous side chain protected amino acid derivatives were used: Fmoc-Arg(Pbf)-OH, Fmoc-

His(Trt)-OH, Fmoc-Ser(tBu)-OH, Fmoc-Glu(OtBu)-OH, Fmoc-Thr(tBu)-OH, Fmoc-

Gln(Trt)-OH, Fmoc-Asn(Trt)-OH, Fmoc-Tyr(tBu)-OH, Fmoc-Asp(OtBu)-OH, Fmoc-

Lys(Boc)-OH and Dde-Lys(Fmoc)-OH: (Nα-1-(4,4-dimethyl-2,6-dioxocyclohex-1-

ylidene)ethyl-Nε-Fmoc-L-lysine).  

 

The designated Lys63-NH2
ε-branching site was protected with Nα-Dde and Nε-Fmoc groups 

of Dde-Lys(Fmoc)-OH derivative. After completion of the synthesis of linear ubiquitin(63-

76) and removal of the Nε-Fmoc protecting group, the second branching sequence 

ubiquitin(63-76) was built up on the Lys63-ε-amino group using NH2
α-Fmoc-NH2

ε-Boc 

protection of the branching Lys63 residue. After completion of the synthesis of the branched 

ubiquitin(63-76)2, the Nα-Dde protecting group of Lys63 was removed with 2 % hydrazine in 

DCM. The second Nα-Fmoc group of Lys63 was subsequently removed, followed by manual 

coupling of amino acids (54-62) for both sequences. Following removal of the Nα-terminal 

Fmoc protecting groups, the chloroacetyl group was introduced at each Nα-terminal Arg54 

residue using chloroacetic acid pentachlorophenyl ester (Fig. 20).  
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Figure 20. Pathways for the manual synthesis of the Lys63-linked bis-chloroacetylated ubiquitin (54-76)2, 5. The 
protecting groups used are as follows: a′, Pbf, (2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl); b′, tBu, 
tert-butyl; c′, OtBu, tert-butyl ester; d′, Trt, trityl; e′, Boc, tert-butoxycarbonyl; f′, Dde, (1-(4,4-Dimethyl-2,6-
dioxocyclohex-1-ylidene)ethyl). 

 

For isolation and characterization of the Lys63-linked ClAc-Ub(61-76)2 5, the peptide was 

cleaved from the resin using a cleavage mixture containing 95 % TFA, 2.5 % water and 2.5 % 

TIS for 3 hrs and was precipitated with t-butylmethyl-ether, washed with diethyl ether and 

dissolved in 10 % acetic acid prior to freeze-drying. The crude peptide was purified by 

Reverse Phase HPLC on a preparative C4 column using as mobile phases: 0.1 % TFA in 

acetonitrile: water 80:20 (eluent B) and 0.1 % TFA in water (eluent A). The Nano-ESI FT-

ICR mass spectrum showed a single homogeneous peptide product with the experimental 

molecular mass of 5470.8255 Da, consistent with the calculated molecular mass of 5470.8872 

Da (C236H394N74O71Cl2) with high mass accuracy of 1.5 ppm (Fig. 21, Table 2). 
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Figure 21. Nano-ESI FT-ICR mass spectrum of the Lys63-linked ClAc-Ub(54-76)2, 5. The insert shows the 
isotopic distribution of the [M+7H]7+ ion and mass accuracy is 1.5 ppm. 
 

According to the same strategy descried above, Lys63-NH2
ε-linked bis-chloroacetylated 

ubiquitin(61-76)2: [(ClAc-61IQKESTLHLVLRLRGG76-OH)2] 5´, was synthesized and 

characterized by MS. This peptide can be used as acceptor moiety for conjugation of Lys63-

NH2
ε-linked di-ubiquitin and was performed by mass spectrometric sequence analysis using 

proteolytic digestion (s. 2.2.1.5). The Nano-ESI FT-ICR mass spectrum showed a series of 

multiply charged between [M+3H]3+ and [M+7H]7+ ions. The peptide molecular weight was 

determined with high mass accuracy of 1.6 ppm. In the insert of the mass spectrum, a detail 

view of the isotopic distribution of the highest charge is [M+6H]6+ ion (Fig. 22, Table 2).  
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Figure 22. Nano-ESI FT-ICR mass spectrum of the K63-linked ClAc-Ub(61-76)2, 5´. The insert shows the 
isotopic distribution of [M+6H]6+ ion and mass accuracy is 1.6 ppm. 
 

Table 2. HPLC and Mass spectrometric characterization of chloacetylated ubiquitin containning specific 
lysine63 residue as acceptor peptides. 
 

Compound Nr Sequence 
HPLC 

Rt(min)* 
[M+H] + 

calc/exp** 

Lys63-ε-amino group of 
ClAc-ubiquitin (54-76) 

1 
H-54RTLSDYNIQK 63(ClAc)ESTL 

HLVLRLRGG76-OH 
31.75a 

2745.44/ 
2745.48a 

Lys48-ε-amino group of 
ClAc-ubiquitin (47-76) 2 

H-47GK 48(ClAc)QLEDGRTLSDY 
NIQKESTLHLVLRLRGG76-OH 

39.6b 
3475.33/ 
3475.41c 

***Lys48- ε-amino-linked 
ubiquitin (48-76)2 

2´ 
[H-K 48QLEDGRTLSDYNIQKE 

STLHLVLRLRGG76-OH]2 
42.4b 

6664.58/ 
6662.62 c 

N-chloroacetylated 
ubiquitin (54-76) 

3 
ClAc-54RTLSDYNIQK 63ESTLHL 

VLRLRGG76-OH 
30.6a 

2745.45/ 
2745.46a 

N-chloroacetylated 
ubiquitin (61-76) 

4 ClAc-61IQK 63ESTLHLVLRLRGG76-OH 28.7a 
1897.06/ 
1897.36a 

Lys63-NH2
ε-linked 

bis-chloroacetylated 
ubiquitin(54-76)2 

5 
[ClAc-54RTLSDYNIQK 63ESTLHL 

VLRLRGG76-OH]2 
38.2b 

5470.88/ 
5470.87b 

Lys63-NH2
ε-linked 

bis-chloroacetylated 
ubiquitin(61-76)2 

5´ [ClAc-61IQK 63ESTLHLVLRLRGG76-OH]2 35.0b 
3776.2881/ 
3776.2817b 

*a and *b Analytical RP-HPLC columns: VydacTN C18 and C4 column (250 mm x 4.6 mm I.D.) with a 5 µm 
silica (300 Å pore size); eluents: 0.1% TFA/water (A), 0.1 % TFA/MeCN-water 80:20, v/v (B); flow rate: 1 
mL/min; gradient: 0 min 10 % B, 5 min 10 % B, 25 min 30 % B, 95 min 100 % B. 

** a ESI- and bNano-ESI mass spectrometric analyses were performed with a Bruker APEX II FT-ICR instrument 
equipped with an actively shielded 7T superconducting magnet. **c ESI-Ion-Trap mass spectrometric analyses. 

*** The Lys48-ε-amino-linked ubiquitin (48-76)2 2´, is used for affinity-binding study against specific K63 
linkage ubiquitin antibody (s. 2.5.2). 
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2.2.1.5 Sequence determination of Lys63-ε-amino-linkage of N-bis-chloroacetylated di-

ubiquitin peptide by proteolytic digestion 

 

Proteases or peptidases are enzymes that catalyze the cleavage of peptide bonds and are 

distributed in many cells, where they serve a large variety of different tasks and functions 

such as degrading misfolded proteins, performing important regulatory pathways, being 

involved in cell growth and apoptosis. The cleavage reaction of many proteases makes them 

important tools for peptide mapping, elucidation of primary and higher-order protein 

structures. Proteases important for protein characterisation studies can be divided into endo- 

and exoproteases. Endopeptidases attack the protein backbone, generating peptide fragments. 

They are mainly used for protein studies. There is a very high specificity available to cleave 

exclusively adjacent to charged residues. Exopeptidases attack the N- or C-terminal amino 

acids. A list of the enzyme used in this research is given in the Table 3. These proteases are 

commercially available from several suppliers as high-quality products [274].  

 
Table 3. Properties of specific endoproteases 
 

Enzyme Type Specificity Reaction conditions 

Trypsin Serine Arg-X, Lys-X pH 8.0 – 9.0 

Glu-C Serine Glu-X, ASP-X pH 8.0 

Lys-C Serine Lys-X pH 8.0 – 8.5 

 

It is known that the proteases have widely different, well characterized substrate specificities 
[275], and cleave preferentially different peptide bonds: trypsin cleaves at the C-terminal bonds 

of lysine and arginines residues (basic amino acids), Glu-C cleaves mostly at the C-terminus 

of glutamic acid and aspartic acid residues, Lys-C at the C-terminal of lysine, AspN protease 

cleaves at the N-terminal of Asp and pepsin cleaves also the C-terminus of different 

hydrophobic amino acids (phenylalanine, isoleucine) [276]. 

 

The K63-ε-amino-linkage of N-bis-chloroacetylated ubiquitin(61-76)2 5´, was first digested 

with trypsin in an enzyme: substrate ratio of 1:20 for 2 hrs at 37 0C. The digestion was 

performed in PBS buffer (5 mM Na2HPO4, 150 mM NaCl) at pH 7.5. The MALDI-TOF mass 

spectrum of the protein digest is shown in the Figure 23. 
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Figure 23. MALDI-TOF mass spectrum of K63 linked ClAc-Ub(61-76)2 5´, digested in solution with trypsin at 
37 o C for 2 hrs. *Mw: 1897.9 Da could be assigned to several isobaric tryptic peptides with structures given 
above. 

 

The digestion pathways of ClAc-K63 linked di-biquitin peptide 5´, with trypsin lead to the 

formation of multiple fragments with m/z ratios widespread on a large region of the spectrum, 

between 500 and 4000. The peptide 5´, contains 6 possible cleavage sites of trypsin: Arg-74 

and Lys-63 in the proximal sequence and Arg-74, Arg-72 and Lys-63 in the distal sequence. 

Thus, the numbers of possible fragments formed by tryptic digestion at the K63 branched 

sequence is 22. The calculated average masses of the tryptic fragments are summarized in 

Table 4. The peptides found in MS are marked in black bold. Almost all expected (from 

GPMAW) proteolytic fragments are present in the mass spectrum, covering mostly the 

ubiquitin peptides contained Lys63 linkage site in their central sequence. The experimental 

molecular mass of 1897.9 Da can be assigned several possible tryptic peptides; ClAc-Ub(61-

74)-GG, ClAc-Ub(61-72)-GGRL, ClAc-Ub(61-74)-Ub(64-76), and [Ub(61-76)2 + 2H]2+. 

Therefore, the proteolytic digestion by Lys-C and Glu-C were carried out in order to identify 

the unique branching structure at K63 linkage residue. 
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Table 4. List of identified peptides in the mixture of K63 linked ClAc-Ub(61-76)2 5´, digested by trypsin after 2 
hours.  
 

6

5

4

3

2

1

3661.21Clac-Ub (61-74) K63 linked to 
Clac-Ub (61-76)

1897.68Clac-Ub (61-72) K63 linked to 
GGRL

2946.68Clac-Ub (61-72) K63 linked to 
GGRLRLVLHLTSE

3776.31Clac-Ub (61-76) K63 linked to 
Clac-Ub (61-76)

1897.68Clac-Ub(61-74) K63 linked to 
GG

2011.76
Clac-Ub(61-76) K63 linked to 

GG 

Fragment mass [M+H]+SequenceFragment

Cl-CH2-CO-H2N-61IQ63KESTLHLVLRLRGGly76-COOH

GGly76

Cl-CH2-CO-H2N-61IQ63KESTLHLVLRLRGGly76-COOH

Cl-CH2-CO-H2N-IQKESTLHLVLRLRGGly76

Cl-CH2-CO-H2N-61IQ63KESTLHLVLRLRGGly76-COOH

ESTLHLVLRLRGGly76

Cl-CH2-CO-H2N-61IQ63KESTLHLVLRLR74-COOH

GGly76

Cl-CH2-CO-H2N-61IQ63KESTLHLVLRLR74-COOH

Cl-CH2-CO-H2N-IQKESTLHLVLRLRGGly76

Cl-CH2-CO-H2N-61IQ63KESTLHLVLR72-COOH

LRGGly76

7 1897.68Clac-Ub (61-63) K63 linked to 
GGRLRLVLHLTSE

Cl-CH2-CO-H2N-61IQ63K-COOH

ESTLHLVLRLRGGly76

1337.81H-ESTLHLVLRLR-OHUb (62-74)10

11

9

8 1783.02Clac-Ub (61-74)

1068.63H-ESTLHLVLR-OHUb (62-72)

1450.85H-ESTLHLVLRLRGG-OHUb (62-76)

Cl-CH2-CO-H2N-61IQ63KESTLHLVLRLR74-COOH

 
 

As a further endoprotease Glu-C was used for the digestion in solution of Lys63-linked 

ClAC-Ub(61-76)2 5´. Endoproteinase Glu-C from Staphylococcus aureus strain V8 is able to 

cleave peptide bonds at the carboxyl side of glutamyl residues if the reaction is carried out in 

ammonium bicarbonate (pH 7.8) and provides cleavage at the carboxyl side of either glutamyl 

and aspartyl residues if the reaction is carried out in phosphate buffer (pH 7.8). Due to the 

presence of 2 glutamyl residues (Glu-64 at proximal Ub and Glu-64 at distal Ub) within the 

sequence, the proteolytic cleavage was performed in ammonium bicarbonate. The protein was 

digested with Glu-C in an enzyme: substrate ratio of 1:20, for 30 min at 37 o C. The sample 

containing the mixture of digested peptides was anaylzed by LC-ESI Ion Trap MS and the 

results are presented in Figure 24. The experimentally obtained molecular average masses are 

marked in red bold in the Table 5, together with the calculated values, using the software 

GPMAW.  
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Figure 24. LC-ESI-Ion Trap mass spectrum of the in solution Glu-C digest of Lys63-linked ClAc-Ub(61-76)2:  
Total ion chromatogram (TIC) and ESI-MS spectra of the fraction 8.9 – 61.0 min. Analytical RP-HPLC 
columns: Zorbax 300SB-C8 column (150 mm x 1.0 mm I.D.) with a 3.5 µm silica; eluents: 0.2 % Formic 
acid/water (A), 0.2 % Formic acid /MeCN-water 80:20, v/v (B); flow rate: 10 µL/min; gradient: 0 min 2 % B, 5 
min 2 % B, 115 min 98 % B, 120 min 98 % B. 
 

Table 5. Molecular mass identification of Lys63-linked ClAc-Ub(61-76)2 peptide fragments by endoproteinase 
Glu-C. 
 

# Mw [M+H] +SequenceFragment

3

2 1897.67
Clac-Ub (61-64) K63 linked to 

GGRLRLVLHLTS

1321.59H2N-STLHLVLRLRGG-COOHUb (65-76)

Cl-CH2-CO-H2N-61IQ63KE-COOH

H2N-STLHLVLRLRGGly76

1
3776.31

Clac-Ub (61-76) K63 linked to 
Clac-Ub (61-76)

Cl-CH2-CO-H2N-61IQ63KESTLHLVLRLRGGly76-COOH

Cl-CH2-CO-H2N-IQKESTLHLVLRLRGGly76

 

Endoproteinase Lys-C preferentially cleaves at the carboxyl terminus of Lys63 at the K63 

linkage site of the di-ubiquitin sequence. The same peptide was digested with Lys-C in an 

enzyme: substrate ratio of 1:50, for 30 min at 37 o C. The sample containing the mixture of 
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digested peptides was measured by LC-ESI Ion Trap MS and the results are presented (Fig. 

25 and Table 6).  
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Figure 25. LC-ESI-Ion Trap mass spectrum of the in solution Lys-C digest of Lys63-linked ClAc-Ub(61-76)2: 
Total ion chromatogram and ESI-MS spectra of the fractions between 18.9 – 83.0 min. 
 

Table 6. Molecular mass identification of Lys63-linked ClAc-Ub(61-76)2 peptide fragments by endoproteinase 
Lys-C. 

# Mw [M+H] +SequenceFragment

1 Clac-Ub (61-76) K63 linked to 
Clac-Ub (61-76)

Cl-CH2-CO-H2N-61IQ63KESTLHLVLRLRGGly76-COOH

Cl-CH2-CO-H2N-IQKESTLHLVLRLRGGly76 3776.31

3

2 1897.67Clac-Ub (61-64) K63 linked to 
GGRLRLVLHLTSE

1450.85H2N-ESTLHLVLRLRGG-COOHUb (64-76)

Cl-CH2-CO-H2N-61IQ63K-COOH

H2N-ESTLHLVLRLRGGly76

 
 

In conclusion, using several proteolytic digestions (trysine, Glu-C and Lys-C) combination 

with mass spectrometry analysis, the Lys63-linked ClAc-Ub(61-76)2 peptide 5´ could be 

unambiguously shown that branching site is ε-amino group of K63 residue. 
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2.2.2  Expression and purification of recombinant ubiquitin-Cys peptides 

 

For the Lys63-NH2
ε-linked partial ubiquitin conjugation 9, the Ub(1-75)-Cys [H-

1MQIFVKTLTGKTITLEVESSDTIDNVKSKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDY

NIQKESTLHLVLRLRGC76-OH] as donor component, that consists of ubqiuitin amino acid 

residues 1-75 and an additional C-terminal Cys76 residue replacing Gly76 was prepared by 

biochemical methods, such as recombinant bacterial expression. A cloning and expression of 

cDNA encoding ubiquitin(1-75)-Cys 6, was generated by polymerase chain reaction using 

using the primers 5´-GAGATATACATATGCAGATCTTCGTGAAGAC-3´ (forward primer) 

and 5´-GCGGGATCCTTAGCAACCTCTGAGCCTTAGC-3´ (reverse primer). The product 

was cloned by 5' NdeI and 3' BamHI into the bacterial expression vector pET3a and expressed 

in E. coli BL21-CodonPlus(DE3)-RIL cells (s. 3.3). The respective protein, Ub(1-75)-Cys was 

purified by reverse phase HPLC on a C4 column using as mobile phases: 80% acetonitrile, 

0.1 % TFA in d.i. water (eluent B) and 0.1 % TFA in d.i. water (eluent A), and characterized 

by Nano-ESI FT-ICR mass spectrometry (Table 7). 

 

The mixed disulfide of Ub(1-75)-Cys 6, with glutathione which was present in the biological 

sample, was identified by mass spectrometry. Glutathione (GSH) is a linear tripeptide that 

contains peptide linkage between the amine group of L-cysteine, L-glutamic acid and glycine. 

Glutathione is an essential cofactor for enzymes and helps to keep redox-sensitive active sites 

on enzymes in the necessary reduced state [277]. Thiol group of cysteine serving as an electron 

donor reduces disulfide bond formed 

within cytoplasmic proteins. In the 

process of recombinant cysteinyl-

ubiquitins, glutathione contains one 

cysteine residue which forms disulfide 

bridge with ubiquitin-Cys (Fig. 26). 

 

 
 
 
 
 
 
 
Figure 26. Disulfide bond formation of 
ubiquitin-Cys with glutathione.  

 

γ-L-glutamyl-L-cysteinyl-glycine (GSH)

+ Ubiquitin-Cys

Ub-S-S-GSH

Ubiquitin -NH-CH-CH2-SH
COOH

-NH-CH-CH2-S
COOH

Ubiquitin
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The reverse phase HPLC chromatogram and mass spectra of the sample which was kept for 

24 hr at 4 °C showed that the ubiquitin (1-75)-Cys-GSH was the major product. In order to 

obtain the monomeric form of ubiquitin (1-75)-Cys, the disulfide bridge was reduced with 

dithiothreitol (DTT). The crude ubiquitin (1-75)-Cys 6, with residual byproducts in detergents, 

were purified by using a desalting column and RP-HPLC. The purified peptide was 

characterized by MALDI-TOF and Nano-ESI FT-ICR mass spectrometry (Fig. 27 and 29. A). 
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Figure 27. Purification of ubiquitin (1-75)-Cys 6, followed by analytical RP-HPLC and MALDI-TOF mass 
spectrometry; (A), After 24hrs, HPLC profiles indicate that the major compound is ubiquitin (1-75)-Cys-GSH 
and low amount of ubiquitin (1-75)-Cys and its corresponding dimer. (B), After DTT reduction for 1.5 hrs, 
ubiquitin (1-75)-Cys-GSH can be reduced to ubiquitin (1-75)-Cys and GSH. 
 

Ubiquitin peptides comprising a N-terminal Histidine-tag sequences 

[GSSHHHHHHSSGLVPRGSH-Ub(1-52)-Cys] 7, and [GSSHHHHHHSSGLVPRGSH-Ub(1-

59)-Cys] 8, were prepared by bacterial expression as donor components for thioether ligation 

by replacing either the C-terminal Gly53 or Asp60 with a cysteine residue. The most common 
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polyhistidine tags are formed of six histidine residues which are added at the C-terminal or N-

terminal of the protein of interest. The choice of the end where His-tag is added will depend 

mainly on the characteristics of the protein and the methods chosen to remove the tag. Some 

ends are buried inside the protein core and others are important for the protein function or 

structure [278]. Following bacterial expression, isolation, and purification as described above, 

the His-tag-G53C 7, and His-tag-N60C 8, recombinant ubiquitin peptides were prepared. The 

peptides were analyzed by RP-HPLC and characterized by mass spectrometry.  

 

The HPLC separation of the crude product His-tag-G53C 7, revealed the presence of an 

additional peak with a slightly lower retention time (28.8 min) relative to the main component 

(29.8 min), which was identified by MALDI-TOF-MS as the mixed disulfide of 7, with 

glutathione (molecular mass 8297.34 Da), present in excess in the biological medium upon 

isolation. Consistent with this finding, HPLC analyses and MALDI-MS characterization of 

further mutant ubiquitin-Cys peptide, His-tag-N60C 8, prepared with an identical procedure 

and showed the formation of the mixed GSH-disulfide adducts as byproduct (retention time; 

29.8 min). In order to remove the GSH, the disulfide linkage was reduced with DTT for 1.5 h 

at 25 °C and the ubiquitin peptides were analyzed by MALDI-MS after C4 Zip-Tip desalting 

(Fig. 28). The structure and homogeneity of the His-tag ubiquitin-Cys peptides 7, 8, were 

purified by preparative RP-HPLC and the main pecks were collected and ascertained by 

Nano-ESI FTICR mass spectrometry (Fig. 29. B, C and Table 7).  
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Figure 28. MALDI-TOF mass spectra of ubiquitin-Cys peptides, (A), His-tag-G53C 7, and (B), His-tag-N60C 8, 
peptide before and after DTT reduction. The disulfide bridge of Ub-Cys with GSH (Ub-S-S-GSH) is 305.37 Da 
molecular mass higher then Ub-Cys (A; His-tag-G53C-GSH, Mw: 8297.34 Da, B; His-tag-N53C-GSH, Mw: 
9090.19 Da). After DTT reduction, Ub-Cys-GSH can be reduced to the free cysteinyl-ubiquitins and GSH. 
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Figure 30. RP-HPLC profiles and Nano-FTICR mass spectra of mutant cysteinyl-ubiquitins, (A), Ub(1-75)-Cys, 
(B), His-tag-Ub(1-52)-Cys, and (C) His-tag-Ub(1-59)-Cys peptides showing a series of multiply charged ions. 
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Table 7. Chemical characteristics of recombinant cysteinyl-ubiquitins 

 
* RP-HPLC column: Vydac C4, (4.6 mm × 250 mm) with a 5 µm silica (300 Å pore size); eluents A: 0.1 % TFA 
in water, eluents B: 0.1 % TFA in MeCN-water 80:20 (v/v); flow rate: 1 mL/min, Peaks were detected at λ = 220 
nm. *a gradient: 0 min 20 % B, 5 min 20 % B, 25 min 40 % B, 85 min 100 % B. *b gradient: 0 min 0 % B, 5 min 
0 % B, 20 min 20 % B, 100 min 100 % B. 
** aNano-ESI FTICR mass spectrometry was performed with a Bruker Apex II FTICR mass spectrometer 
equipped with a 7.0 T actively shielded superconducting magnet. 
 

 

2.2.2.1  Sequence determination of ubiquitin-Cys peptides  

 

To identify the N-terminal amino acids of recombinant Histidine tagged ubiquitins-Cys, 

Edman degradation was employed (s. 3.9.1). The automated Edman degradation sequencer 

sequentially cleaves N-terminal amino acids from protein and peptide chains and analyzes the 

resulting phenylthiohyantoin (PTH)-amino acid residues. Each repeated cycle of the 

degradation removes an amino acid from the amino N-terminal end of the protein or peptide 

sample. Thus, repetitive cycles provide sequential separation of the amino acids which form 

the primary structure of the peptide. The recombinant samples were desalted and concentrated 

by ZipTip C4 pipette micro-tips and then subjected to N-terminal sequence analysis. The 

HPLC chromatograms are shown for four PTH-amino acids released during Edman 

degradation of the histidine tag ubiquitin-Cys peptides (Fig. 30). A standard mixture of PTH-

amino acids was injected onto the column for separation as the standard cycle of the 

sequencing run. The retention times of the amino acids from this chromatogram are used to 

identify the amino acids in the sequencing cycles.  

 

Compound Nr Sequence 
HPLC 

Rt(min)* 
[M+H] + 

calc/exp** 

Ubiquitin(1-75)-Cys: 

Ub-G76C 
6 

H2N-1MQIFVKTLTGKTITLEVESSDTIDNV 

KSKIQDKEGIPPDQQRLIFAGKQLEDGRTL

SDYNIQKESTLHLVLRLRGCys76-OH 

36.5a 
8598.5730/ 
8598.5700a 

Histidine-tag- 

ubiquitin(1-52)-Cys: 

His-tag-G53C 

7 
H2N-GSSHHHHHHSSGLVPRGSH-

Ubiquitin(1-52)-Cys 
29.8b 

7987.0827/ 
7987.0942a 

Histidine-tag- 

ubiquitin(1-60)-Cys: 

His-tag-N60C 

8 
H2N-GSSHHHHHHSSGLVPRGSH-

Ubiquitin(1-60)-Cys 
32.8b 

8979.4593/ 
8779.4413a 
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Figure 30. N-terminal Edman sequencing profile of His tag ubiquitin human sequences. (A), Standard amino 
acids, (B), The peak of residues number 1, 2, 3 and 4 were corresponding to the ordering of individual amino 
acid. 
 

The identification of recombinant His-tag ubiquitin-Cys peptides were performed by mass 

spectrometry. The MS profiles of sample show that the each experimental molecular weight 

was lower then the calculated one. To determine which amino acid was missing, the His-tag 

ubiquitin-Cys peptides were subjected to Edman-sequencing and performed tryptic digestion 

due to several Arg and Lys residues in the sequence, combination with MS analysis. 

 

Recombinant Histidine tagged ubiquitin(1-52)-Cys 7, was identified by Nano Fourier 

transform ion cyclotron resonance mass spectrometry. The calculated molecular weight of 7 

was 8117.12 Da and the measured value was 7987.09 Da. The 130.03 Da mass difference 

indicates that N-terminal the first Methionine is missing. Compared with retention time of 

PTH-amino acid (standard), the HPLC chromatograms of four amino acid by Edman 

sequencing analysis was Gly, Ser, Ser and His amino acids and all belonged to the N-terminal 

of His-tag Ub(1-52)-Cys. Also, the edman analysis of His-tag Ub(1-59)-Cys 8, resulted in the 

identical order of amino acid at the N-terminal. To determine the amino acid present at a 

particular residue number, the chromatogram from the residues of interest is compared with 

the chromatogram from the previous residue by overlaying one on top of the other. The 
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chromatogram of second sequencing cycle (residue 2) corresponds to the major intensity of 

Serine and low intensity of Glycine remaining from previous amino acid, and the mixture of 

Ser and His was obtained for residue 4. From this, the amino acid for the particular residue 

can be determined.  

 

An alternative technique to identify the sequence of Histidine tagged ubiquitins was digested 

by trypsin at 37 °C for 4 hrs using an enzyme: substrate ratio of 1:50. The tryptic-digested 

peptides were analyzed by MALDI-TOF mass spectrometry to determine their amino acid 

sequence. Through MALDI-TOF analysis of the peptide fragments after 2hrs, spectra 

indicated that the N-terminal sequence was 1GSSHHHHHHSSGLVPR16 without Met at the N-

terminal (Fig. 31).  
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Figure 31. MALDI-TOF mass spectrum of tryptic-digested peptide fragments of Histidine tag ubiquitin (1-59)-
Cys 6. The insert shows the peptide fragments which covered 78 % of histidine tag ubiquitin sequence. The 
sequence coverage was determined using the resulted peptides after a theoretical digestion in the software 
GPMAW. 
 

The study proved that the primary structure of the recombinant histidine tagged ubiquitins 

was accurate, and there was no amino acid deletion, mutation, or modification in its 

expression. It has already been shown that Nano-ESI FTICR and ESI mass spectrometry were 

good methods to identify proteins with the advantages of high sensitivity, fast analysis, and 

accuracy. 
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2.2.2.2 Oxidation study of ubiquitin-Cys peptides 

 

Because the dimerization of peptide-Cys is a side reaction competing with their attachment to 

the haloacetylated compound, the oxidation reactions of ubiquitin-Cys peptides containing 

one cysteine residue with free SH-group in the sequence were studied. After dissolving the 

ubiquitin(1-75)-Cys 6, in 0.1 M Tris buffer, pH 8.3 at a concentration of 0.25 µg/µL, the 

reaction vessel was tightly closed and the mixture was stirred at 25 °C for 12 hrs. Every 1 hr, 

a 20 µL aliquot of sample was analyzed by analytical RP-HPLC. The fractions were collected 

and analyzed by mass spectrometry.  

 

As a model system consisting of the ubiquitin(1-75)-Cys 6, donor peptide with cysteine at the 

C-terminus replaced by glycine showed very slow dimerization. Even after dissolving the 

peptide in slightly basic condition (pH 8.6), a low amount of dimer was detected. The HPLC 

chromatograms recorded after 12hr showed the presence of two peaks corresponding to the 

monomer and the dimer formed via disulfide bridge (Fig. 32).  
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Figure 32. Oxidation of mutant ubiquitin(1-75)-Cys followed by analytical RP-HPLC and MALDI-TOF mass 
spectrometry; (A), 30 min reaction time and (B), 6 hr reaction time. Eluent A: 0.1 % TFA in water; eluent B: 
0.1 % TFA in MeCN-water 80:20 v/v; flow rate: 1 mL/min; gradient: 0 min 0 % B, 5 min 0 % B, 20 min 20 % B, 
100 min 100 % B. 
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In order to study the oxidation of His-tag-ubiquitin proteins 7, 8, containing each one a 

cysteine residue with free SH-group in the sequence, the peptides were dissolved in 0.1 M 

Tris buffer, pH 8.1 (at concentration of 0.20 µg/µL). The reaction vessel was tightly closed 

and the mixture was stirred at 25 °C for 12 hrs. Every 1 hr, 20 µL aliquot of samples were 

analyzed by analytical RP-HPLC and MALDI-TOF-MS (Fig. 33 and 34). 
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Figure 33. Oxidation of mutant His-tag ubiquitin(1-52)-Cys 7, followed by analytical RP-HPLC and MALDI-
TOF mass spectrometry; (A), 30 min reaction time and (B), 3 hr reaction time.  
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Figure 34. Oxidation of mutant His-tag Ub(1-59)-Cys 8, followed by analytical RP-HPLC and MALDI-TOF 
mass spectrometry; (A), 30 min reaction time and (B), 3 hr reaction time. 
 

Interestingly, the very fast dimerization of the mutant ubiquitin-Cys peptides containing a 

cysteine residue at the C-terminus might be related to the presence of His-tag sequence at the 

N-terminal. To check whether this hypothesis is correct, cyanogen bromide (CNBr) can be 

used to hydrolyze peptide bonds C-terminal of methionine residue connecting with His-tag 

sequence and the oxidation rate evaluated. In the RP-HPLC chromatograms recorded after 3 h, 

two peaks are presented: one corresponding to the monomer and the other one corresponding 

to the dimer formed by a disulfide bond. According to the dimerization rate of His-tag 

ubiquitin-Cys peptides (7´, 8´), it might be valuable to carry out the ubiquitin conjugation 

reaction via thioether linkage in presence of a mixture.  

 

 

2.2.3 Conjugation of ubiquitin-Cys to Chloro/Iodo-acetylated ubiquitin  

 

The lysine linked ubiquitin conjugates are performed by thioether linkage formation between 

the chloroacetylated “acceptor” ubiquitin peptide including a specific side protection group of 

defined Lys residue and “donor” ubiquitin peptide containing one cysteine residue in the 
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sequence. The chemically defined strategy for the synthesis of specific lysine linkage 

ubiquitin conjugates is prepared with each of the internal specific lysine residues as linkage 

points which will be built up with defined molecular branching sites to the level of oligomers. 

This procedure will ensure several advantages; (i), specific linkage to each of the lysine 

residues of ubiquitin; (ii), specific and chemically stable conjugation of ubiquitin chains; (iii), 

the possibility to build up oligomeric ubiquitin conjugates that each contains authentic lysine-

peptide linkages as branching sites. 

 

 

2.2.3.1 Simultaneous halide exchange and conjugation of ubiquitin-Cys with Lys-ε-

amino group of chloroacetylated ubiquitin 

 

The model system is focused on the optimization of chemically defined branched-ubiquitin by 

chemoselective thioether ligation. The "donor" ubiquitin (1-75)-Cys 6, in which the C-

terminus Gly76 was replaced by a cysteine, was attached to the "acceptor" ubiquitin Lys63-ε-

amino group of ClAc-Ub(54-76) 1, in which the Lys63 residue was chloroacetylated for 

thioether bond formation (Fig. 35).  
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Figure 35. General scheme for the conjugation of Lys63-ε-amino group of chloroacetylated ubiquitin with 
ubiquitin-Cys.  
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The conjugation via thioether linkage is performed in solution, under slightly alkaline 

conditions. Chloroacetylated ubiquitin was dissolved in Tris buffer (0.1 M, pH 8.3) and the 

ubiquitin-Cys 6, in solid form was added to the solution in small portions from time to time. 

The HPLC profiles and mass spectra recorded after 6 hours indicated that the rate of dimer 

formation was slow as presented above (Fig. 32). Despite of low dimerization rate via 

disulfide bridge formation of Ub(1-75)-Cys, its attachment to the chloroacetylated 

ubiquitin(54-76), was insignificant when the reaction was carried out in 0.1 M Tris buffer, pH 

8.3, due to the low solubility of both peptides and low reactivity of chloroacetyl group (data 

not shown). For an efficient conjugation, the simultaneous halide exchange (chloro to iodo 

exchange) was employed. The relatively unreactive chloroacetyl group was activated by 

halide exchage using saturated KI solution to yield the highly reactive iodoacetyl group [23, 24].  

 

Literature data indicate that denaturants, acting as chaotropes such as urea are often essential 

if high concentrations of peptides are desired for chemoselective ligations [225]. Therefore, the 

ClAc-K63 Ub(54-76) 1, was dissolved in a mixture of 8 M urea, pH 8.7 and 0.1 M Tris, pH 8 

(1:1 v/v), then a saturated KI solution was added in order to convert the relatively unreactive 

chloroacetyl- to a highly reactive iodoacetyl group by halide exchange. After 30 min, the 0.1 

M Tris buffer solution of Ub(1-75)-Cys 6, pH 8.0 was added dropwise to the solution of the 

haloacetylated peptide. After 24 hrs, the conjugation reaction mixture was acidified with TFA 

to pH 3. 

 

The reaction was followed by analytical RP-HPLC combination with mass spectrometry. 

Aliquots of 20 µL were taken out from the reaction mixture and analyzed by analytical RP-

HPLC on a C4 column, which is typically used for the separation of hydrophobic or longer 

sequences (Fig. 36, Table 8). The HPLC fractions were collected and the identity of the 

compounds was determined by mass spectrometry. The chromatogram and mass spectra 

recorded after 1 hr indicate the formation of the conjugate. The HPLC profile and mass 

spectrometric analysis show the separated compounds after 24 hours reaction time. Mass 

spectra indicate the presence of unreacted ClAc- and IAc-Ub(54-76), unreacted Ub(1-75)-Cys 

and its corresponding disulfide dimer and the Lys63 linked partial ubiquitin conjugate 9, in 

the reaction mixture (Fig. 37, Table 8).  
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Figure 36. Conjugation of Lys63-ε-amino group of chloroacetylated Ub(54-76) 1, with Ub(1-75)-Cys 6, 
followed by analytical RP-HPLC. 
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Figure 37. Conjugation of Lys63-ε-amino group of chloroacetylated Ub(54-76) 1, with Ub(1-75)-Cys 6, 
monitored by RP-HPLC and MALDI-TOF mass spectrometry (reaction time: 24 hrs). 
 

The peak intensity of the Lys63 linked partial ubiquitin conjugate increased with time, 

indicating that iodoacetylated ubiquitin reacted with the cysteinyl-ubiquitin. The HPLC 

fractions corresponding to the unreacted ubiquitin peptide and dimer were collected and 

lyophilized. The dimer of Ub(1-75)-Cys was reduced with DTT to recover a monomeric 

ubiquitin peptide for use in another conjugation reaction. After 24 hours, the highest peak in 
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the mixture was the conjugate, which was separated by preparative HPLC on C4 column and 

further characterized by ESI-ion trap mass spectrometry, demonstrates its correct structure 

(Fig. 38).  
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Figure 38. ESI-Ion-Trap mass spectrum of the Lys63 linked partial ubiquitin conjugate 9. 
 

Another Lys48-linked partial ubiquitin conjugate 10, was prepared according to the same 

procedure as described above. The conjugate was purified by RP-HPLC and showed 

differences in the retention time because of the Lys48-ε-amino group of “acceptor” ubiquitin 

peptide which is extended 7 amino acids (H2N-48GKQELDG54-COOH) at the N-terminal. The 

sequence of conjugate containing Lys48 linkage site was characterized by LC-ESI-Ion-Trap 

MS and summarized in Figure 39 and Table 8. 

 

For molecular weight determination the peptides were analyzed by ESI-Ion-Trap mass 

spectrometry combined with analytical liquid chromatography (LC) on a C4 column. The LC 

profile of conjugate 10, showed the major peak at ca. 51.5 min. retention time (data not 

shown). The fraction was directly analyzed by ESI-Ion-Trap MS. Multiply charged ions were 

observed and mass accuracy difference of 1.94 ppm between the calculated (12277.50 Da) 

and the experimental molecular weight (12277.47 Da) is shown.  
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Figure 39. ESI-Ion-Trap mass spectrum of the Lys48-linked partial ubiquitin conjugate 10. 
 

Table 8. HPLC and Mass spectrometric chemical characteristics of peptides involved in the conjugation reaction 

 

 
*RP-HPLC column: Vydac C4, (4.6 × 250 mm, 5 µm silica, 300 Å); Eluents: 0.1 % TFA/water (A), 0.1 % 
TFA/nd **b ESI-IonMeCN-water 80:20 v/v (B); Flow rate: 1 mL/min; gradient: 0 min 20 % B, 5 min 20 % B, 45 
min 40 % B, 80 min 60 % B, 100 min 100 % B. 
** a MALDI-TOF and **b ESI-Ion-Trap mass spectrometric analyses. 
 

Compound Nr HPLC_Rt(min)* [M+H] +
calc/exp** 

K63-ε-amino group of ClAc-ubiquitin(54-76) 1 46.0 2748.54/2748.92a 

K63-ε-amino group of IAc-ubiquitin(54-76) 1´ 47.4 2839.98/2839.26a 

Ubiquitin(1-75)-Cys 6 55.0 8602.86/8601.56a 

Dimer of Ub(1-75)-Cys 6´ 62.1 17202.72/17202.31a 

Lys63 linked partial ubiquitin conjugate 9 
50.0 

- 
11311.99/11311.83a 

11311.90/11311.91b 

K48-ε-amino group of ClAc-ubiquitin(47-76) 2 48.0 3475.33/3474.95a 

K63-ε-amino group of IAc-ubiquitin(47-76) 2´ 50.2 3566.77/- 

Lys48 linked partial ubiquitin conjugate 10 51.5 12278.51/12278.28b 
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2.2.3.2 Linear ubiquitin conjugation of ubiquitin-Cys with N-iodoacetylated ubiquitin 

 

Linear ubiquitin conjugates are used as moieties for the conjugation of Lys63-NH2
ε-linked di-

ubiquitin. N-chloroacetylated ubiquitin peptides comprising the designated Lys-NH2 ε-

specific linkage were prepared as acceptor components in the first step of the general 

thioether conjugation approach by manual synthesis on the TGA resin, using the scheme of 

insertion of lysine-branching sequences and orthogonal protecting groups shown in Figure 20.  

 

Chemoselective thioether ligation chemistry will be employed for the linear attachment of 

recombinant His-tagged ubiquitin-Cys, to the partial ubiquitin, in which the N-terminal was 

chloroacetylated. Due to the relatively low reactivity of the chloroacetylated ubiquitin 

peptides found in initial experiments (s. 2.2.3), the N-chloroacetyl-ubiquitin acceptor peptides 

were activated in situ by conversion to the iodoacetyl derivative using a saturated potassium 

iodide solution in Tris buffer (pH 8), which increased the reaction rate due to the highly 

reactive iodoacetyl group (Fig. 40). 
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COOH
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Figure 40. General scheme for the linear conjugation of ClAc Ub(54-76) with His-tag Ub(1-52)-Cys. 
 

The linear N-chloroacetylated ubiquitin(54-76) 3, or N-chloroacetylated ubiquitin(61-76) 4, 

containing the N-terminal amino group of either ClAc-Arg54 or ClAc-Ile61 were dissolved in 

a mixture of 8 M urea, pH 8.7 and 0.1 M Tris, pH 8 (1:1 v/v), then a saturated KI solution was 

added in order to convert the relatively unreactive chloroacetyl- to a highly reactive 

iodoacetyl-group by halide exchange for 1 hr reaction time. The his-tag ubiquitin donor 

peptides containing a Cys residue at C-terminal (7, 8), which were dissolved in 8 M Urea, pH 

8.7 and 0.1 M Tris buffer, pH 8.0 (1:1 v/v), were added dropwise to the solution of the 

iodoacetylated ubiquitin acceptor peptides (3´, 4´). The conjugations proceeded for 6 hours 
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and were completed by the addition of a higher excess of ubiquitin-Cys to react the unreacted 

IAc groups.  

 

The time course of the conjugation reaction was monitored by analytical HPLC, and HPLC 

fractions were characterized by mass spectrometry. The HPLC profile and mass spectrometric 

analysis show the separated compounds after 6 hours reaction time. The chromatogram and 

mass spectra indicate in the reaction mixture the presence of unreacted chloro-/iodo-

acetylated ubiquitin(54-76) acceptor 3/3´, unreacted ubiquitin(1-52)-Cys donor peptide 7, and 

its corresponding disulfide dimer 7´, and the formation of linear ubiquitin conjugate 11. The 

HPLC fractions corresponding to the unreacted N-iodoacetylated ubiquitin peptide 3´, and 

cysteinyl-dimer were collected and lyophilized. The dimer was reduced with DTT to 

monomeric ubiquitin-Cys peptide, which was reused in conjugation reaction. The intensity of 

the linear ubiquitin conjugate peak increased with time, indicating that iodoacetylated 

ubiquitin reacted with the ubiquitin-Cys (Fig. 41, Table 9). 
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Figure 41. Conjugation of N-chloroacetylated Ub(54-76) 3, with His-tag Ub(1-52)-Cys 7, peptide monitored by 
RP-HPLC and MALDI-TOF mass spectrometry (reaction time: 6 hrs). 
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Oxidation of the ubiquitin-Cys residue 7, and formation of the ubiquitin(1-52)-Cys dimer 7´, 

was observed as a significant side reaction competing with the thioether ligation. After 

completion of reaction, the highest peak in the mixture was the linear (mono-)ubiquitin 

conjugate 11, which was isolated by preparative HPLC and further characterized by mass 

spectrometry. The ESI-ion trap mass spectrum showed the corresponding multiply charged, 

protonated ion series yielding a molecular weight (C466H755N141O144S2; average molecular 

weight 10700.99 Da) consistent with the correct sequence of linear (mono-)ubiquitin 

conjugate 11 (Fig. 42, Table 9). 
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Figure 42. ESI-Ion Trap mass spectrometric characterization of the purified linear (mono-)ubiquitin conjugate 
11. The conjugate sequence, is chemically presented above. 
 

Table 9. HPLC and Mass spectrometric characterization of ubiquitin-peptides involved in the linear conjugation. 
 

Compound Nr Rt(min)* [M+H] +
calc/exp** 

N-Chloroacetylated ubiquitin(54-76) 3 17.25 2747.56/2748.73a 

N- Iodoacsetylated ubiquitin(54-76) 3´ 17.36 2840.98/2840.17a 

His-tagged ubiquitin(1-52)-Cys 7 18.58 7992.0242/7992.22a 

Dimer of His-tagged ubiquitin(1-52)-Cys 7´ 20.32 15981.04/15980.87a 

Linear (mono-)ubiquitin conjugate; 
G53C_thioether linkage 

11 19.47 
10701.99/10701.41a 

10701.99/10700.17 b 
10695.5532/10695.5480c 

 

* RP-HPLC column: Vydac C4, (4.6 × 250 mm, 5 µm silica, 300 Å); Eluents: 0.1 % TFA/water (A), 0.1 % 
TFA/MeCN-water 80:20 v/v (B); Flow rate: 1 mL/min; gradient: 0 min 20 % B, 5 min 20 % B, 15 min 40 % B, 
80 min 70 % B, 100 min 100 % B. **a MALDI-TOF-MS, ** b ESI-Ion-Trap-MS, and **c Nano-ESI-FTICR-MS. 
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According to the conjugation protocol described above, another linear conjugate containing 

thioether bond between the N-chloroacetylated Ub(61-76) 4, and His-tagged Ub(1-59)-Cys 8, 

was prepared. The linear (mono-)conjugate 12, was monitored by analytical RP-HPLC and 

characterized by mass spectrometry (Fig. 43 and 44, Table 10). 
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Figure 43. Conjugation of N-ClAc Ub(61-76) 4, with His-tag Ub(1-59)-Cys 8, peptide monitored by RP-HPLC 
and MALDI-TOF mass spectrometry (reaction time: 6 hrs). 
 

The reaction mixture was stirred at room temperature in a tightly closed tube and the 

conjugation was followed either by analytical RP-HPLC in combination with mass 

spectrometry. The chromatogram and mass spectra recorded after 12 hours indicate that the 

mixture contains an amount of unreacted N-iodoacetylated ubiquitin 4́ , a high amount of the 

cysteinyl-ubiquitin dimer 8́ , and the formation of linear ubiquitin conjugate 12, increased 

significantly. In spite of the very fast oxidation of ubiquitin-Cys 8́ , their conjugation with 

iodoacetylated ubiquitin can lead to a high yield formation of linear (mono-)ubiquitin. The 

use of a higher excess of ubiquitin-Cys peptide did not only lead to the conjugate, but also its 

dimer formation. 
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The molecular mass of the linear ubiquitin conjugate 12, was determined by ESI-ion trap 

mass spectrometry with a schematically representation of its structure. The spectrum of linear 

conjugate 12, showed the corresponding multiply charged, protonated ion series yielding a 

molecular weight (average molecular weight 10634.53 Da). The charge distribution of 

[M+9H9+- [M+17H]17+ is represented in detailed view; this pattern is consistent with the 

element formula C236H394N74O71Cl2. The molecular weight of the peptide was determined 

with high mass accuracy, showing a difference of 1.3 ppm between the calculated and the 

experimental mass (Fig. 44). 
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Figure 44. ESI-Ion Trap mass spectrometric characterization of the purified linear (mono-)ubiquitin conjugate 
12, by thioether bond formation of His-tag Ub(1-59)-Cys donor peptide 8, with N-chloroacetylated Ub(61-76) 
acceptor peptide 4.  
 

Table 10. HPLC and Mass spectrometric characterization of ubiquitin-peptides involved in conjugation reaction. 
 

Compound No Rt(min)* [M+H] +
calc/exp** 

N-Chloroacetylated ubiquitin(61-76) 4 15.9 1897.65/1898.78a 

N- Iodoacsetylated ubiquitin(61-76) 4´ 16.8 1989.12/1989.30a 

His-tagged ubiquitin(1-59)-Cys 8 18.58 8784.86/8785.01a 

Dimer of His-tag-ubiquitin(1-59)-Cys 8´ 27.6 17566.7367/17566.6617a 

Linear (mono-)ubiquitin conjugate; 
N60C_thioether linkage 

12 22.5 
10635.53/10635.49a 

10635.53/10635.52b 
10630.4919/10630.7167c 

 

* RP-HPLC column: Vydac C4, (4.6 × 250 mm, 5 µm silica, 300 Å); flow rate: 1 mL/min; gradient: 0 min 20 % 
B, 5 min 20 % B, 15 min 40 % B, 80 min 70 % B, 100 min 100 % B.  
** a MALDI-TOF, ** b ESI-Ion-Trap and **c Nano-FT-ICR mass spectrometric analyses. 
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2.2.3.3 Di-ubiquitin conjugation of ubiquitin-Cys with Lys6 3-ε-amino-linkage of N-bis-

chloroacetylated ubiquitin 

 

The general approach employed in the study for the synthesis of specific lysine-linked 

ubiquitin conjugates by (i) preparation of a linear ubiquitin- “donor” peptide with a C-

terminal cysteine and (ii) its conjugation with a corresponding lysine-specific linked bis-

haloacetylubiquitin “acceptor” peptide by thioether alkylation is shown in Figure. 45. Due to 

the high chemical and biological stability of thioether bonds and their lack of immunogenicity 
[279], it is necessary to use this approach that allows specific ligation between cysteine-thiol 

and halo-acetylated amino groups for linear- and di-ubiquitin conjugate synthesis. This 

accomplishment is a milestone in chemical biology, enabling the first explorations of the 

structure and function of di-ubiquition regioisomers [240, 260]. 

 

AcceptorCl-CH2-CO-HN-54 RTLSDYNIQK 63ESTLHLVLRLRGG76-COOH

Cl-CH2-CO-HN-54RTLSDYNIQKESTLHLVLRLRGG76

Thioether ligation

-NH-CH-CH2-S-CH2-CO-HN-54Arg------63Lys----76Gly-COOH

-NH-CH-CH2-S-CH2-CO-HN- Ubiquitin(54-76)

COOH
Ub(1-52)

Ub(1-52)NH2-GSSHHHHHHSSGLVPRGSH-

NH2-GSSHHHHHHSSGLVPRGSH-

COOH

Ubiquitin (1-52)-NH-CH-CH2-SH
COOH

NH2-GSSHHHHHHSSGLVPRGSH- Donor

 
 

Figure 45. General scheme for the synthesis of oligo-ubiquitin conjugates with lysine-specific branching sites. 
Synthesis of Lys63-linked di-ubiquitin by thioether ligation of Lys63 linked acceptor ubiquitin 5, with ubiquitin-
Cys donor peptide 7. 
 

In order to synthesize specific lysine likage di-ubiquitin conjugates, new specific chemical 

strategies for the built-up of ubiquitin chains, such as the use of thioether ligation of C-

terminal ubiquitin-thiol residues with N-(chloroacetyl)-side chain protected lysine residues 

have been applied. A lysine-branched carboxy-terminal ubiquitin “acceptor” peptide is 

manually synthesized using suitable differential temporary N-ε-protecting groups (Fmoc and 

Dde), and subsequently N-chloroacetylated. The corresponding linear “donor” N-terminal 

ubiquitin peptide is prepared with a C-terminal cysteine residue in place of the linkage residue 
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of the ubiquitin sequence, and coupled by thioether ligation. 

 

Initial studies of the thioether conjugation of the His-tag Ub(1-52)-Cys 7, donor peptides with 

the K63-ε-amino-linkage of N-bis-chloroacetylated ubiquitin(54-76)2 5, acceptor peptide 

indicated solubility problems in aqueous solution at slightly alkaline pH, in addition to the 

disulfide oxidation as a side reaction. The acceptor ubiquitin 5, was dissolved in a 1:10 (v/v) 

mixture of 6 M guanidinium hydrochloride and 1 M potassium carbonate then the mutant His-

tag Ub(1-52)-Cys donor component 7, which was dissolved in distilled water, was added 

dropwise to the solution of the acceptor peptide in order to avoid Ub-Cys dimerization taking 

place with a high rate. The reaction mixture was stirred for 3 hrs at 25 oC in a sealed reaction 

tube, and the conjugation was monitored by analytical RP-HPLC on a C4 column in 

combination with mass spectrometry. After completion of the reaction, the solution was 

acidified to pH 3 using 0.1 % TFA, and subjected to purification by semi-preparative RP-

HPLC on a C8 column. In future studies, optimization of reaction conditions, particularly to 

reduce concomitant formation of oxidation/dimerization at the C-terminal of cysteinyl 

residues, will be important to produce a high yield of the conjugates. 

 

Aliquots of 30 µL from the reaction mixtures were isolated and injected into an analytical 

HPLC; eluted fractions were isolated and analyzed by MALDI and ESI ion trap mass 

spectrometry. The HPLC profiles and mass spectra recorded after 2 hrs indicated a high 

amount of disulfide-dimer 7´ and His-tag Ub(1-52)-Cys 7, low amount of unreacted K63 

linked chloroacetylated ubiquitin(54-76)2 5, K63 linked di-ubiquitin conjugate 13, obtaining 

an approximately 14 % yield, and K63 linked mono-ubiquitin conjugate 14 (Fig. 46, Table 

11).  
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Figure 46. Conjugation of N-bis-chloroacetylated Ub(54-76)2 5, with His-tag Ub(1-52)-Cys 7, monitored by 
analytical RP-HPLC and MALDI-TOF mass spectrometry (reaction time: 2 hrs). The spectrum clearly showed 
the formation of the Lys63-linked di-ubiquitin conjugate 13 (Average Mw: 21383.97 Da; found 21384.90 Da). 
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The mixture of Lys63-linked mono- and di-ubiquitin conjugates (13, 14) could not be clearly 

separated by either RP-HPLC on a C8 or C4 columns. In order to improve to better separation, 

the reaction mixtures were lyophilized and then loaded on a 15 % Tris-Tricine gel. The gel 

was scanned by a scanner-type imaging system (La Vision Bio Tec GmbH, Germany) using 

the fluorescence of proteins upon UV-excitation without previous staining procedure. And 

then the bands were excised. For MS-based analysis, most of the detergents and salts from 

band should be eliminated from the excided band. The passive elution procedure extracts 

peptides or proteins from gel into solution consisting of formic acid/acetonitrile/2-

propanol/water (10:5:3:2 v/v/v/v) [280].  

 

The recovered ubiquitin conjugate peptide was lyophilized and indentify ascertained by ESI-

Ion-Trap MS for suitable structural characterization. The Lys63-linked di-ubiquitin conjugate 

13, provided the average molecular weight (21383.97 Da) consistent with the correct element 

formula C932H1508N282O287S4. The mass of conjugate was determined with high mass accuracy 

in the difference between calculated and experimental mass of 1.4 ppm (Fig. 47, Table 11). 
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Figure 47. ESI-ion-trap mass spectrum of purified Lys63-linked di-ubiquitin conjugate 13. (A), The mono- and 
di-ubiquitin conjugate (highly intensive band; round marking) were separation by 1-D gel electrophoresis 
(Tris/Tricine gel) and then subjected by passive elution, and (B), ESI-Ion-Trap MS spectrum of di-ubiquitin 
conjugate.  
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Table 11. HPLC and Mass spectrometric characterization of compounds involved in di-ubiquitin conjugation 
reaction  
 

Compound Nr Yield (%) Rt(min)* [M+H] +
calc/exp** 

N-Chloroacetylated ubiquitin(54-76)2 5 70 31.49a 5476.02/5474.68a 

His-tag-ubiquitin(1-52)-Cys 7 93 34.19a 7991.95/7992.10a 

Dimer of His-tag-ubiquitin(1-52)-Cys 7´ - 38.05a 15981.04/15980.87a 

Lys63-linked di-ubiquitin conjugate 13 14 
41.43a 
22.50b 

21384.98/21385.90a 
21384.98/21384.90b 

Lys63-linked mono-ubiquitin conjugate 14 15 39.76a 13430.68/13433.40a 

 

*a RP-HPLC column: Vydac C4, (4.6 × 250 mm, 5 µm silica, 300 Å); eluents: 0.1 % TFA/water (A), 0.1 % 
TFA/MeCN-water 80:20 v/v (B); flow rate: 1 mL/min; gradient: 0 min 20 % B, 5 min 20 % B, 20 min 40 % B, 
65 min 60 % B, 105 min 100 % B.  
*b RP-HPLC column: Zorbox 300SB-C8 column (1.0 × 150 mm, 3.5 µm silica) 
** a MALDI-TOF and **b LC-ESI-Ion-Trap mass spectrometry analysis. 
 

 

2.2.3.4 Biochemical characterization of synthetic ubiquitin conjugates using in vitro 

autoubiquitination assays  

 

The E3 enzymes are the key determining factors in substrate protein selection. They also play 

a major role in specifying the linkage of polyubiquitin chains. Ubiquitin ligases E3s 

frequently modify their substrates with multiple ubiquitin molecules in the form of a 

polyubiquitin chain [77]. Although structurally distinct polyubiquitin chains (linked through 

different lysine residues) can confer different fates on target proteins, little is known about 

how E3s select the Lys residue to be used in chain synthesis. 

 

The E6-AP (E6-associated protein), a member of E3 enzyme family, was required together 

with papillomavirus E6 oncoprotein for the ubiquitinylation and degradation of p53 tumor-

suppressor protein [281]. The action of E6-AP involves intermediary ubiquitin transfer 

reactions which is from El to E2, from E2 to E6AP, and finally from E6AP to a substrate. The 

activated ubiquitin is transferred from an appropriate E2 to form a thioester with a specific 

Cys residue near its N-terminus (s. Fig.1). A cysteine residue near the carboxyl terminus of 
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E6-AP is critical for both thioester formation and ubiquitination of p53. E3 ubiquitin thioester 

formation points toward a direct role of E3 proteins in the ubiquitination of substrates, 

because mutation of Cys residue of E6-AP abolishes its activity in protein ubiquitination [282].  

 

Another E3 ubiquitin ligase family, HectH9 catalyzes a Lys63-linked polyubiquitin chain 

mediated ubiquitination of carboxyl-terminal lysines of Myc (as a transcription factor, Myc 

encodes for a protein binding to the proto-oncogene) in vivo and in vitro. HectH9-mediated 

ubiquitination of Myc oncoprotein is required for transactivation of multiple target genes, 

recruitment of the coactivator p300, and induction of cell proliferation by Myc. The switch 

between transcriptional activation and repression by Myc is regulated by site-specific 

ubiquitination. HectH9 is overexpressed in multiple human tumors and is essential for 

proliferation of a subset of tumor cells [283].  

 

Potential drawbacks of the approach described above are the replacement of Gly53 of 

ubiquitin by a cysteine residue and the linkage of Cys53 to Arg54 via a thioether bond rather 

than a peptide bond, as these alterations may result in a ubiquitin mutant that is biochemically 

inactive (i.e., the mutant cannot be activated and covalently attached by the ubiquitin 

conjugation system to substrate proteins). To assess the biochemical activity of the mutant 

ubiquitin conjugates containing a cysteine residue, the linear (mono-)ubiquitin conjugate 11, 

of Ub(1-52)-Cys was prepared by thioether ligation with the N-chloro/iodoacetylated Ub(54-

76) peptide (s. 2.2.3.2). The linear ubiquitin 11, was then analyzed in vitro in auto-

ubiquitination assays using two different ubiquitin E3 ligases, purified baculovirus-expressed 

E6-AP [284] (data not shown), and purified bacterial expressed HectH9 as previously described 

above [285, 286] (Fig. 48). Also another linear (mono-)ubiquitin conjugate 12, which sequence 

was built up by replacement of Asp60 by a Cys residue and the linkage of Cys60 to Ile61 via 

a thioether bond was employed in auto-ubiquitination assays using two identical E3 ligase 

enzymes (Fig. 49). 
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Figure 48. In vitro auto-ubiquitination assay of HectH9 using the linear (mono-)ubiquitin conjugate 11, derived 
by thioether ligation of His-tag Ub(1-52)-Cys donor peptide 7, with N-Clac Ub(54-76) acceptor peptide 3. 
 

The positions of the no-modified form of HectH9 (- HectH9) and the ubiquitinated forms of 

HectH9 (Ub-HectH9) are indicated. In HectH9, input of bacterially expressed HectH9; - 

ubiquitin, reaction in the absence of ubiquitin; + wt ubiquitin, reaction in the presence of 

wild-type ubiquitin; +G53C-ub; reaction in the presence of linear (mono-)ubiquitin conjugate 

(synthetic linear ubiquitin-G53C conjugate) 11.  

 

The HECT-domain family, E6-AP and S35-labelled HectH9 were bacterial expressed and 

partially purified by cation-exchange chromatography. Each panel (Fig. 49) shows SDS-

PAGE gels of in vitro incubations using baculovirus E6-AP (Panel A) and S35-labelled 

HectH9 (Panel B), which were incubated with E1 in the presence of the E2 protein UbcH5 

with ATP, MgCl2, DTT and different ubiquitin species as indicated. The ubiquitin-activating 

enzyme E1 and the ubiquitin-conjugating enzyme UbcH5 were expressed in the baculovirus 

system or in Escherichia coli BL21 by using the pET expression system. Proteins were 

resolved on a 10% SDS-PAGE and visualized by Coomassie staining (Panel A) or 

radiography (Panel B). High range molecular weight markers are used, as well as each panel 

running positions of lane 1, non-modified E6-AP (E6-AP); lane 2, (-)ubiquitin, reaction in the 

absence of ubiquitin; lane 3, +wt ubiquitin, reaction in the presence of wild-type ubiquitin; 

lane 4, +N60C-ub, mono-ubiquitinated E6-AP reaction in the presence of linear (mono-) 

ubiquitin conjugate (synthetic ubiquitin-N60C conjugate) 12. 
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Figure 49. Activity testing of linear (mono-)ubiquitin conjugate (synthetic linear ubiquitin-N60C conjugate) 12, 
via E6-AP and HectH9 by auto-ubiquitination assay.  
 

As shown in Figure 48 and 49, the synthetic ubiquitin-Cys conjugates are efficiency similar to 

wild-type ubiquitin, indicating the feasibility of the mutated linear ubiquitins by thioether 

ligation approaches in producing biochemically active conjugates. Thus, the synthetic 

approach should be feasible as a general route for the preparation of oligo-ubiquitin 

conjugates that can be used (i), to evaluate the biochemical properties of isomeric poly-

ubiquitin conjugates, and (ii), for the preparation of antibodies that selectively recognize 

different ubiquitin chains depending on the specific lysine residue of ubiquitin used for chain 

formation. 
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2.3  Mass spectrometric primary structure characterization of ubiquitin conjugates 

 

Over the past several years, mass spectrometry has emerged as the most efficient and versatile 

tool of all the proteomics approaches available so far [179, 287]. A type of instrument that is 

gaining in popularity for structural determination of large biomolecules analysis is Fourier 

transform-ion cyclotron resonance mass spectrometry (FT-ICR-MS) [186, 198, 199, 288, 289]. The 

advantages of FT-ICR-MS include high resolution over a broad m/z range, high sensitivity, 

dynamic range and high mass accuracy. Large molecules contain a distribution of isotopes 

that produce a series of isotopic peaks and the isotopic peaks are close to each other on the 

m/z axis, due to the multiple charges which can be produced by electrospray ionization, the 

high resolving power of the FT-ICR is extremely useful [290]. So, the feasibility of FT-ICR-MS 

can be demonstrated by the elucidation of large proteins such as a specific Lys linked poly-

ubiquitin conjugates. 

 

With the invention of electrospray ionization (ESI) technique [291], analyzing large 

biomolecules by mass spectrometric analysis has become possible. Electrospray ionization 

has the advantage of being a ‘‘soft’’ ionization technique to solve the difficult problem of 

generating ions of large, non-volatile proteins and peptides, resulting in the vaporization and 

ionization of a sample [292]. ESI frequently leads to the formation of multiply charged ions, 

particularly in the case of large biomolecules [182, 185]. The progress of mass analyzers such as 

ion trap and Fourier transform ion cyclotron resonance in conjunction with soft ionization 

sources lead to MS-instruments with enough accuracy for the analysis of the organic 

molecules and macromolecules. Recently, nanoelectrospray (Nano-ESI) has been developed 

as a new ESI variant, which is shown to be tolerant to large variations of solution parameters. 

The low flow rates of this technique provide significant advantages for the use of buffers, 

detergents, and other co-solvents required for the solubilization of biopolymers [199, 200].  

 

 

2.3.1 Mass spectrometric characterization of linear ubiquitin conjugates 

 

Using the structural identification method by FT-ICR-MS described above, the synthetic 

linear ubiquitin conjugation peptides were characterized. The experiments were carried out on 

a 7 T Bruker Daltonics APEX II FTICR-mass spectrometer with an external Nano-ESI- or 

ESI-source (s. 3.8.3). As a first example, the ESI-FT-ICR mass spectra of synthetic linear 
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(mono-)ubiquitin conjugates are presented in Figure 50, showing both mainly charge states of 

[M+9H]9+- [M+13H]13+ of linear ubiquitin-G53C conjugate ions 11, and [M+8H]8+ - 

[M+14H]14+ of linear ubiquitin-N60C conjugate ions 12, (s. 2.2.3.2). The mass accuracy 

between the calculated and experimental monoisotopic masses were 4.5 ppm and 1.6 ppm. In 

the insert of the mass spectra, a detail view of the both isotopic distributions of the 

[M+11H]11+ and [M+10H]10+ ions are shown.  
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Figure 50. ESI-FTICR mass spectra of linear (mono-)ubiquitin conjugates (ligation with Ub-G53C or Ub-N60C). 
In the spectrum multiply charged ions of ubiquitin conjugate peptides (11, 12) are observed: the highest charge 
are [M+11H]11+ and [M+10H]10+ ions of each conjugate.  
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2.3.2 Mass spectrometric structural characterization of Lys63-linked ubiquitin 

conjugates 

 

The synthetic Lys63-NH2
ε-amino group linked partially- (9) or fully- (13) ubiquitin 

conjugates were prepared by SPPS and structural characterized by ESI-Ion-trap mass 

spectrometry (s. 2.2.3.1 and 2.2.3.3). Both of them feature Lys63 specific linkage by thioether 

bond formation and its synthetic ubiquitin conjugates can be assumed to provide high 

structural similarity to recombinant Lys63 linkage ubiquitin conjugates. With the advent of 

recombinant DNA technology and the availability of numerous expression systems, large 

amounts of proteins are able to produce in relatively short periods of time compared to 

synthetic approach. Efficiently, Lys48- or Lys63- linked di-/tetra- ubiquitin chain components 

were produced in recombinant Escherichia coli cell expression and enzymatically synthesized 

in vitro [293]. The schematic concept of method involves a series of enzymatic reactions in 

which proximally and distally blocked monoubiquitins (or chains) are conjugated to produce a 

particular chain in high yield. Individual chains are then deblocked and joined in another 

round of reaction. Successive rounds of deblocking and synthesis can give rise to a chain of 

any desired length.  

 

The recombinant Lys63-linked di-ubiquitin 15, is synthesized by incubating E1 enzyme and 

Ubc13-Mms2 with equal concentrations of ubiquitin capped at the future proximal chain 

terminus (Asp77-ubiquitin) and ubiquitin capped at the future distal chain terminus 

(K48R/K63R-ubiquitin). Di-ubiquitin was enzymatically synthesized by linking proximal and 

distal chain. The distal terminus of the resulting dimer is de-blocked from cytoplasmic 

domain by treatment with yeast ubiquitin hydrolase-1 (YUH-1) followed by purification by 

anion exchange chromatography. The proximal terminal Asp77 is removed by treatment with 

YUH-1, which was prepared as reported previously [294]. The corresponding K63 linked di-

ubiquitin is linked to a C-terminal glycine residue of ubiquitin with ε-amino group of lysine 

forming an isopeptide bond formation and sequence is schematically represented in Fig. 51. 

 

R΄́́́-47GKQLEDGRTLSDYNIQ K63ESTLHLVLRLRGG 76

O
N

NH
O

NR ΄́́́-47GRQLEDGRTLSDYNIQ 63RESTLHLVLRLR 74

R΄́́́ : Ubiquitin(1-46)

 
Figure 51. Primary structures of recombinant Lys63-linked di-ubiquitin 15. 
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The sample of Lys63-linked di-ubiquitin which was dissolved in 50 mM Tris, pH 7.6, 

containing 1mM EDTA, was subjected to 15 % Tris-Tricine SDS-PAGE. In order to 

distinguish the Lys63-linked di-ubiquitin and amount of contaminants in the sample, 

Coomassie staining was used (Fig. 52. A). The presence of an intense band was revealed, and 

then cut off from gel. The proteins were extracted directly from the gel by incubation in an 

organic solvent mixture composed of formic acid/acetonitrile/isopropanol/H2O (50:25:15:10, 

v/v/v/v) in an ultrasonic bath for 10-30 min (s. 3.6.4.3). The supernatant corresponding to the 

Lys63 linked di-ubiquitin and several contaminant proteins were introduced by ESI-Ion-Trap 

MS and high resolution Nano-ESI FTICR MS (Fig. 52. B and C). 

 

As ion- trap mass spectrometry with ESI source is based on the determination of m/z, it is 

typically for ESI that series of multiply charged ions with different states could be observed. 

The experimental masses of the Lys63-linked di-ubiquitin ions 15, observed in the mass 

spectrum matched the predicted abundant charge values of the 11+ (m/z 1561.8), 12+ (m/z 

1431.8), 13+ (m/z 1321.8) and 14+ (m/z 1227.6) ion series yielding a correct molecular 

weight (Average molecular weight; 17167.73 Da and molecular composition; 

C756H1256N214O235S2) (Fig. 52. B).  

 

The 0.01 µg/µl of purified Lys63-linked di-ubiquitin 15, was characterized by Nano-ESI 

FTICR mass spectrometry, showing mainly charge states of [M+8H]8+ to [M+12H]12+ ions. 

The mass accuracy between the calculated and experimental monoisotopic mass was 0.42 

ppm. In the insert of the mass spectra, a detail view of the isotopic distribution of the highest 

charge is [M+16H]16+ ion (Fig. 52. C).  
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Fiqure 52. The mass spectra of recombinant Lys63-linked di-ubiquitin 15, by ESI-Ion-Trap MS and ESI-FTICR 
MS. (A) The highly intensive band (round marking) was separated of the di-ubiquitin with several contaminants 
by 1-D gel electrophoresis; band 1 mono-ubiquitin, band 2 and 3 C48- and K63-linked di-ubiquitin (B), ESI-
Ion-Trap spectra of di-ubiquitin peptide and the mass accuracy is 13.4 ppm. (C), The spectrum multiply charged 
ions of purified K63-linked di-ubiquitin peptide is determined by FTICR MS with Nano-ESI source. 
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A more complex lysine branching peptide, Lys63-linked tetra-ubiquitin (Ub4) 16, is obtained 

with the combination of two types of di-ubiquitins resulting in a tetra-ubiquitin. One Ub2 

moiety is made by incubating E1 and Ubc13-Mms2 with equal concentrations of ubiquitin 

capped at the future proximal chain terminus (Asp77-ubiquitin) and ubiquitin capped at the 

future distal chain terminus (K48R/K63R-ubiquitin). A second Ub2 moiety is made similarly, 

but with Asp77-ubiquitin and ubiquitin blocked at the future distal chain terminus with a 

Cys63 residue (K63C-ubiquitin). The proximal or distal terminus of the resulting dimers is 

deblocked by treatment with yeast ubiquitin hydrolase-1 (YUH-1). Each proximal terminal 

Asp77 is removed by treatment with YUH-1. In the second cycle of synthesis, tetra-ubiquitin 

(Ub4) is made by incubating the two singly-deblocked dimers with E1 and Ubc13- Mms2. 

Following purification by anion and cation exchange chromatography, the proximal terminal 

Asp77 is removed by treatment with YUH-1. Base on this procedure, the Lys63 tetra- 

ubqiuitin sequence is schematically represented in below (Fig. 53).  
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R΄́́́-47GKQLEDGRTLSDYNIQ C63ESTLHLVLRLRGG 76

R΄́́́-47GKQLEDGRTLSDYNIQ K63ESTLHLVLRLRGG 76

R ΄́́́-47GKQLEDGRTLSDYNIQ K63ESTLHLVLRLR 74

R ΄́́́-47GR48QLEDGRTLSDYNIQ R63ESTLHLVLRLR 74

O

R ΄́́́ : Ubiquitin(1-46)

 

 
Figure 53. Primary structures of recombinant K63 linked tetra-ubiquitin 16. 
 

The Lys63 linked tetra-ubiquitin 16, which was dissolved in 50 mM Tris, containing 1 mM 

EDTA, was isolated by passive elution after separated by 15 % Tris-Tricine SDS-PAGE (Fig. 

54. A). The molecular mass and structural characterization of K63 linked tetra-ubiquitin was 

determined by high resolution Nano-ESI FTICR MS. As an illustration, the spectrum of tetra-

ubiquitin showed a single homogeneous peptide product with the experimental molecular 

mass of 34326.40 Da, consistent with the calculated molecular mass of 34330.38 Da with 

high mass accuracy of 5.38 ppm. The mass charge distribution of [M+19H]19+ - [M+27H]27+ is 

represented in detailed view; this pattern is consistent with the element formula 

C1513H2508N424O472S5 (Fig. 54. B).  
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Fiqure 54. The mass spectra of recombinant Lys63-linked tetra-ubiquitin 16, by ESI-FTICR MS. (A), The 
highly intensive band (round marking) was subjected to passive elution after separation of the tetra-ubiquitin 
with several contaminants by 1-D gel. (B), The spectrum multiply charged ions of purified tetra-ubiquitin 
peptide is observed by FTICR MS with direct infusion Nano-ESI source.  
 

 

2.3.3 Mass spectrometric structural characterization of Lys48-linked di-ubiquitin  

 

The recombinant Cys48-linked (instead of K48) di-ubiquitin 17, was prepared by a similar 

procedure of Lys63-linked di-ubquitin 15, as described above (s. 2.3.2). Cys48-linked di-

ubiquitin in 50 mM Tris, containing 1 mM EDTA, pH 7.6, was produced in E. coli and 

enzymatically conjugated by linking proximal ubiquitin [K48C] and distal ubiquitin [D77] in 

the presence of ubiquitin conjugating enzyme E2-25K (UbcH1) and human ubiquitin 

activating enzyme E1 [295]. The distal ubiquitin in which the ε-amino carboxylic group of 

Asp77 was attached to the thiol group of Cys48 at proximal ubiquitin can be linked to each 

other by thioester bond formation. According to the procedure, the Cys48 di-ubqiuitin 

sequence is schematically represented below (Fig. 55).  
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R΄́́́ : Ubiquitin(1-46)

 
 
Figure 55. Primary structures of recombinant C48-linked di-ubiquitin 17. 
 

After running the gel separation, one distinguishable band corresponding to C48-linked di-

ubiquitin (~17.2 kDa) was detected (Fig. 56. A). The presence of an intense band was 

revealed, and then cut off from gel with subsequently treatment by passive elution. The 

molecular mass of the Cys48 (instead of K48) linked di-ubiquitin was determined by ESI-ion 

trap mass spectrometry after C4 Zip-Tip® desalting.  

 

The molecular mass and structural characterization of Cys48-linked di-ubiquitin 17, was 

determined by both ESI-Ion-Trap-MS, and high resolution Nano-ESI-FTICR MS. As an 

illustration, the spectra of di-ubiquitin showed the corresponding multiply charged, protonated 

ion series yielding average molecular weight of 17201.76 Da. The m/z distribution of 

[M+11H]11+ - [M+20H]20+ is represented in detailed view; this pattern is consistent with the 

element formula C757H1254N210O238S3. The molecular weight of the peptide was determined 

with high mass accuracy, showing a difference of 12.20 ppm between the calculated and the 

experimental mass (Fig. 56. B). The Nano-ESI FTICR mass spectrum showed a single 

homogeneous peptide product with the experimental molecular mass of 17191.20 Da, 

consistent with the calculated molecular mass of 17191.17 Da with high mass accuracy of 

8.43 ppm. For the calculation of exact mass, the monoisotopic peak of the [M+16H]16+ ion 

was chosen (Fig. 56. C).  
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Fiqure 56. The mass spectra of recombinant Cys48-inked di-ubiquitin 17, by ESI-Ion-Trap MS and ESI-FTICR 
MS. (A), The highly intensive band was separated of the di-ubiquitin with several contaminants by 1-D gel; 
band 1: mono-ubiquitin, band 2 and 3: C48- and K63-linked di-ubiquitin. (B amd C), The C48-linked di-
ubiquitin is determined by Ion-Trap and FTICR MS with ESI source. 



 87 

2.4 Structural and conformational characterization of ubiquitin conjugates 

 

2.4.1 Conformational analysis by CD spectroscopy  

 

Circular dichroism (CD) spectroscopy is a type of absorption spectroscopy that can provide 

information on the structures of many types of biological macromolecules. Biological 

macromolecules such as proteins and DNA are composed of optically active (chiral) elements 

and because they can adopt different types of three-dimensional structures, each type of 

molecule produces distinct CD spectra. CD spectroscopy is a form of light absorption 

spectroscopy that measures the differences in the absorption of left- and right-circularly 

polarized light by a substance [296, 297]. This phenomenon is very sensitive to the secondary 

structure of polypeptides and proteins. CD spectra between 260 and approximately 180 nm 

(far-UV) can be analyzed for the different secondary structural types: e.g. alpha helix, beta 

sheet, turn, and the chromophore in the peptide bond. 

 

The conformational preferences of secondary structure of the acceptor- and donor- ubiquitin 

peptides, as well as linear- and di-ubiquitin conjugates in water was analyzed by CD 

spectroscopy (The ubiquitin proteins had good water solubility in vivo; for this reason the 

measurements were performed in water) . In Figure 57, CD spectra of ubiquitin derivatives 

and their linear-, di-ubiquitin conjugates are presented. The CD spectra of ubiquitin 

derivatives recorded in water showed a strong negative band between 200 and 205 nm (π-π* 

transitions) and an additional small negative shoulder at 222 nm (n-π* transition) which are 

characteristics of an ordered structure (Fig. 57. A). The CD spectrum of the two 

chloroacetylated ubiquitin peptides are characterized by the presence of two negative bands (a 

strong negative one at 201-205 nm and a weak negative one at around 225 nm). Interestingly, 

for the chloroacetylated di-ubiquitin peptide, Ub(54-76)2 5, adopts an ordered structure, which 

is more strong negative band then linear chroloacetylated ubiquitin Ub(54-76) 3, in the 

presence of water (the π-π* electronic transitions were shifted toward a higher wavelength, 

from 201 nm to 204 nm, and also the intensity of the n-π* transition at 225 nm increased). 

The ubiquitin-Cys peptide has similar CD spectra of acceptor linear ubiquitin derivative, 

which is showed by the presence of a strong negative band around 201 nm and negative 

shoulder at 222 nm. 
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The conjugations of ubiquitin acceptor peptides to donor ubiquitin peptide did not lead to 

significant conformational changes. Most conjugates adopt similar conformational structures 

to mono ubiquitin, only di-ubiquitin conjugate has a strong negative band (n - π* transition) 

slightly shifted towards higher wavelength at 206 nm and showed increased intensity. The CD 

spectrum of ubiquitin conjugates recorded in water showed the presence of a strong negative 

band around 205 nm and an additional negative band around 225 nm which are characteristics 

of an ordered structure (Fig. 57. B).  

 

The conformational preferences of the recombinant lysine linked di-ubiquitin proteins in 

water were analyzed by CD spectroscopy (Fig. 57. C). The CD spectrum of the bovine 

ubiquitin recorded in water showed a negative band at 208 nm (π-π* transition) and a small 

negative shoulder around 226 nm (n-π* electronic transition), which is characteristic of some 

ordered conformation. The specific Lys linked di-ubiquitin proteins do not result in significant 

conformational changes. The CD spectra of the K63-linked di-ubiqutin 15, recorded in water 

showed the presence of a negative band around 208 nm and an additional strong negative 

band around 227 nm which are characteristics of α-helix conformation. The CD spectra of 

C48 di-ubiquitin 17, in water comparing of K63-linked di-ubiquitin, showed a small shift 209 

nm in the π-π* transitions towards higher wavelengths and the presence of a negative broad 

shoulder at approximately 227 nm (n-π* transition). This indicates that the conformational 

preferences of the di-ubiquitin proteins are similar secondary structures. 
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Figure 57. Circular Dichroism spectra of ubiquitin conjugate peptides. The ubiquitin peptides were 
dissolved in water at a concentration of 0.5 µg/µl, and the measurements were carried out at 25 °C in quartz cells 
of 0.1 cm path-length by averaging six scans between 190 and 260 nm, and results are expressed as ellipticities. 
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2.4.2 Molecular modeling studies of ubqiuitin conjugates 

 

Molecular modelling is a computer based techniques for deriving, representing and 

manipulating the structures and reactions of molecules, and those properties that are 

dependent on these 3-D structures. The essence of molecular modeling resides in the 

connection between the microscopic world and the macroscopic world provided by the theory 

of statistical mechanics. The energy minimization and molecular dynamics calculations were 

performed with a force field program such as AMBER (Assisted Model Building with Energy 

Refinement).  

 

A structural model of the linear-ubiquitin 11, and di-ubiquitin 13, conjugates obtained by 

molecular modelling using the Hyperchem-7 software and a geometry optimization was 

performed using the Amber 99 parameter set for the force field and the Polak-Ribiere 

algorithm with a RMS gradient of 0.05 kcal. The linear ubiquitin conjugate 11, is 

demonstrated its correct structure and the thioether bond (sulfur) linked Cys53 with Arg54 is 

amplified and marked in yellow in the insert (Fig. 58. A). In the Lys63 linked di-ubiquitin 13, 

Lys63 linkage site is highlighted in pink, and the thioether bonds used for the conjugation are 

marked in yellow (Fig. 58. B). The overall structure calculated for the conjugates suggest 

conformational stability with spatial separation of both parts of the Lys63 branching and 

thioether bonds, in agreement with the CD spectroscopic data (s. 2.4.1). 
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Figure 58. Molecular modelling of ubiquitin conjugates. (A), The linear ubiquitin and (B), Lys63-linked di-
ubqiuitin were manually synthesized by SPPS and combined with chemoselective ligation. Structure model of 
(C), the Lys48-linked di-ubiquitin conjugate was prepared by recombinant expression in cells. 
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A comparison of structural models of the recombinant Lys48-linked di-ubiquitin conjugate 17, 

and the chemically synthesized Lys63-linked di-ubiquitin 13, obtained by molecular modeling 

using Hyperchem-7 software, is shown in Figure 58. B and C. The overall structures 

calculated for the conjugates suggest conformational stabilities with spatial separation of both 

parts of the Lys48- and Lys63- branching, respectively, in agreement with previously reported 

x-ray crystal structures and with NMR structures [69, 107] . Consistent with the ion mobility 

spectrometry data, the structure models indicate a considerably more extended conformation 

of the Lys63-linked di-ubiquitin. No significant differences were observed between the 

recombinant Lys63-linked di-ubiquitin containing mutated Lys residues 15, and the 

chemically synthesized ubiquitin conjugate 13, containing a thioether linkage in the proximal 

ubiquitin chain.  

 

 

2.4.3 Structural and conformational characterization by ion mobility mass 

spectrometry 

 

Recent developments in instrumentation for ion mobility spectrometry (IMS), a gas-phase 

post-ionization separation method based on their ion mobility, coupled with mass 

spectrometry (IM–MS) reveals potential applications of this relatively new technique for 

rapid, high-resolution separations of analytes based on structure (ion conformation) and mass-

to-charge (m/z) ratios [298]. With the development of electrospray [299] and matrix-assisted laser 

desorption ionization [300] as ion sources for IMS, applications have expanded from those 

limited to vapor-phase samples with volatile analytes to include aqueous and solid-phase 

samples containing nonvolatile analytes. When coupled with mass spectrometers, IMS, which 

separates ions on the basis of their size and charge ratios as well as their interactions with a 

buffer gas, becomes a powerful analytical tool for investigating molecular structure and 

separating complex samples such as those found in applications of proteomics [301], glycomics, 
[206] and metabolomics [302]. 

 

The ionic mobility (µ) is defined as the velocity attained by an ion moving through a gas 

under an electric field. A suitable unit is m2 s−1 volt−1. Ions are introduced into a region ("drift 

tube") across which an electric field is uniformly applied. The ions drift through the drift tube 

under the influence of the field, and collide with the buffer gas (typically He and N2). The 
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time required for the ions to reach the detector depends upon the ion's collision cross section 

(averaged over all possible orientations of the ion), charge state, and the drift tube operating 

parameters (electric field strength, drift tube length, the buffer gas pressure, temperature, and 

mass). Highly charged ions will experience a greater drift force then less charged ions, thus 

having a shorter drift times. For ions of the same charge state (and similar mass), compact ion 

conformations will have shoter drift times than extended conformations, collision cross 

sections can be calculated to assist in structure determinations (Fig. 59). 

 

A B

 

 
Figure 59. Drift time distribution of ionized molecules. IMS can separate ions based on shape (A) and electric 
charge of molecules (B). More charged and compact ions traverse the drift tube more quickly than less charged 
and elongated ions. 
 

When a packet of ions in a buffer gas is exposed to a weak electric field (E), it drifts with a 

velocity vD = K·E, where K corresponds to the mobility constant of a specific ion in the buffer 

gas. Because K is specific to interactions between the ion and the gas, individual components 

within packets that contain a mixture of species may be separated owing to differences in the 

mobilities of the components. One determines the value of K by measuring the time (tD) 

required for ions to drift through a specified distance. Measurements between laboratories can 

be compared by normalizing values to standard conditions that produce the reduced mobility 

(K0) using the relation (I). 

 

                 (I) 
 
 

In this expression, tD, L, V, P, and T correspond with the measured drift time, length of the 

drift region, the applied drift voltage, and the pressure and temperature of the buffer gas, 

K0 =
t0V
L2

X
T

273.2
X

760

P
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respectively [303]. Ions that adopt compact conformations have higher mobilities than those 

that exist as extended conformers. For ions of similar size, those that exist as higher charge 

states will have higher mobilities because they are influenced by a greater drift force. It is also 

possible to report values as experimental collision cross sections by the relation (II) 

 

 

(II) 

 

 
where z, e, kb, mI, and mB are the charge state, fundamental charge, Boltzmann’s constant, and 

the masses of the ion and buffer gas, respectively [303], and N is the neutral number density. 

The field strength (E), drift tube length (L), pressure (P), and temperature (T) can be 

accurately and precisely determined such that any two cross section measurements typically 

agree to within ~1% (relative uncertainty).  

 

The drift time is denoted as tD and corresponds to parameters that define a specific region of 

the instrument. For initial structures (determined by the selected-ion methods described 

below), values of tD are determined by the delay time (tD1) associated with selecting ions of a 

specified mobility. An interesting aspect of this approach is that there is no correction time 

associated with time that ions spend in other portions of the instrument. Therefore, selected 

ion cross sections are anticipated to be more accurate than measurements that involve 

corrections for time that ions spend outside of the drift region. 

 

A typical setup of the two dimensional IMS instrument used to make measurements is the 

incorporation of multiple ions funnels (F), drift regions (D), and ion gates (G) as shown in the 

Figure 54. The entire length of drift/funnel assembly is ~182 cm in length, taken separately, 

D1 is 87.0 cm, and D2 is 94.9 cm and the assembly of lenses and spacers forms a cavity that 

can be filled with a buffer gas (Fig. 60). 
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Figure 60. Schematic diagram of the ion mobility- ion mobility/time-of-flight instrument. The drift regions (D1 
and D2), ion funnels (F1-F3), ion gates (G1 and G2), ion activation regions (IA1-IA3), and resolution (R) of 
specific components are labeled. Ions are gated through G1, where they undergo mobility separation in D1. Ions 
can be selected on the basis of mobility at G2. Ion activation is carried out at the region labeled IA2 [304]. 
 

A continuous beam of electrosprayed ions is introduced directly into a Smith geometry ion 

funnel region (F1). This region of the instrument is used to focus, accumulate, and release 

pulses of ions for mobility experiments. During operation, the concentrated ion packet in F1 is 

released via an electrostatic gate (G1) into the first drift tube (D1). The drift tube contains ~ 

3.00 Torr (1 Torr =133.3 pa) of He buffer gas at 300K; ions migrate through the tube under 

the influence of a weak electric field, and different species separate due to differences in their 

mobilities through the gas. As ions exit the first drift region, they pass through a second ion 

gate (G2) and enter another ion funnel (F2) that is used to radially focus the diffuse ion clouds 

and transmit species into the front of a second drift region (D2). In addition to the drift 

regions and funnels, the instrument includes ion activation regions (IA); this configuration 

allows ions of a specified mobility to be selected and energized prior to additional separation.  

 

In the present configuration, IA1 is located immediately after F1; IA2 and IA3 follow F2 and 

F3, respectively. Ions exit the drift region into the first vacuum chamber (8 x 10-5 Torr), which 

houses standard ion focusing optics, and then into a second vacuum chamber (8 x 10-6 Torr), 

which houses an on-axis collision dynode/microchannel plate detection system for IMS-IMS 

measurements and ions are focused into the source region of a reflectron-based, time-of-flight 

(TOF) mass spectrometer. Ions are pulsed orthogonally into the flight tube to measure their 

flight times (tF) in the high vacuum region. Because the flight times are small (µs) compared 

with drift times (ms) it is possible to collect hundreds of flight time distributions for each 
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packet of ions originating in the ion funnel. Flight times are converted into mass-to-charge 

(m/z) values for the various ions using a standard calibration procedure. All electronics and 

data acquisition systems were designed on a home-built instrument (David Clemmer group at 

Indiana University, USA) and are similar to components described elsewhere [305]. 

 

2.4.3.1 Ion mobility mass spectrometric analysis of linear ubiquitin 

 

High resolution mass spectrometry has been successfully applied for the direct 

characterization of poly-ubiquitin conjugates, but conformation-specific methods are required 

for structural differentiation of specific lysine linkage ubiquitin conjugates. Ion mobility mass 

spectrometry (IMS–MS) has been recently emerging as a highly efficient tool for the 

separation and analysis of polypeptides and polypeptide interactions with distinct 

conformations, topology and charge structures. A new two-dimensional ion mobility mass 

spectrometer has been recently developed and used to examine ubiquitin ions in the gas phase. 

IMS is a rapid gas-phase separation technique, as typical drift time measurements occur on 

the millisecond time-scale. Investigating gas-phase structures of protein ions can lead to an 

improved understanding of intramolecular forces that play an important role in protein folding 

and its biological activity [306, 307]. Hence, the separative capacity of IMS is highly 

complementary to MS analysis [308]. 

 

The wild-type of ubiquitin ions in the gas phase are separated in an initial drift tube into 

conformation types (defined by their collision cross sections) and then a gate is used to 

introduce a narrow distribution of mobility-separated ions into a second drift tube for 

subsequent separation. In addition to separative capacity, an IMS instrument can be used for 

selection and activation ions having specific cross sections. The electrospray ionization of 

wild-type of ubiquitin appears to exist in the gas phase as three dominant structural types: a 

compact form (identified in mobility studies as those ions with cross sections less than 1120 

Å2, observed for the +4 to +7 charge states); elongated states (having cross sections larger 

than 1500 Å2, observed for the +6 to +13 states); and, partially-folded structures (having cross 

sections between these values, observed for the +7 to +10 charge states) (data not shown). 

 

Compared with the IMS experiment of wild-type of ubiquitin [308, 309], the IMS–MS 

measurement of synthetic linear ubiquitin 12, which show a biological similar as wild-type 
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ubiquitin, indicating the feasibility of the mutated linear ubiquitin by thioether ligation 

approaches in producing biochemically active conjugates, can provide additional structural 

characterization. The sequence is schematically represented below 12, (Fig.61).  
 

 

-NH-CH-CH2-S-CH2-CO-H2N- Ubiquitin(61-76)  -COOH

COOH

Ub(1-59)NH2-GSSHHHHHHSSGLVPRGSH- -NH-CH-CH2-S-CH2-CO-H2N- Ubiquitin(61-76)  -COOH

COOH

Ub(1-59)NH2-GSSHHHHHHSSGLVPRGSH-

 (12) 

 

 
Figure 61. Nested drift(flight) time distributions showing the total distribution of electrosprayed synthetic linear 
ubiquitin 12, without (A), activation and with (B), activation 200 V. Two-dimensional features are displayed as a 
false-color scale which reflects ion abundance. The mass spectrum at the left was obtained by summing all 
intensities at each flight time across the drift time distribution. The drift-time spectrum at the top was obtained 
by integrating across the flight region for each drift time. [M+9H]9+ to [M+15H]15+ charge states are labeled for 
each spectra. The each left upper side insert shows the pictures of ion mobility distribution by IMS-MS, the row 
data can be calculated using home-built made software. 
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The molecular mass and structural characterization of synthetic linear cysteinyl-ubiquitin 

conjugates was determined by IMS-MS. An illustration spectra of synthetic linear ubiquitin 

indicated that the summed mass spectra in the left sides corresponding to multiply charged, 

protonated ion series yielding average molecular weight of 10629.06 Da and drift times 

distribution at vertical lines on the top showing the total distribution of electrosprayed 

ubiquitin ions to pass through drift resign D1 and D2 to the TOF detector. The IMS-MS of 

synthetic linear ubiquitin was performed with activation (200 V) and without activation 

condition. Without activation condition, the mass spectrum indicated multiple charge states 

(10+ to 15+) and 280 Da molecular mass differences of multiple charged adduct peaks (Fig. 

61. A, vertical axis). Upon activation by 200 V, the spectra shows a broader charge 

statedistribution (7+ to 15+) and no adduct peaks and also the most abundant ions generated 

at producing elongated states (Fig. 61. B, vertical axis).  

 

When the packet of ions is transmitted to the drift tube, the ion distribution of each charge 

state has different conformational structures; compact-, partially folded- and elongated-

conformer according to mobilities. High charged ions appear to favor conformations that are 

elongated instead of compact because of increased Coulomb repulsion between charges. Low 

charge states can exist in more compact forms. Figure 61. A, shows nested drift time data sets 

for synthetic linear ubiquitin ions without activation. The spectra provides evidence for the +8 

to +15 charge states of synthetic linear ubiquitin, and the range of compact (+8 to +9), 

partially-folded (+10 to +12), and elongated (+13 to +15) conformer. 

 

The ubiquitin ion-mobility measurements provided direct information about the 

conformations of the ubiquitin ions. The mobility of a gas-phase ion depends on its collision 

cross section with a buffer gas, which is defined by its geometry. Conformations having 

different collision cross sections can be separated based on variations in their mobilities [303]. 

By comparing experimentally measured cross sections to ubiquitn that are calculated for trial 

geometries, it is possible to obtain direct structural information about the ubiquitin ions. 
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Figure 62. Comparison of collision cross section distributions of mono ubiquitin and synthetic linear ubiquitin 
12. Drift time distributions were converted to collision cross section distributions according to equation (2). 
Regions corresponding to compact, partially-folded, and elongated conformations are indicated. 
 

Figure 62. A, shows the cross section distributions that are obtained upon IMS separation of 

the +7 to +13 charge states of bovine mono ubiquitin. Distributions for the +7 charge states 

are dominated by compact ions; the +8 charge state displays a peak in the compact region at 

1410 Å2, a broad distribution of partially folded ions (in a distribution that shows one feature) 

as well as one small peak at 1695 Å2 (elongated states). Similarly the distribution for the +9 

charge state displays a range of partially-folded ions that extends into the region defined as 

elongated, and a single sharp peak at 1733 Å2 (corresponding to elongated ions). The 

distributions for the +10 to +13 charge states show that these ions have elongated 

conformations.  

 

Figure 62. B, shows the cross section distributions that are obtained upon IMS separation of 

the +8 to +15 charge states of synthetic linear (mono-)ubiquitin 12. The electrospray 

ionization of linear ubiquitin appears to exist in the gas phase also three dominant structural 
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types: a compact form (identified in mobility studies as those ions with cross sections less 

than 1900 Å2, observed for the +8 to +9 charge states): partially-folded structures (having 

cross sections between these values, observed for the +10 to +12 charge states): and elongated 

states (having cross sections larger than 2250 Å2, observed for the +13 to +15 states) [309].  

 

 

2.4.3.2 Ion mobility spectrometric analysis of Lys63 linked di-ubiquitin 

 

Characterizing the shapes and sizes of large biomolecules presents significant challenges for 

chemists due to the overwhelming sizes of these molecules. Techniques such as NMR and 

crystallography have proven to be powerful structural probes for proteins of native or crystal 

states in their solution environment. The new crystal structures are consistent with the NMR 

spectroscopy studies and demonstrated that the Lys48- or Lys63- linked ubiquitin chains have 

closed and extended conformation [69], resulting in different mechanisms of recognition by 

ubiquitin associated domain involved in the ubiquitin pathway [96, 98]. Inroads into 

understanding structural determination of K48-linked and K63-linked diubiquitin indicate 

differences in tertiary structures, which may reflect distinct binding properties for interaction 

with ubiquitin-binding domains (UBDs) and their different biochemical functions [310]. This 

notion (different ubiquitin chains adopt different tertiary structures that in turn mediate 

different functions) is supported by structural information that is emerging for different types 

of polyubiquitin chains [97].  

 

Together with electrospray ionization mass spectrometry, the mobility separation is highly 

complementary, especially in analyzing structural characterization of biochemically-active 

Lys63-linked di-biquitin (UbK63–Ub) and Lys48-linked di-biquitin (UbK48–Ub) chains, which 

are indistinguishable by mass spectrometry alone. Further characterization of the specific 

lysine linked di-ubiquitin chains by IMS-MS provides additional insight as to how the 

different lysine linkages influence protein conformation in the gas phase. Studies of 

conformations for isolated lysine linked di-ubiquitin chains can help to delineate contributions 

to structure that are intrinsic to the polyubiquitin chain. Furthermore, IMS-mass spectrometric 

approach can give information for the relationship between gas phase structure and solution 

phase conformation. 
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Lys63 linked di-ubiquitin 15, was analyzed separately by IMS–MS allowing all ions to 

traverse the whole drift tube, along with the integrated mass spectrum and drift distribution. 

Spectra are recorded in a previously described nested [td(m/z)] fashion [305], and are illustrated 

in Figure 57 . Without activation condition, the total mass spectrum can not clearly indentify 

the di-ubiquitin charge states (14+ to 22+), because of several adduct peaks appear in the 

spectrum (Fig. 63. A, vertical axis). Upon activation by 200 V, more charge states 9+ to 22+ 

corresponding to protonated ion series yielding average molecular weight of 17167.73 Da for 

UbK63-Ub are clearly identified in the mass spectrum (Fig. 63. B). K63 linked di-ubiquitin 

sequence is schematically represented below. 

 

R΄́́́-47GKQLEDGRTLSDYNIQ K63ESTLHLVLRLRGG 76

O
N

NH
O

NR΄́́́-47GRQLEDGRTLSDYNIQ 63RESTLHLVLRLR 74

R΄́́́ : Ubiquitin(1-46)

15 

 
 

 

Figure 63 A. Nested [td(m/z)] plots for K63-linked di-ubiquitin, without activation. The corresponding UbK63–Ub 
sequence is schematically represented above (15). Two-dimensional features are displayed as a false-color scale 
which reflects ion abundance. The left upper side insert shows the pictures of ion mobility distribution and 
[M+14H]14+ to [M+22H]22+ charge states are hardly labeled for spectrum without activation of IMS-MS. Dark 
red indicates high ion intensity and blue color indicates low ion intensity. 
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Figure 63 B. Nested [td(m/z)] plots for K63-linked di-ubiquitin with activation 200 V. Upon activation, the 
charge states are more labeled from [M+14H]14+ to [M+22H]22+ . The summed mass spectra and summed drift 
time distributions (top) obtained by integrating the two-dimensional data across all drift times and all m/z values, 
respectively. The drift time represents the total time required for the ions to travel through D1 to the TOF source. 
 

In details, the data set for Lys63-linked di-ubiquitin shows the two-dimensional nested 

drift(flight) time distribution that is obtained when a narrow range of ions at a specified 

mobility is transmitted into the second drift region. These ions are selected in the gate region 

9.1 ms after release of the initial ion packet. Within this selection, the +15 to +20 charge 

states with two more adduct peaks are observed, and each of these charge states has a total 

drift time of 24 ms and is observed as a single sharp feature (along the drift time dimension) 

in the distribution. To have the same mobilities, these different charge states must have 

different conformations. The +14 charge state is not observed in the selected ion data set 

because none of the conformations of these charge states has mobilities within the range of 

the selection (Fig. 64). 
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Figure 64. Nested drift(flight) time distributions showing a narrow distribution of mobility-selected ions that 
were gated into D2 at 9.1 ms. (A), The pictures of total (upper) and 9.1 ms selection (bottom) of ion mobility 
distribution by IMS-MS. (B), The row data can be calculated using home-built made software and integrate the 
two-dimensional data across all drift times and all m/z values, respectively. The table was plotted from each 
charge states from ion mobility distribution spectrum of 9.1 ms selection corresponding to calculated molecular 
mass of 17167.73 Da. 
 

Experimental collision cross sections range from ~ 2700 Å2 for the most compact states 

(observed for the +14 to +16 charge states) to ~ 3900 Å2 for the highest charge state (+21). In 

the initial experiment of UbK63–Ub, the families of cross sections were divided into three 

conformer types: (i) a compact (folded) state that is observed for the +14 and +16 charge 

states, with collision cross sections between 2700 and 3000 Å2 values, (ii) partially folded 

states, having cross sections between 3000 and 3500 Å2 that are favored at intermediate 

injection energies for +15 and +17 ions and, (iii) elongated states, with cross sections in 

excess of 3500 Å2 for the +19 to +21 charge states. Overall, as has now been discussed many 

times, the changes in which structures are observed as charge state is increased, compact (+14 

to +16), partially folded (+15 to +17), and elongated (+19 to +21) can be understood by 

noting that elongated structures can reduce repulsive coulombic interactions. The +19 through 

+21 charge states show evidence for multiple stable elongated forms (peaks are not sharp 

because these structures are not highly resolved) (Fig. 65. A). Selection of a narrow ion pulse 

at G2 reveals that the peak remains sharp (Fig. 65. B), as selected ions drift the remaining 

distances through the drift tube. A single peak is observed when a narrow distribution (100 
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µs) of the structures is isolated with mobility selection at 9.1 ms. This demonstrates that 

collision cross section distribution overlap with stable structures by the total mobility 

distribution. 
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Figure 65. Collision cross section distributions for the +14 to +21 charge state of electrosprayed Lys63-linked 
di-ubiquitin ions. Regions corresponding to compact, partially-folded, and elongated conformations are indicated 
(A). Mobility selected ion distributions (with no activation) for the charge state indicate the presence of stable 
ion populations obtained upon selection of specific mobility regions at G2 (B).  
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2.4.3.3 Ion mobility spectrometric analysis of Lys48-linked di-ubiquitin 

 

The ubiquitin ion-mobility measurements provided direct information about the 

conformations of the ubiquitin ions. The mobility of a gas-phase ion depends on its collision 

cross section with a buffer gas, which is defined by its geometry. By comparing 

experimentally measured cross sections to ubiquitn that are calculated for trial geometries, it 

is possible to obtain direct structural information about the ubiquitin ions. 

 

Lys63- and Lys48-linked di-ubiquitin chains are comparable structurally based on the mass-

mobility correlation. The ion mobility-MS with different ESI source-conditions was 

performed to identify the structural conformation of K48-linked di-ubiquitin chains 17, which 

was dissolved in 0.2 % formic acid (i.e. capillary temperature, pressures and voltages). Nano-

electrospray ionization (nano-ESI) was performed on a TriVersa NanoMate chip-based ESI 

system (Advion BioSciences, Inc., Ithaca, NY) (1.8 - 2.1 kV bias). Ions were extracted from 

the drift tube through a differentially-pumped region, and orthogonally extracted into a 

reflectron-geometry time-of-flight mass spectrometer. 
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R΄́́́ : Ubiquitin(1-46)

17 

 

 



 106 

 
 
Figure 66. Nested drift time distributions showing the (A), total distribution of electrosprayed Lys48-linked di-
ubiquitin ions and (B), a narrow distribution of mobility-selected ions that were gated into D2 at 9.3 ms. UbK48–
Ub sequence is schematically represented above (16). The table (A, right side) was plotted from each charge 
states from total ion mobility distribution spectrum corresponding to calculated molecular mass of 17201.76 Da. 
Collision cross section distributions (B, right side) of the [M + 12H]12+ to [M + 19H]19+ of selected di-ubiquitin 
ions.  
 

Figure 66 shows two nested drift(flight) time data sets for Lys48-linked di-ubiquitin ions. The 

first data set (Fig. 66. A) is obtained when all accumulated ions are released every ~55 ms by 

lowering a repulsive field (for 100 µs), thus transmitting ions through first drift region. The 

observed evidence for the +13 to +19 charge states of UbK48–Ub, with two more adduct peaks 

and the range of compact (+13 to +15), partially-folded (+16 to +17), and elongated (+18 to 

+19) conformations shows a similar pattern as previous K63-linked di-ubiquitin 

measurements. The plotted data for mass to charge state corresponding to the two more 

adducts show 276.51 Da and 548.81 Da higher molecular weight are more then K48-linked 

di-ubiquitin experimental mass (17200.37 Da). These two more adduct peaks for mass to 

charge state by IMS measurements disappear under the influence of high voltage and high 

temperature conditions.  

 

The second data set (Fig. 66. B) shows the drift time distribution of selected ions, which are 

transmitted in the gate region at 9.3 ms. Within this selection and no activation, the +14 to 

+18 charge states with two more adducts are observed, and each of these charge states has a 

total drift time of 25 ms and is observed. The feature of the selected-mobility distribution (Fig. 
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66. B, x-axis top slide) is that each of the charge states (and conformations) displays a single 

sharp feature in the drift time distribution. As shown in more detail K48-linked di-ubiquitin of 

collision cross section distributions (right), sharp peak shapes of each charge state are 

partially overlapped for cross section distributions of di-ubiquitin conformation, because of a 

selection of a narrow region of mobilities in the region leads to a single sharp peak that is 

much narrower than the range of structures associated with the peak.  

 

Collision cross sections for Lys48 linked di-ubiquitin ions have been measured with no 

activation condition, which is shown in Figure 67. Experimental collision cross sections range 

from ~ 2000 Å2 for the most compact states (observed for the +11 to +15 charge states) to ~ 

3700 Å2 for the highest charge state (+19). In the initial experiment of UbK48–Ub, the families 

of cross sections into three conformer types were divided: (i) a compact (folded) state that is 

observed for the +11 and +15 charge states, with collision cross sections between 2000 and 

2900 Å2, (ii) partially folded states, having cross sections between 3000 and 3400 Å2, that are 

favored at intermediate injection energies for +13 and +17 ions and, (iii) elongated states, 

with cross sections in excess of 3400 Å2 for the +18 to +19 charge states. Overall, as has now 

been mentioned before, the changes in which structures are observed as charge state is 

increased, compact (+11 to +15), partially folded (+13 to +17), and elongated (+18 to +19) 

can be understood by noting that elongated structures can reduce repulsive coulombic 

interactions. The +19 to +21 charge states show evidence for multiple stable elongated forms.  

 

The distribution for [M +14H]14+ shows a broad structure (from ~2440 to ~3280 Å2); although 

this distribution is broad, there are two reproducible features with maxima at 2750 Å2 and 

2850 Å2. Additionally, one sharp peak is observed for even larger cross section ions at 3160 

Å2. The distribution for [M +15H]15+ shows a similar (although lower-abundance) population 

of unresolved ions; additionally there is one sharp peak at 3279 Å2. The ratios of these peaks 

are similar to the ratios observed for the similar reproducible peaks in the [M+10H]10+ 

distribution. The distribution for [M+18H]18+ and [M+19H]19+ is dominated by a single sharp 

peak at 3544 Å2 and  3651.5 Å2. The ratios of these peaks are similar to the ratios observed 

for the similar reproducible sharp peaks in the [M+16H]16+ distribution. 
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Figure 67. Cross section distributions for the +11 to 
+19 charge states of electrosprayed K48-linked di-
ubiquitin ions. Regions corresponding to compact, 
partially-folded, and elongated conformations are 
indicated.  
 

 

It is worthwhile to consider the origin of broad features. A pronounced example of where this 

may be the case can be observed from the distribution for the +16 charge state. In this case, 

where the repulsive Coulombic and attractive folding interactions are closely balanced, the 

distribution is dominated by broad distributions of unresolved features that span a large cross 

section range; there is ion signal across the entire ~2600 to 3528 Å2 range. As the charge state 

increases, the broad unresolved feature shifts to higher cross sections (consistent with the 

increase of repulsive forces) and decreases in abundance. 
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2.4.3.4 Comparison of cross section distributions for Lys63- and Lys48-linked di-

ubiquitin conjugates 

 

Ion mobility- mass spectrometry can be used to detect conformational differences between 

two specific lysine- linked di- ubiquitin peptides in the gas phase. Lys63- and Lys48- linked 

di-ubiquitin were analyzed separately by IMS–MS. Spectra are recorded in a previously 

described nested [td(m/z)] fashion, and are illustrated in Figure 61. The charge state envelope 

for K63 linked di-ubiquitin 15, (Fig. 68, left) is centered around a slightly lower m/z than that 

of K48 linked di-ubiquitin 17, (Fig. 68, right), however, six common charge states 

([M+14H]14+ - [M+19H]19+) are labeled. For UbK63–Ub, [M+13H]13+ up to [M+18H]18+ 

possess two predominant conformational families, partially-folded (higher mobility/shorter 

drift time) and elongated (lower mobility/longer drift time). Partially-folded and elongated 

conformations are also observed for UbK48–Ub charge states [M+11H]11+ - [M+16H]16+. 

Elongated conformations persist for higher charge states [M+19H]19+ - [M+22H]22+ and 

[M+17H]17+ - [M+19H]19+ for UbK63–Ub and UbK48–Ub, respectively. 
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Figure 68. Nested [td(m/z)] plots for ubiquitin conjugates UbK63–Ub (left) and UbK48–Ub (right). Two-
dimensional features are displayed as a false-color scale which reflects ion abundance. [M+14H]14+ to 
[M+19H]19+ charge states are labeled for each protein. 
 

Drift time distributions were converted to collision cross section distributions according to 

equation I (s, 2.4.3), and are shown in Figure 69. Cross-section distributions appear identical 

for compact structures that exist for the +13 to +17 charge states of both conjugates, while 
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elongated conformers showed distinct differences for the specific lysine-ε-amino linkages. 

Elongated conformers exist for both types of conjugates in the cross-section distributions of 

charge states +14 to +19, with collisional cross-sections for these ions ranging from ~ 3100 

Å2 for [K48 di-ubiquitin +14H]14+ to ~ 3700 Å2 for [K63 di-ubiquitin +19H]19+. For elongated 

conformers, UbK63–Ub exhibits larger cross sections (for all charge states; 3100 ~ 3830 Å2) 

compared to those of UbK48–Ub (2500 ~ 3100 Å2).  
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Figure 69. Collision cross section distributions of the common charge states between UbK63–Ub and UbK48–Ub. 
Collision cross section distributions are generated from drift time distributions of each charge state which are 
produced by taking mass spectral slices of the 2D data set shown in Figure 68. Intensities of all distributions are 
normalized to unity. 
 

The ion mobility-MS results were in full agreement with a comparative molecular modeling 

study of the Lys63- and Lys48-linked ubiquitin conjugates, suggesting a more compact 

Lys48-linked ubiquitin conformation to be required for targeting conjugated substrate proteins 

for proteolytic, proteasome degradation. 
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For the elongated charge states of conformers, collisional cross-sections of K63-linked di-

ubiquitin 15, are on average 3.5 % larger than those of K48-linked di-ubiquitin 17, indicating 

that K48-linked conjugates adopt a more compact structure than K63-linked conjugates (Fig. 

70, Table 12). These results of the gas phase structures are consistent with previous NMR 

spectroscopy data in solution. Characterizing the structures of proteins in the absence of 

solvent is suggested to be useful for (і), the comparison of gas-phase results with structural 

information from solution provides insight about how solvent interactions influence structure; 

(іі), the characterization of gas phase ion structures may become an important factor in the 

development of new analytical techniques for studying mixtures of proteins conformers. 
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Figure 70. Comparison of cross section distributions for the +14 to +19 charge states of UbK63–Ub and UbK48–
Ub. The highest peaks of elongated conformers from both lysine linked di-ubiquitin chains were plotted to graph 
(charge states to collision cross section).  

 

Table 12. Ion mobility data of elongated conformers of the di-ubiquitin conjugates. Collision cross sections 
differences of charge states for both di-ubiqitin chains was calculated and then averaged that UbK63–Ub are 
3.43 % more extended than those of UbK48–Ub. 

 

 K63 di-Ub K48 di-Ub  

Charge state CCS(Å2) % difference 

14+ 3186 3120 2.83 

15+ 3308 3209 3.94 

16+ 3370 3264 3.42 

17+ 3444 3339 3.54 

18+ 3570 3442 3.36 

19+ 3670 3544 3.50 
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Observable differences in the mobilities of these di-ubiquitins suggests that screening of 

higher-order poly-ubiquitins with this analytical technique might provide a deeper 

understanding as to how these proteins signal for such a diverse range of cellular processes. 

The different lysine linked ubiquitin chains adopt different tertiary structures that in turn, 

mediate different functions, which is supported by structural information that is emerging for 

different types of polyubiquitin chains [97].  

 

 

2.5 Elucidation of epitope recognition specificity of a Lys linkage ubiquitin 

antibody  

 

Affinity bindings are of crucial importance in most of the biochemical interactions involved 

in a living organism. The study of affinity has been always a source of precious information 

for understanding the mechanisms of different biological processes. Particularly the 

investigation of different diseases at molecular levels, in search of a new drug, has stimulated 

the study of affinity bindings [168, 311]. One of the most popular affinity-derived techniques is 

immunoaffinity chromatography which utilizes the high specificity of antigen and antibody 

interaction to isolate functional proteins [312]. Recent studies in our laboratory have focused on 

the development of high selectivity and high resolution MS approaches to the identification of 

antigen-antibody recognition structure [172]. Affinity-mass spectrometry methods, in 

combination with proteolytic digestion, have been previously developed and employed for the 

identification of epitopes (epitope-exsition and -extraction). The methodology for 

identification of specific epitopes of antibody-bound proteins are based on the determination 

of B-cell epitope sequences due to the observation, that an antibody will protect the binding 

site(s) of a bound peptide or protein antigen from proteolytic cleavage [239] The study of 

epitope is very interesting through the potential of the antibodies to become highly specific 

drugs against different types of targets [172, 313]. 

 

The different lysine linkage ubiquitin chains which have different 3-dimensional structures 

reflecting their different biological functions will be used to generate antibodies and to isolate 

and characterize proteins that selectively recognize distinct in a specific lysine linked 

polyubiquitin chains. Interestingly, ubiquitin becomes covalently bonded to many types of 

pathological inclusions seen in serious human disease states which appear to be resistant to 

normal degradation, so that ubiquitin antibodies are very useful for studies of these inclusions. 
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For example the neurofibrillary tangles of Alzheimer's disease, the Lewy bodies seen in 

Parkinson's disease, and Pick bodies found in Pick's disease are all heavily ubiquitinated and 

can all be readily visualized with ubiquitin antibodies of appropriate specificity [138, 314].  

 

Accordingly, the affinity determination of different lysine linkage ubiquitin peptides against to 

ubiquitin antibody and epitope identification provide a better understanding of ubiquitin 

antibody related to neurogenerative diseases. Furthermore, the elucidation and analysis of 

antigenic ubiquitin epitopes are of crucial importance for the understanding of the binding 

between an antibody and an antigen and will provide a starting point for the design of 

diagnostic applications or for the development of new vaccines [175-177, 313].  

 

 

2.5.1 Immobilisation of monoclonal Lys 63 linkage polyubiquitin antibody  

 

The monoclonal specific Lys63 linkage polyubiquitin antibody in PBS containing 0.09% 

sodium azide was purchased from the Enzo life sciences®, Germany. The specificity of this 

K63-linked ubiquitin specific monoclonal antibody was demonstrated using synthetic 

ubiquitin chains, single isopeptide-linked polyubiquitin chains, and with endogenously 

ubiquitinylated species in both cell lysates and intact cells. The hybridoma secreting the 

antibody was generated by fusion of splenocytes from Balb/c mice, which had received 

repeated immunization with a synthetic peptide encompassing the ubiquitin K63-isopeptide 

motif. Immunoglobulin was purified from tissue culture supernatant by ion exchange 

chromatography. 

 

The antibody immobilization on the affinity material was performed using the dry NHS-

activated 6-aminohexanoic acid coupled sepharose 4B (Sigma-Aldrich, FRG) for 1 h at 25°C. 

The monoclonal K63 linkage polyubiquitin antibody was dissolved in coupling buffer (0.2 M 

NaHCO3, 0.5 M NaCl, pH 8.3). The flow-through fraction was collected and SDS-PAGE was 

performed to investigate if non-bound antibody remained free after immobilisation. 

Afterwards the column was ready to be used for affinity and epitope identification 

experiments.  
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The monoclonal ubiquitin Lys63 specific linkage antibody was characterized by separation of 

the components present in the sample on a SDS-PAGE 1D-gel electrophoresis performed 

under denaturing and reducing conditions. The reduction of disulfide bridge is achieved by 

addition of 10000 times molar excess of DTT per cysteine residue followed by incubation at 

30 °C for 2 h. The antibody is alkylated by incubation for 1h at room temperature in the dark 

with 2.5 molar excess of iodoacetamide (IAA) over DTT. Alkylation may be carried out 

without prior reduction in order to modify only the cysteine residues that are not involved in 

disulfide bridges. The alkylation of free thiol groups was performed with iodoacetamide 

(30000 times excess) for 1hr at RT in the dark. The reaction mixtures were lyophilized and 

then loaded on a 12 % SDS-PAGE gel in order to perform electrophoretic separation. Proteins 

were visualized by Coomassie staining. The results are presented in the Figure 71. The intense 

bands of the heavy and light chain indicate that the antibody contained > 90 % intact antibody 

chains (Fig. 71). 
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Figure 71. SDS-PAGE of the flow-through and monoclonal Lys63 linkage polyubiquitin antibody denaturized 
after treatment with DTT and Alkylation. The Anti-Ub-K63 is separated in heavy and light chain. 
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2.5.2 Affinity-mass spectrometric identification of different Lys linked di-ubiquitin 

peptides binding to the Lys63 linkage antibody  

 

The specific lysine linkage ubiquitin-antibody interactions were characterised by using the 

immunoaffinity-MS illustrated in Figure 72. The affinity-MS procedure is based on the 

binding of antigen-peptides to an antibody immobilized on a micro-column; upon removal of 

unbound material by washings steps, the affinity-bound peptides are specifically dissociated 

from the column by acidification and analyzed by MS.  
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Figure 72. Schematic representation of affinity-mass spectrometry experiment using immobilized antibody 
column. (A), Binding of peptides to the immobilized antibody column; (B), removal of unbound peptides; (C), 
dissociation of the antigen-antibody complex followed by washing steps and storage. The right side insert shows 
the picture of the ca. 0.8 ml micro column (Mobitec, Göttingen, Germany) which is filled with NHS Sepharose 
material. 

 

The affinity interactions between the different lysine linked ubiquitin chains and K63 linkage 

ubiquitin antibody were identified by mass spectrometry. The linear and di-ubiquitin peptides 

containing the Lys63 and Lys48 residue were synthesized by solid phase peptide synthesis. 
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After the preparation of the Ub-K63 antibody micro-column, the linear- and K63 linked di-

ubiquitin peptides were added in order to prove the specific binding of this peptide to the 

antibody. After 2 hours incubation, the unbound protein was collected in the supernatant 

fraction. The supernatant was analyzed by MALDI-TOF and ESI-Ion Trap mass spectrometry 

and the spectra are presented in Figure 73 and 74, demonstrating that it contained bound 

ubiquitin peptides. The column was than washed again with 0.1 % TFA, having as purpose the 

dissociation of the ubiquitin peptides, affinity-bound to the ubiquitin antibody. The collected 

solution, forming the elution fractions, were lyophilized and identified by mass spectrometry. 

It can be concluded that the ubiquitin peptides containing a Lys63 residue are binding to the 

prepared Lys63 linkage ubiquitin antibody column. 
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Figure 73. Affinity studies of (A), ubiquitin (1-76) and (B), linear ubiquitin (54-76) bind to specific K63 linkage 
antibody by MALDI-TOF mass spectromertric characterization. MALDI-TOF mass spectra of supernatant 
(unbound ubiquitin), washing and elution (bound ubiquitin). 
 

Corresponding binding results for the K63-linked di-ubiquitin (54-76)2 5, and the K48-linked 

di-ubiquitin (48-76)2 2´, to the monoclonal K63 linkage ubiquitin antibody column are shown 

in below. The affinity-mass spectrometric data showed that only the K63-linked di-ubiquitin 
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peptide bound to the K63-Ub antibody column. In contrast, affinity-MS experiments 

performed with K48 linked di-ubiquitin that contained a lysine 48 linkage site did not show 

binding affinity. The affinity-mass spectrometry data for the specific lysine linked ubiquitin 

peptides generally showed binding affinity for K63-Ub antibody, consistent with the results 

obtained by the dot blot experiments. 
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Figure 74. Affinity binding studies using different lysine linkage of di-ubiquitin peptides (5, 2΄) and specific 
K63 linkage antibody: (A), ESI-Ion Trap mass spectrum of the supernatant, washing and elution fractions 
showing that the K63-linked di-ubiquitin was bound to the antibody micro-column; (B), The fractions by ESI-
Ion Trap mass spectrum of K48-linked di-ubiquitin was unbound. 
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2.5.3 Epitope identification of the Lys63 linkage ubiquitin antibody  

 

The principle of epitope identification has been developed since the early 1990’s in our 

laboratory [168, 311, 315-319], by combining isolation of antibody-bound peptides using immune-

affinity techniques followed by the precise identification of epitope peptides by mass 

spectrometry (s. 3.7.2) [254]. The methodology is based on the finding that the contact sites of 

the antigen are sterically protected by the antibody during the proteolysis [320]. The general 

analytical concept of the mass spectrometric epitope analysis approach is summarised in 

Figure. 75. In epitope excision the antigen is bound to the antibody and then proteolytically 

degraded by different enzymes. In the epitope extraction procedure the antigen is first 

degraded and then applied to the antibody column. The resulting epitope containing fragments 

are then analyzed by MS. The epitope excision procedure consists in immobilising the 

antibody on a microcolumn and binding of the antigen molecule to this column. A specific 

protease proteolytic digestion is then carried out, the non-bound fragments are washed away 

and the epitope-antibody complex is dissociated and the fragments are analyzed by mass 

spectrometry. In the epitope extraction procedure, the antigen molecule is first proteolytically 

digested and then applied on to the antibody column. 

 

 
 

Figure 75. Analytical scheme of epitope identification analysis using a combination of epitope excision and 
extraction and mass spectrometric peptide mapping followed by sequence analysis. 
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To identify the epitope sequence of partial ubiquitin(57-69) containing K63 residue 

recognized by K63 linkage Ub-antibody, epitope excision/extraction–mass spectrometric 

approaches were employed. In this study, the synthetic Ub(57-69)_K63-GG peptide 29, (s. 

3.2.3.3), as antigen was prepared by manual SPPS and the monoclonal K63 linkage Ub-

antibody was immobilized on a Sepharose micro-column (s. 3.7.1).  

 

For the epitope excision experiments, first the synthetic Ub_K63-GG building block peptide, 

was bound to the K63-Ub antibody column. After 1 hr, the non-bound peptides were removed 

by washing, then pronase was added onto the antibody-antigen column and the reaction took 

place at 40 °C for 1.5 hr. The proteolytical generated fragments (supernatant fraction) were 

removed by washing and the immune complex was dissociated by addition of 0.1 % TFA. The 

elution fraction was collected and monitored by MALDI-TOF mass spectrometry. For the 

epitope extraction, the pronase digestion of Ub_K63-GG peptide was successfully performed 

for 1.5 hr and the digested fragments were added to the column and the respective supernatant, 

washing and elution fractions were analyzed by MALDI-TOF MS (Fig. 76).  

 

Analyzing the sample after epitope excision, the MALDI-TOF mass spectrum of the 

supernatant fraction of Ub_K63-GG peptide fragments after pronase digestion is presented in 

Figure. 76. A. After washing off the unbound fragments, in the spectrum of the elution 

fraction shows three overlapping peptide fragments corresponding to the ubiquitin peptide 

fragments (59-66)-GG, (60-69)-GG, and (57-68)-G, all encompassing the epitope fragment 

(59-66)-GG (Fig. 76. B). These fragments proved that the epitope recognized by the K63-Ub 

antibody was located around Lys63 regions in the peptide. The epitope extraction with 

pronase of the Ub_K63-GG peptide leads to the same result, presenting in the supernatant the 

expected proteolytic fragments of Ub_K63-GG peptide covering the entire peptide sequence 

(Fig. 77. A). In the elution fraction also ubiqutin (59-66)-GG and (60-69)-GG fragments 

containing Lys63 residue were observed but the most intensive corresponded to the fragment 

(59-66)-GG (Fig. 77. B). No significant differences of relative ion intensities to the epitope 

extraction and excision were observed. Taken together the results, one can conclude that the 

epitope is located in the ubiquitin sequence 59YNIQKEST66. 
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Figure 76. Mass spectrometric epitope excision using trypsin: (A), MALDI-TOF MS of the supernatant fraction 
reveals the expected peptide fragments, (B) MALDI-TOF MS of the elution fraction shows as the most intensive 
binding fragment the Ub(59-66)-GG. 
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Figure 77. Mass spectrometric epitope extraction using pronase: (A), MALDI-TOF MS of the supernatant of 
Ub_K63-GG peptide after pronase digestion. B) MALDI-TOF MS of the elution fraction revels two fragments, 
Ub(59-66)-GG and Ub(60-69)-GG. 
 

The epitope elucidation of Ub(57-69)_K63-GG peptide was accomplished by excision and 

extraction experiments. The results indicate that the fragments obtained in the elution fraction 

are underlined by an arrow (Figure 76. B, and 77. B), showing the overlapping epitope 

fragments, confirming that the epitope fragment (59-66)-GG containing Lys63 linkage site 

has intensive affinity for the K63-Ub antibody. The major value of epitope excision/extraction 

mass spectrometry is in the chemical determination of epitopes that enable a useful B-cell 

presentation for vaccine development. For further immunological characterization of ubiquitin 

peptides containing different lysine residues by ELISA and SAW biosensor will be carried out 

in order to compare their affinities and establish the Kd with the K63 linkage ubiquitin 

antibody.  
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2.5.4 Dot Blot analysis    of Lys63 linkage antibody with different Lys linked di-

ubiquitin conjugates     

 

Dot blot is a simple technique for detecting, analyzing, and identifying specific proteins, in 

which the samples are spotted through circular templates directly onto the surface of 

membrane. The method is based on the antigen-antibody recognition by using a first antibody 

against the membrane-immobilized antigen, and a second label-conjugated antibody for 

detection of the first antibody (Fig. 78). 
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Figure 78. Schematic representation of dot blot experiment. The proteins immobilized on the membrane are 
probed with a specific antibody and a matching specific detection reagent.  
 

The immuno-detection of the two different Lys linked di-ubiquitin peptides to a specific 

ubiquitin antibody, namely the monoclonal K63 linkage polyubiquitin antibody (clone 

HWA4C4) was performed by dot blot affinity. In the first dot blot experiment, 2 µg of the 

specific Lys linked di-ubiquitin peptides (22, 23, 24), linear partial ubiquitin peptides 

containing a K63 or K48 residues (19, 20, 21), and the ubiquitin from bovine red blood cells 

as a control sample (18), were spotted on a nitrocellulose membrane. The membrane was 

incubated for 1 h with blocking buffer (Rotiblock). Then, the membrane was incubated with 

the primary ubiquitin antibody (K63-Ub antibody) in PBS-Tween (antibody:PBS-Tween ratio 

of 1:2500, v/v) for 1 hr. As detection antibody the horse radish peroxidase (HRP) goat anti-

mouse in PBS-Tween (1:5000, v/v) was applied and incubated 1 hr. The membrane was 

developed by a mixture of ECL-solutions and exposed on a film in a dark room for 30 second 

(Fig. 79, Table 13). The results gave an intense positive response of specific Ub-K63 antibody 

to the ubiquitin peptides containing a Lys63 linkage site. The control bovine ubiquitin and the 

K48 linked di-ubiquitin used as negative control gave no response.  
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Figure 79. Dot blots analysis of K63 linkage ubiquitin antibody to linear synthetic ubiqutin peptides (#II-IV) 
and lysine linked di-ubiquitin peptides (#V-VII). 

 

 

Table 13. Different ubiquitin peptides contained K63 and K48 residues for dot-blot analysis. 
 

Spot 
Nr 

Peptide Sequence 
Dot 
Blot* a 

18 Ub(1-76) Ubiquitin from bovine (Sigma-Aldrich) - 

19 Ub(61-76) H2N- 61IQ63KESTLHLVLRLRGG76 -COOH + 

20 Ub (54-76) H2N-54RTLSDYNIQ63KESTLHLVLRLRGG76-COOH + 

21 Ub(48-76) H2N-48KQLEDGRTLSDYNIQ63KESTLHLVLRLRGG76- OH - 

22 
K63-linked 
Ub(61-76)2 

               H2N- 61IQ63KESTLHLVLRLRGG76 –COOH 
| 

H2N- 61IQKESTLHLVLRLRGG76 
+ 

23 
K63-linked 
Ub(54-76)2 

                H2N-54RTLSDYNIQ63KESTLHLVLRLRGG76-COOH 
 ׀                                   
H2N-54RTLSDYNIQ63KESTLHLVLRLRGG76 

+ 

24 
K48-linked 
Ub(48-76)2 

H2N-48KQLEDGRTLSDYNIQ63KESTLHLVLRLRGG76-OH 
 ׀             

76GGRLRLVLHLTSEKQINYDSLTRGDELQK48-N2H 
- 

 

* a Dot blots analysis of Lys63 specific linkage ubiquitin antibody: (+), response and (-), no response 
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For the comparison of differences in affinity binding specificity of different ubiquitin 

Building Blocks to K63 linkage Ub-antibody an equimolar mixture, 100 µmol of each peptide, 

was used in an immuno-affinity method such as Dot blot and the affinity chromatography-MS 

analysis (MS data not shown). A Dot Blot experiment was carried out using the same affinity 

K63-Ub antibody with ubiquitin building blocks peptides.  

 

The ubiquitin building blocks were prepared by SPPS and characterized by ESI-Ion trap MS 

(Table. 14). These ubiquitin peptides containing the specific lysine residues with an internal 

Gly-Gly dipeptide (“Building Blocks”; 25; Ub_K6-GG, 26; Ub_K11-GG, 27; Ub_K33-GG, 

28; Ub_K48-GG and 29; Ub_K63-GG) were manually synthesized due to facilitate the 

correct coupling of each amino acid on the hydrophobic sequence. The choice of a side chain 

protecting group depends on the choice of protecting group on the α-amino group, so that 

differently acid sensitive or an “orthogonal” combination of protecting groups such as side 

chain protected lysine derivatives: Fmoc-Lys(Mtt)-OH or Dde-Lys(Fmoc)-OH are used. It is 

site-specific and allows only a single specific coupling reaction between the Cα-moiety of one 

peptide segment and the Nε-amine of another peptide segment (s. 3.2.3.2) [271].  

 

The results of a correlation between structure and affinity interaction of the ubiquitin building 

blocks are presented in the Figure 80 and Table 14. 

 

Ub_K6-GG Ub_K11-GG Ub_K33-GG

Ub_K48-GG UbiquitinUb_K63-GG

30 Sec

26 2725

29 1828  

 
Figure 80. Dot blots analysis using monoclonal Ub-K63 antibody. (A), Dot blot experiment of specific lysine 
residues attached to a Gly-Gly dipeptide (25 - 29) and ubiquitin as a negative control (18).  
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Table 14. HPLC and Mass spectrometric characterization of ubiquitin sequences containing the specific lysine 
residues attached to Gly-Gly dipeptide which were tested by dot blot experiment with the Lys63 specific linkage 
ubiquitin antibody. 
 

Nr Sample Sequence [M] calc/exp*
a 

HPLC 
Rt*b 

Dot 
Blot*c 

25 K6-GG NH2-MQIFVK-(GG)TLTG-CONH2 
1251.7/ 
1250.53 

30.5 + 

26 K11-GG NH2-LTGK-(GG)TIT-CONH2 
846.99/ 
846.60 

28.0 - 

27 K33-GG NH2-IQDK-(GG)EG-CONH2 
801.85/ 
801.50 

22.5 - 

28 K48-GG NH2-LIFAGK-(GG)QLEDG-CONH2 
1303.48/ 
1303.60 

29.1 - 

29 K63-GG NH2-SDYNIQK-(GG)ESTLHL-CONH2 
1660.80/ 
1660.19 

31.8 + 

18* Mono-Ub Ubiquitin (1-76) 8564.85 - - 
 

 
* Mono-ubiquitin from bovine red blood cells as a negative control was purchased from Sigma-Aldrich. 
* a Average mass; ESI-Ion trap mass spectra were recorded on a Esquire 3000+ ion trap mass spectrometer 
(Bruker Daltonics, Bremen, Germany) equipped with a standard ESI source. 
* b Analytical RP-HPLC columns: VydacTN C4 column (250 mm x 4.6 mm I.D.) with a 5 µm silica (300 Å pore 
size); eluents: 0.1 % TFA/water (A), 0.1% TFA/MeCN-water 80:20, v/v (B); flow rate: 1 mL/min; Gradient: 0 
min 0 % B, 5 min 10 % B, 105 min 100 % B. 
* c Dot blots analysis of Lys63 specific linkage ubiquitin antibody: (+), response and (-), no response. 
 

The result of the test confirmed the specific binding of the K63-Ub antibody to the ubiquitin 

building blocks; Ub_K6-GG (25), and Ub_K63-GG (29). In contrast, for another ubiuitin 

Building Blocks containing the K11, K33 and K48 were observed no responses. By 

characterization of the secondary structure of ubiquitin sequences by circular dichroism 

spectroscopy, the specificity of K63-Ub antibody to the ubiquitin building blocks containing 

different Lys residues can be explained. The building block peptides; Ub_K6-GG and 

Ub_K63-GG in water showed the presence of a negative band around 202 nm (π-π* 

transition) and a small negative shoulder around 230 nm, characteristic of an unordered 

structure. A beta sheet secondary structure was found for the K11 and K48 linked partial 

ubqiutin peptides (building blocks; K11-GG, K48-GG) present a mixture secondary structure 

conformation between random coil and beta sheet (Fig. 81). The CD spectroscopy data 

indicated consistent results to reveal differences in binding specificities by the K63-Ub 

antibody, showing that antibody binding is influenced by antigen secondary structure. 
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Figure 81. Secondary structure determination of different partial ubiquitin sequences by circular dichroism 
spectroscopy. The ubiquitin peptides were dissolved in water at a concentration of 1 µg/µl, and the 
measurements were carried at 25 ° C by averaging six scans between 190 and 260 nm. 
 

 

2.5.5 Western Blot analysis of Lys63 linkage antibody with different Lys linked di-

ubiquitin conjugates 

    

The western blotting (also called immunoblotting because antibodies are used to specifically 

detect their antigen) is an analytical technique used to detect specific proteins in a mixture of 

any number of proteins. It does not matter whether the protein has been synthesized in vivo or 

in vitro. This method is dependent on the use of a high-quality antibody directed against a 

desired protein, and specificificity of the antigen-antibody interation. Western blotting can 

give information about the molecular weight of interesting protein with comparison to a 

molecular weight marker, and also provides information on expression amount of protein in 

comparison to a control such as untreated sample or another cell type.  

 

In this technique, a sample of proteins is first separated by gel electrophoresis based on their 

molecular weights. The proteins are then transferred to a membrane (typically nitrocellulose 

or PVDF), where they are detected using antibodies specific to the target protein. The gel is 

placed against a sheet of nitrocellulose membrane and placed in transfer chamber. The gel 

(sandwiched against the nitrocellulose) is then subjected to an electric field which causes the 

proteins to migrate out of the gel and onto the nitrocellulose sheet, to which the proteins 

become adsorbed. The nitrocellulose with its tightly bound proteins can then be probed with a 
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primary antibody. It can determine where on the nitrocellulose blot the primary antibody 

binds (a clue to the identity of the protein) and how intense the binding is (a clue to the 

amount of the protein present). 

 

The synthetic K63 linked di-ubiquitin 13, recombinant K63 linked di/tetra-ubiquitin 15/16 

proteins and K48 linked di-ubiquitin 17, were is first separated by gel electrophoresis based 

on their molecular weights and then Western Blot anaysis was carried out. A sample of 

approximately 5 µg from both synthetic and recombinant di-ubiquitin proteins were employed 

for 1-D gel electrophoresis The linear ubiquitin as a control and specific lysine linked di-

ubiquitin proteins were dissolved in sample buffer (containing 5 mM Tris-Cl, 4 % SDS, 25 % 

Glycerin and 0.02 % Bromphenol blue) with pH 6.8. After running the 15 % Tris-Tricine 

SDS-PAGE, the gel was transferred to the membrane and then visualised by Coomassie Blue 

staining to verify if the transfer was complete. There were no bands visible, pointing out that 

the transfer was complete. The different lysine linked ubiquitin samples were transferred on 

the nitrocellulose membrane by constant current of 40 mA for 90 min and visualized by 

0.02 % Ponceau S dye test in 5 % acetic acid solution to see if the proteins were absorbed 

onto the nitrocellulose membrane.  

 

The membrane was blocked with 5 % Roti®-block and then incubated for 2 hrs with 

monoclonal K63 linkage ubiquitin antibody against different lysine linked di-ubiquitin or 

tetra-ubiquitin (1:2500) in PBS-Tween. After repeated washing the membrane, it was 

incubated for 1 h with a HRP-conjugated goat anti-mouse antibody at a dilution of 1:5000 in 

PBS-Tween for 1 hr. The detection of antibody binding on the membrane was developed by a 

mixture of ECL-solutions and exposed on a film in a dark room for 30 second. The results are 

presented in the figure 82. 
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Figure 82. (A), 1-D gel electrophoresis separation and (B), Western Blot of the K63/K48 Lys linked di-/tetra- 
ubiquitin proteins. The K63 ub-antibody detects selectively Lys63 linked chains (lane 3-5), but does not detect 
lysine48 linked chains (lane 2).  
 

Figure 82. A, shows Tris-Tricine SDS-PAGE separation of the K63 Ub-antibody to 

recombinant K48 linked di-ubqituin (lane 2, Mw:  ~17.2 kD), K63 linked di-/tetra-ubiquitin 

peptides (lane 3 and 4, Mw: ~17.1 and 34 kD), and synthetic K63-linked di-ubiquitin 

conjugates containing a mixture of ubiquitin peptides (lane 5); ClAc-Ub(54-75)2, Lys63 

linked mono-/di-ubiquitins, Ub(G53C) and corresponding to its dimer.  

 

In vivo and in vitro linked ubiquitin chains were analyzed by SDS-PAGE and then followed 

by immunoblotting with K63-Ub antibody. Western blot observed that the K63 linkage 

ubiquitin antibody gave an intense positive response only for the recombinant K63-linked di-

/tetra- ubiquitin conjugates 15, 16, but no response for control ubiquitin and K48-linked di-

ubiquitin 16. Also the antibody detects synthetic ubiqutin peptides, containing the actual K63 

linkage site in their sequences; ClAc-Ub(54-75)2  5, K63-linked mono-/di-ubiquitin peptides 

13, 14 (Fig. 82. B). The results can conclude that Ub-K63 antibody show high specificity for 

ubiquitin peptides-containing lysine63 branching site of di-ubiquitin conjugation. 
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The binding of specific Lys linked ubiquitin conjugates to the monoclonal specific Lys63 

linkage ubiquitin antibody was studied by affinity-mass spectrometry, and inmunoblotting 

methods such as dot blot and western blot. Those immunoanalytical techniques were a 

powerful tool for characterizing recognition specificities of different lysine linked ubiquitin 

conjugates to K63-Ub antibody. The comparison of the three methods provided consistent 

results in binding affinities and specificities to the K63 linkage ubiquitin antibody, showing 

that antibody binding is influenced by ubiquitin peptides containing in their sequences a 

Lys63 residue.  
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3.  EXPERIMENTAL PART 

 
3.1 Materials and reagents 

 

The following commercially available reagents were used in this work: 

All N-α-Fmoc protected amino acids, NovaSyn TGA, Rink Amide MBHA resins, 

Benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium hexafluorophosphate (PyBOP) used for 

peptide synthesis: NovaBiochem (Läufelfingen, Switzerland) or GL Biochemicals (Shanghai, 

China). t-Butylmethylether, N-methylmorpholine (NMM), piperidine, 1,8-diazabicyclo-

[5.4.0]undec-7-ene (DBU), N-diisopropyl-ethylamine (DIEA), N,N’-diisopropylcarbodiimide 

(DIC), 1-hydroxybenzotriazole (HOBt), trifluoroacetic acid (TFA), dithiothreitol (DTT), 

triethylsilane, triisopropylsilane, 4-dimethylaminopyridine (DMAP): Fluka (Buchs, 

Switzerland); N,N-dimethylformamide (DMF): Acros Organics (Geel, Belgium). 

Dichloromethane (DCM): Reanal. Hydrochloric acid, sodium hydroxide, N-

(Tri(hydroxymethyl)methyl)glycine (Tricine): Merck (Darmstadt, Germany). Deionized 

water: Millipore. Acetic anhydride, potassium carbonate (K2CO3): Riedel-de Haen (Seelze, 

Germany). Tris-(hydroxymethyl)-aminomethane (Tris), acrylamide/bis-acrylamide solution, 

sodium dodecyl sulfate (SDS), acetonitrile (MeCN), formic acid, ethanol, and isopropanol: 

Roth (Karlsruhe, Germany). Activated CH-Sepharose 4B, polyoxyethylensorbitanmonolaureat 

(Tween20), dimethylsulfoxide (DMSO), diethanolamine, α-cyano-4-hydroxicinnamic acid 

(HCCA), iodoacetamide, insuline, bradikinine, neurotensine, angiotensine, substance P, 

guanidinium hydrochloride, tetramethylethylenediamine (TEMED), ammonium persulfate 

(APS), potassium iodide (KI), Roti-Block: Sigma (St. Louis, MO); Sequence grade modified 

Trypsin, Porcine: Promega.  

 

K63 linkage specific monoclonal polyubiquitin antibody, K63-linked di-ubiquitin, K63-linked 

tetra-ubiquitin, K48-linked di-ubiquitin: Enzo life sciences (Lörrach, Germany). Horse radish 

peroxidase (HRP) goat anti-mouse IgG: Jackson Immunoresearch. 

 

Details of K63 linkage specific monoclonal polyubiquitin antibody 

� Concentration: 1mg/ml    

� Formulation: Liquid. In PBS containing 0.09% sodium azide.    

� Clone: HWA4C4    

� Isotype: Mouse IgG2a    
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� Immunogen: Synthetic peptide containing the ubiquitin K63-isopeptide motif.    

� Specificity: Recognizes K63-linked polyubiquitin in wide range of species. Does not 

cross-react with any other isopeptide-linked (K6, K11, K27, K29, K33, or K48) 

polyubiquitinylated species. 

 

 

3.2 Solid phase peptide synthesis (SPPS) 

 

Solid phase synthesis is a process by which chemical transformations can be carried out on 

solid support in order to prepare a wide range of synthetic compounds. Solid phase chemistry 

offers many advantages over conventional synthesis in terms of efficiency as well as 

convenient work-up and purification procedures. Partial sequences of ubiquitin peptides 

employed in this work were synthesized by SPPS according to Fmoc/tBu strategy either 

manually or using a semi-automated peptide synthesizer EPS 221 (Abimed, Germany).  

 

The protocol of the Fmoc solid phase peptide synthesis was as follows:  

 

Table 15. General protocol for Fmoc SPPS. 
 

Step Operation Repeats x Time Reagent 

I. Swelling 3 x 1 min DMF 

II. Deprotection 
2+2+5+10 min or 

15 min 

2 % DBU, 2 % piperidine in DMF or 

20 % piperidine in DMF 

III. Washing 5 x 1 min DMF 

IV. 
Activation & 

Coupling 
60 min 

5 equiv of Fmoc amino acid derivative with 

PyBOP : NMM in DMF 

V. Washing 5 x 1 min DMF 

VI. 

Monitor the coupling steps by Bromophenol Blue test to assess the presence of free 

amines. 

* The case of difficult and long sequences, double or triple times of coupling steps 

are needed for completion of synthesis (repeat the step IV). 
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Fmoc deprotection:  

The Fmoc (9-fluorenylmethyloxycarbonyl) is a base-label protecting group for amines. 

Incoming amino acids require protection of their amino group in order to obtain coupling to 

free amin attached to the resin. The Fmoc group requires a strong a base for its removal and 

the mechanism of Fmoc deprotection using piperidine is shown below. 

 

Dibenzofulvene

Piperidine

 
Figure 83. Schematic representation of Fmoc removal.  
 

Fmoc group is removed via base-induced β-elimination. As a result dibenzofulvene and 

carbon dioxide are cleaved. Usually, Fmoc is split off by short treatment (5 min) with 20 % 

piperidine in DMF. Under those conditions complete deblocking is attained in most cases. An 

efficient mixture for Fmoc removal is 2 % DBU (1,8-diaza-bicyclo[5.4.0]undec-7-ene), 2 % 

piperidine in DMF. The DBU does not react with the dibenzofulvene which has to be removed 

rapidly from the peptide resin. Therefore, a secondary amine such as piperidine is added in 

order to scavange the dibenzofulvene and to avoid its irreversible attachment to the liberated 

amino group (Fig. 83).  

 

The resin was swelled with 2 x 3 mL portions of DMF (dimethylformamide) for 30 minutes. 

Next, add about 3 mL of 20 % piperidine in DMF and allow the deprotection to continue for 

2+2+5+10 minutes. During this time, gently swirl or agitate the column to assure a complete 

mixing. After the reaction is complete (about 20 min.), the resin was washed with DMF (4 x 

3mL).  
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Activation and coupling: 

For coupling the peptides, the carboxyl group is usually activated. This is important for 

speeding up the reaction. The PyBOP (benzotriazol-1-yl-oxy-tris-pyrrolidinophosphonium 

hexafluorophosphate) in the presence of NMM (N-methylmorpholine) was used for the 

activation of carboxy group when the peptide syntheses were performed manually or using 

the semi-automated peptide synthesizer. The modified BOP reagent PyBOP liberates 

potentially less carcinogenic by-products and can be used in excess that is especially useful in 

cyclization steps or for the activation of hindered amino acids. This reagent is used in tandem 

with a tertiary amine base which abstracts the acidic carboxyl proton. The benzotriazolyl 

anion itself acts as a nucleophile at the acyl centre. In the resulting substitution reaction the 

OBt ester and a phosphonamide are formed (Fig. 84). 

 

OBt ester

Phosphonamide

PyBOP

NMM

*

*

 

 
Figure 84. Schematic representation of the activation of amino acids by PyBOP/NMM.  

 

In a small vial, pre-activate the 5 equivalents Fmoc amino acid by combining it with 5 

equivalents of PyBOP and NMM in DMF. Make sure this solution is fully dissolved and then 

add this coupling solution to the resin, place the cap on the reaction column, and agitate the 

resin slurry every 2-3 minutes over a period of 60 minutes. Depending on the amino acid 

sequence; a double coupling procedure might be employed by solubilization of a second 

cartridge containing the same amino acid followed by addition to the resin and incubation. 
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Monitoring the progress of amino acid couplings: 

In Fmoc SPPS the monitoring of the completion of the Fmoc cleavage and of the coupling 

reaction is essential. Reliable methods detecting minute amounts of unreacted amino groups 

are essential for the monitoring of the coupling reaction. On the other hand, the ability of 

detecting small quantities of Fmoc peptide allows the control of the completion of the Fmoc 

cleavage. The Bromophenol Blue is one of the color tests for the qualitative monitoring of the 

coupling reaction and deprotection. It was noted that during the synthesis of very long 

peptides, the detection of the remaining free amino group will usually become difficult with 

increasing peptide length. A few resin beads are placed in a small test tube and 3-5 drops of 

bromophenol blue in DMF solution are added. The beads are immediately indicated by 

discoloration. As the reaction proceeds the blue coloration fades to yellow, indicating a 

completion of amino acid coupling (s. Fig. 15 and 85).  

 

Reagent solution: 1 % Bromophenol Blue in DMF 

Results:  

Resin colorless beads and solution yellow: positive;  

Resin and solution blue (from green to dark blue): negative.                    

 

Figure 85. Bromophenol Blue solution 

 

Cleaving the peptide from the resin: 

In order obtain the peptide in the free acid form, the linkage is cleaved using strongly acidic 

conditions such as TFA. The resin is treated with 2-3 ml of a solution of TFA, 

triisopropylsilane (TIS), and water (H2O) (95:2.5:2.5, v/v/v) in the presence of cleavage 

scavenger. The resin is then filtered away, and added to cold t-butylmethylether (10 mL 

ether/mL cleavage cocktail). The precipitate was left to settle and filtered off, then washed 

several times with diethylether for the elimination of TFA and scavengers. After the last 

filtration, the solid material was solubilized in 10 % acetic acid (aqueous solution) prior to 

freeze-drying. 
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3.2.1 Attachment of the first amino acid on the TGA resin 

 

The attachment of first C-terminal amino acid to hydroxymethyl resins was performed using 

N, N’-diisopropylcarbodiimide (DIC) and 4-dimethylamino-pyridine (DMAP) for activation 

of carboxyl group of amino acid (Fig. 86).  
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Figure 86. Mechanism of the C-terminal amino acid attached to hydroxymethyl resins using symmertrical 
anhydride.  
 

This reaction was performed by following protocol: 

I. In a round flask, TGA resin is covered with DMF and allowed to swell for 30 min. 

II.  In another round flask, 10 equiv of first amino acid (Fmoc-Gly-OH) (relative to resin 

loading capacity) is dissolved in dry DCM. A small amount of DMF may be needed to 

achieve complete dissolution. 

III.  A solution of DIC (5 eq. relative to resin loading) in DCM is add to the amino acid 

solution. The mixture is stirred for 20 min at 0 °C and DCM is evaporated. 
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IV.  0.2 equiv of DMAP (relative to resin capacity) and activated amino acid by DIC (IV) 

were dissolved in DMF and added to the resin. 

V. The suspension mixture is shaken at room temperature for 1 h with occasional swirling. 

VI.  In order to estimate the loading capacity of first residue attachment on the resin, a small 

quantity of resin is removed and washed with DMF, DCM, MeOH. Loading should be 

0.1 - 0.3 mmol/g resin for synthesis of the peptides. Resin is filtered, washed with DMF 

(3x), DCM (3x), MeOH (3x) and dried. 

 

 

3.2.2 Estimation of level of first residue attachment 

 

The UV spectrophotometer (SHIMADZU UV-1202) is filled with 3 ml of a 20 % solution of 

piperidine in DMF and placed in a spectrophotometer. Absorbance at 290 nm is adjusted to 

zero. 1 - 2 mg of resin are added. The resin is shaken for 5 min and allowed to settle on the 

bottom of the cell. The cell is placed in the spectrophotometer and absorbance at 290 nm is 

read. 

 

Fmoc loading:   mmol/g. resin = (Abssample - Absref) / (1.65 x mg of resin) 

 

 

3.2.3 Synthesis of chloroacetylated ubiquitin acceptor peptides by SPPS according to 

Fmoc/tBu chemistry  

 

The ubiquitin conjugation was applied for the preparation of the "acceptor" ubiquitin which in 

the N-terminal amino group or ε-amino group of Lys63 was chloroacetylated and “donor” 

ubiquitin component containing a cysteine residue at the C-terminal. 

 

 

3.2.3.1 Synthesis of linear chloroacetylated ubiquitin peptides 

 

K63-ε-amino group of chloroacetylated ubiquitin(54-76) [H-
54RTLSDYNIQK63(ClAc)ESTLHLVLRLRGG76-OH] 1, and K48-ε-amino group of 

chloroacetylated ubiquitin(47-76) 2, were synthesized manually, by SPPS according to 
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Fmoc/tBu chemistry using a NovaSyn TGA resin (0.29 mmole/g capacity). The C-terminal 

Gly76 residue was first preactivated with DIC and attached to the TGA resin and the peptides 

were built up according to the protocol described above. After completion of the synthesis, the 

chloroacetyl group was introduced at the Nε-amino group of either Lys63 or Lys48 residue by 

chloroacetic acid pentachlorophenyl ester (2 times x 5 equiv/Lys) in DMF/DCM (1:1, v/v) 

after removal of Nε-Mtt (4-Methyltrityl) protecting group by 1 % TFA in DCM (90 min). The 

N-terminal Fmoc protecting group was removed under basic conditions (2 % piperidin and 

2 % DBU mixture in DMF for 2+2+5+10 min), then the chloroacetylated peptides were 

cleaved from the resin using a cleavage mixture containing 95 % TFA, 2.5 % water and 2.5 % 

TIS (3 h, RT).  

 

Linear N-chloroacetylated K63-ubiquitin peptides as “acceptor” component, [ClAc-
54RTLSDYNIQ63KESTLHLVLRLRGG76-OH] 3, and [ClAc-61IQ63KESTLHLVLRLRGG76-

OH] 4, containing Lys63 residue of each peptide, were also prepared by the general manual 

SPPS approach with Fmoc/tBu strategy on Nova TGA resin (0.20 mmol/g coupling capacity). 

The same protocol as described above (s. 3.2), after completion of synthesis, the N-terminal 

amino groups of either Arg54 or Ile61 were chloroacetylated using a 5-molar excess of 

chloroacetic acid pentachlorophenyl ester (ClAc-OPcp). The products were cleaved from the 

resin with TFA in the presence of scavengers. 

 

 

3.2.3.2 Synthesis of K63 linkage chloroacetylated ubiquitin  

 

Lys63-ε-amino-linkage of N-bis-chloroacetylated ubiquitin (54-76)2 [(ClAc-
54RTLSDYNIQKESTLHLVLRLRGG76-OH)2] 5, was carried out on a NovaSyn TGA resin 

(0.29 mmole/g coupling capacity) according to Fmoc/tBu chemistry. The protocol of the 

manual synthesis by double coupling was as follows: (i) Fmoc deprotection of first amino acid 

(Glycine) on the resin with 2 % piperidin and 2 % DBU mixture in DMF for 2+2+5+10 min; 

(ii) washing with DMF (3x0.5 min); (iii) double coupling of 5 equiv Fmoc-amino acid 

derivatives-PyBOP-NMM in DMF (2 x 60 min); (iv) washing with DMF (3 x 0.5 min); (v) 

washing with DMF (3 x 0.5 min) and DCM (3 x 0.5 min); (vi) monitoring of the coupling by 

Bromophenol Blue.  
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The C-terminal Gly76 residue was first preactivated with DIC and attached to the TGA resin 

as described above (3.2.1), and the subsequent amino acids coupled with incorporation of 

Dde-K(ε-Fmoc)-OH in position 63. After completion of the synthesis of linear ubiquitin (63-

76), the Nε-Fmoc protecting group of K63 was removed by treatment with 2 % piperidine, 

2 % DBU, and another sequence of ubiquitin (63-76) was built up on the free ε-amino group 

of Lys63. After completion of branched K63 linkage di-ubiquitin (63-76)2 syntheses, the Na-

Dde protecting group of Lys63 removed by treatment with 2 % hydrazine in DCM for 2 min 

and subsequently the other Na-Fmoc protecting group of K63 was removed under basic 

conditions. The amino acids (54-62) were manually coupled, and the chloroacetyl group 

introduced at the N-terminal amino group of both R54 residues by treatment with a 5-molar 

excess/Arg residue of chloroacetic acid pentachlorophenyl ester for 3 hrs at 25 oC. The 

peptide was cleaved from the resin using a cleavage mixture containing 95 % TFA, 2.5 % 

water and 2.5 % TIS (3 h, RT).  

 

 

3.2.3.3 Synthesis of ubiquitin building block peptides  

 

The ubiquitin peptides contained particular ubiquitin moities K6, K11, K33, K48 and K63 

with an internal Gly-Gly dipeptide; (Building Blocks; 25; Ub_K6-GG, 26; Ub_K11-GG, 27; 

Ub_K33-GG, 28; Ub_K48-GG and 29; Ub_K63-GG) were manually synthesized on Rink 

Amide MBHA resin (1.40 mmol/g loading capacity) according to Fmoc/tBu chemistry. The 

following analogous side chain protected amino acid derivatives were used: Fmoc-Arg(Pbf)-

OH, Fmoc-His(Trt)-OH, Fmoc-Ser(tBu)-OH, Fmoc-Glu(OtBu)-OH, Fmoc-Thr(tBu)-OH, 

Fmoc-Gln(Trt)-OH, Fmoc-Asn(Trt)-OH, Fmoc-Tyr(tBu)-OH, Fmoc-Asp(OtBu)-OH, Fmoc-

Lys(Boc)-OH and Fmoc-Lys(Mtt)-OH. PyBOP (benzotriazol-1-yl-oxy-tris-

pyrrolidinophosphonium hexafluorophosphate) in the presence of NMM (N-

methylmorpholine) was used as coupling reagents. After completion of the synthesis, the Gly-

Gly dipeptide was introduced at the Nε-amino group of each lysine residue by the isopeptide 

bond formation using HOBT and DIC in DMF after removal of Nε-Mtt (4-Methyltrityl) side 

chain protecting group using 1 % TFA in DCM. The Fmoc protecting group of the N-terminal 

was removed under basic conditions (2 % piperidine, 2 % DBU in DMF), then the peptide 

was cleaved from the resin using a cleavage mixture containing 95 % TFA, 2.5 % water and 
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2.5 % TIS in presence of scavengers for 2.5 hours. The crude product was purified by Reverse 

Phase HPLC on a semi-preparative C18 column using as mobile phases: 0.1 % TFA in 

acetonitrile:water 80:20 (eluent B) and 0.1 % TFA in water (eluent A) and pure peptides were 

characterized by MALDI-TOF and ESI-Ion trap mass spectrometry.  

 

3.2.3.4 Synthesis of chloroacetic acid pentachlorophenyl ester 

 

10.64 g (40 mmol) pentachlorophenol and 3.78 g (40 mmol) chloroacetic acid were dissolved 

in 80 mL dioxane. The solution was cooled to 0 oC and an equivalent amount of DCC (8.25 g 

(40 mmol)) dissolved in 20 mL dioxane was added to the solution. After 15 min the reaction 

mixture was warmed up to room temperature and the reaction was continued for 4 hrs. The 

precipitated DCU was filtered off after cooling the mixture on ice. The solvent was 

evaporated in vacuo and the remaining solid material was recrystallized from methanol. The 

compound was characterized by nuclear magnetic resonance spectroscopy. Melting point: 

125-126 oC. 

 

 

3.3 Cloning, expression and purification of recombinant ubiquitin-Cys donor 

peptides  

 

The proteins are synthesized in the cells by a process called “Translation” in which a mRNA 

molecule that was transcripted from the DNA within the cellular nucleus, comes out of the 

nucleus to the cytoplasm. This mRNA molecule carries the genetic code of the DNA and 

migrates to the cytoplasm where associated to ribosomes it guides the building of amino acid 

sequences that will compose proteins. Ribosomes are sites for the meeting and binding of 

mRNA and transfer RNA (tRNA), they are the structures where amino acids transported by 

tRNA are united by peptide bonds forming polypeptide chains (proteins) [1, 2]. Based on this 

protein biosynthesis, recombinant protein production is the expression of proteins that is 

carried out by recombinant DNA technology. The term of recombinant DNA means that two 

segments of DNA are located in a plasmid. Plasmids are usually occurring in special host cells 

(expression vectors) such as bacteria or yeast, which will rapidly produce large amounts of 

the desired protein based on this recombinant DNA. This process is known as 

“overexpression” [321].  
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E. coli cells are employed most commonly for heterologous expression of eukaryotic proteins 

and a variety of cloning vectors have functions of harboring selectable markers, replication 

origin sequences, promoters, translation initiation codon and a suitable tag sequence, initiation 

and termination sequences. To facilitate the purification of the proteins from expression 

vectors, the cloning is often done with several tags on the protein that will bind to a matrix. 

For instance, a tag of histidine molecules on the protein will bind to a column of nickel. Once 

the protein is bound, the tag is cleaved off, leaving pure protein that can then be eluted from 

the column [322].        

 

A cDNA encoding ubiquitin(1-75)-Cys 6, as donor component, [H-
1MQIFVKTLTGKTITLEVESSDTIDNVKSKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDY

NIQKESTLHVLRLRGC76-OH] was generated by polymerase chain reaction (PCR) using the 

primers 5´-GAGATATACATATGCAGATCTTCGTGAAGAC-3´ (forward primer) and 5´- 

GCGGGATCCTTAGCAACCTCTGAGCCTTAGC-3´ (reverse primer). The product was 

cloned by 5' NdeI and 3' BamHI into the bacterial expression vector pET3a (Novagen) and the 

respective ubiquitin(1-75)-Cys expressed in E. coli BL21-CodonPlus(DE3)-RIL cells 

(Stratagene). For protein purification, cells were lysed in PBS buffer, pH 8.7 with 1% 

TritonX100 (Sigma). The clarified lysate was incubated at 75 °C and after 20 min put on ice. 

Under these conditions, ubiquitin retains its native conformation, whereas most of the other 

proteins present in the lysate denature and precipitate. After removal of denatured proteins by 

centrifugation, DTT was added and after 1.5 h the solution was acidified to pH 3.0 and 

ubiquitin(1-75)-Cys purified from the residual byproducts and detergents by preparative RP-

HPLC on a C4 column using as mobile phases: 80 % acetonitrile, 0.1 % TFA in d.i. water 

(eluent B) and 0.1 % TFA in d.i. water (eluent A).  

 

A cDNA encoding GSSHHHHHHSSGLVPRGSH-ubiquitin(1-52)-Cys 7, that consists of an 

N-terminal histidin tag for affinity purification, ubiquitin amino residues 1-52, and a C-

terminal cysteine residue was generated by PCR using the primers 5′ 

GAGATATACATATGCAGATCTTCGTGAAGAC-3′ (forward primer) and 5′ 

GCGGGATCCTTAACAGTCCTCGAGCTGCTTACCG-3′ (reverse primer). The product was 

cloned by 5′NdeI and 3′BamHI into the bacterial expression vector pET3a (Novagen) and the 

His-tag-G53C 7, expressed in E. coli BL21-CodonPlus(DE3)-RIL (Stratagene). The same 

isolation and purification protocol as described above. 
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3.4 Oxidation study of recombinant ubiquitin-Cys peptides  

 

In order to study the oxidation of ubiquitin(1-75)-Cys, 6, containing one cysteine residue with 

free SH-group in the sequence, the compound was dissolved in 0.1 M Tris buffer, pH 8.3 (at a 

concentration of 0.25 µg/µL). The reaction vessel was tightly closed and the mixture was 

stirred at 25°C for 24 h. Every 60 min an aliquot of 20 µL of sample was analyzed by 

analytical RP-HPLC and mass spectrometry. 

 

The His-tagged- ubiquitin peptides 7, 8, which contain one cysteine residue with free thiol 

group in the sequence, were dissolved in a mixture of 8 M Urea, pH 8.7, 0.1 M Tris buffer, pH 

8 (1: 1, v/v) at a concentration of 0.20 µg/µL. After 1 h, 2h, 3h and 6 h, a 50 µL aliquot of 

sample was analysed by analytical RP-HPLC, the fractions ware collected and the identity of 

the compounds was determined by MS. 

 

 

3.5 Conjugation of ubiquitin-Cys with chloro/Iodo-acetylated ubiquitin by 

thioether bond formation 

 

3.5.1 Linear ubiquitin conjugates  

 

In-situ simultaneous halide exchange for the preparation of iodoacetylated ubiquitin-acceptor 

peptides was performed using 0.3 mg N-chloroacetylated ubiquitin (54-76) 3, which was 

dissolved in 1 mL of a mixture of 8 M urea, pH 8.7 and 0.1 M Tris-buffer, pH 8 (1:1 v/v) and 

then 1 mL saturated Tris-buffer solution of potassium iodide was added in order to convert the 

relatively unreactive chloroacetyl- to a highly reactive iodoacetyl group by halide exchange. 

After 30 min reaction, a solution of 2 molar-equivalents of His-tagged ubiquitin (1-52)-Cys 

peptide 7, which was dissolved in 0.1 M Tris buffer, pH 8, was added dropwise to the solution 

mixture of Cl/I-acetylated ubiquitin peptides for 20 min. The conjugation proceeded for 6 

hours and was terminated by the addition of an excess of ubiquitin-Cys to block the unreacted 

ClAc groups. After completion of the reaction, the linear ubiquitin conjugate 11, was purified 

by preparative RP-HPLC on a C4 column and further characterized by mass spectrometry. 
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0.3 mg N-chloroacetylated ubiquitin (61-76) 4, was dissolved in 1 mL of 0.1 M Tris buffer, 

pH 8.1 and 2 equivalents of His-tagged ubiquitin (1-60)-Cys peptide 8, was added in small 

portions to the haloacetylated solution. The conjugation reaction was carried out according to 

the protocol described above.  

 

 

3.5.2 Lysine linkage ubiquitin conjugates  

 

The K63-ε-amino group of chloroacetylated ubiquitin(54-76) 1, (380 µg; 0.138 µmol) was 

dissolved in 0.1 M Tris buffer, pH 8.3 (1:1, v/v) (1 mL) and then a 1 mL saturated KI solution 

(prepared in 0.1 M Tris buffer, pH 8) was added. After 30 min reaction time, ubiquitin (1-75)-

Cys 6, (1.2 mg, 0.138 µmol) in solid form was added to the mixture of ClAc-Ub(54-76) with 

KI solution in small portions (2-3 equiv peptide/ ClAc group) every 10 min. The conjugation 

was followed by analytical RP-HPLC for 1-24 hr and mass spectrometry. After completion of 

the reaction, the reaction mixture was acidified with TFA to pH 3 and purified by preparative 

RP-HPLC on a C4 column. The Lys63-linked partial ubiquitin conjugate 9, containing Lys63 

branching site to the cysteinyl-ubiquitin peptide, was separated by preparative RP-HPLC on a 

C4 column in combination with mass spectrometry. The DTT reduced dimer of ubiquitin-Cys 

to recover ubiquitin-Cys for use in another conjugation reaction. The same protocol was 

performed for the Lys48-linked partial ubiquitin 10, of ClAc-Ub(47-76) 2, to ubiquitin (1-75)-

Cys 6.  

 

Conjugation of 0.3 mg branched chloroacetylated ubiquitin(54-76)2 acceptor peptide 5, which 

was dissolved in 500 µL of a 1:10 (v/v) mixture of 6M guanidinium-hydrochloride and 1 M 

potassium carbonate, was performed by dropwise addition of a 100 µL solution of 0.875 mg 

His-tag-ubiquitin(1-52)-C 7, in distilled water. The reaction mixture was stirred for 3 hrs at 25 
oC in a tightly closed tube and the conjugation was monitored either by analytical RP-HPLC 

on a C4 column. Aliquots of 20 µL from the reaction mixture were injected into an analytical 

RP-HPLC; the eluted fractions were isolated and analyzed by mass spectrometry. After 

completion of the reaction, the solution was acidified with 0.1 % TFA to pH 3. The Lys63 

linked mono-/di- ubiquitin conjugates 13, 14 containing thioether formation at Arg54 residues, 

were separated by semipreparative RP-HPLC on a C8 column. 
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3.6 Chromatographic and electrophoretic protein-separation methods  

 

3.6.1 Reversed phase-high performance liquid chromatography (RP-HPLC)  

 

Reverse Phase High Performance Liquid Chromatography (RP-HPLC) is an analytical 

technique for the separation and determination of organic and inorganic solutes in any type of 

molecule, as well as for preparative separations of small molecules such as peptides. HPLC 

instruments consist of a reservoir of mobile phase, a pump, an injector, a separation column, 

and a detector. The different molecules in the mixture pass through the column at different 

rates due to differences in their hydrophobic interactions, which result from repulsive forces 

between a polar eluent, the relatively non-polar analyte, and the non-polar stationary phase. 

The reversed-phase packings are based on silica, with bonded hydrocarbon chains (C4, C8 

and C18) referred to as alkylsilane groups. 

 

HPLC separation is based on acid nonpolar adsorption of peptides onto the hydrophobic 

stationary phase within the column. The two major adjustments of the method that made it 

highly popular in the peptide and protein separation: the pore size of silica particles, which, 

increased from ~100 to ~300 Ǻ, had a dramatic effect on improving the separation of peptides, 

and the replacement of phosphoric acid with TFA as the ion-pairing agent, which is volatile 

and improved also the peptide separation. The sample is introduced into the HPLC column via 

a manual injector. The hydrophobic coating of the silica solid phase consists of saturated alkyl 

chains that interact with the hydrophobic moieties of the analyte. The elution is carried out 

with aqueous solvents containing TFA as ionic modifier to adjust the pH and acetonitrile 

(ACN) as an organic modifier by using a two-phase mobile system: 

 

Solvent A: 0.1 % (v/v) TFA in MilliQ  

Solvent B: 0.1 % (v/v) TFA, 80 % (v/v) acetonitrile in MilliQ  

 

The solutions were thoroughly deaerated prior to use by sonication at low vaccum pressure. 

Analytical RP-HPLC was performed either on a Knauer system (H. Knauer, Bad Homburg, 

Germany) or on a Bio-Rad system (Bio-Rad Laboratories, Richmond, CA) using different 

columns, depending on the hydrophobicity of the sample to be analyzed: (i) analytical 

Nucleosil 300-7 C18 column (250 x 4 mm, 300 Å, 5 µm) (Macherey-Nagel, Düren, Germany); 

(ii) Vydac C4 column (250 x 4.6 mm I.D.) with 5 µm silica (300 Å pore size) (Hesperia, CA). 
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The samples were dissolved in 200 µL of 0.1 % TFA (aqueous solution) and the peptides were 

separated using a linear gradient elution (0 min - 0 % B; 5 min - 0 % B; 105 min - 100 % B; 

110 min - 100 % B; 115 min - 0 % B; 120 min - 0 % B) with eluent A (0.1 % TFA in water) 

and eluent B (0.1 % TFA in acetonitrile-water (80:20 v/v)). The flow rate was 1 mL/min and 

the peptides were detected at 220 nm wavelength. Preparative RP-HPLC was performed on a 

UltiMate 3000 system (Dionex, Germering, Germany), equipped with LPG-3400A pumps, 

using a Vydac C4 column (250 nm x 10 mm i.D., 10 m, 300 Å pore size) (Hesperia CA). The 

chromatograms were recorded by UV detection at 220 nm, employing the VWD-3400 

variable wavelength detector of the UltiMate system, with a flow rate was 10 mL/min. The 

fractions were collected with the FOXY Jr® automated fraction collector.  

 

The purification of K63 linked di-ubiquitin conjugate was carried out on a Bio-Rad system 

(Bio-Rad Laboratories, Richmond, CA) using a semi-preparative Nucleosil 300-7 C8 column 

(250 nm x 10 mm, 7 µm, 300 Å) (Macherey-Nagel, Düren, Germany) as stationary phase. 

Linear gradient elution (0 min, 20 % B; 5 min, 20 % B; 45 min, 40 % B, 80 min, 55 % B, 100 

min, 100 % B) with eluent A (0.1 % TFA in water) and eluent B (0.1 % TFA in acetonitrile-

water, (80:20, v/v)) was used at a flow rate of 2 mL/min and the peptides were detected at 220 

nm.  

 

 

3.6.2 ZipTip cleanup procedure 

 

The ZipTip cleanup procedure was performed using ZipTip C18 pipette tips from Millipore. A 

ZipTip pipette tip is a microcolumn with the resin prepacked into the narrow end of a 10 µL 

pipette tip. ZipTip pipette tips contain C18 or C4 reversed-phase media for concentrating and 

purifying peptide and protein samples. ZipTip C18 pipette tips are most applicable for peptides 

and low molecular weight proteins, while ZipTip C4 pipette tips are most suitable for low to 

intermediate molecular weight proteins. The ZipTip method consists mainly in five steps: 

wetting and equilibration of the ZipTip pipette tip, binding of the peptides and/or proteins to 

ZipTip pipette tip, washing and elution. Table 10 outlines the solutions required for use with 

ZipTip pipette tips containing C18 media. 
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Table 16. Solutions required for use with ZipTip pipette tips containing C18 media. 
 

Solution ZipTipC18 Pipette Tips 

Wetting solution 100 % acetonitrile (ACN) 

Sample preparation 
0.5 % trifluoroacetic (TFA) in MilliQ water; 

final sample solution pH < 4 

Equilibration solution 0.1 % TFA in MilliQ water 

Wash solution 0.1 % TFA in MilliQ water 

Elution solution* 0.1 % TFA/50 % ACN with or without matrix 

*For electrospray, elute with 2 % acetic acid/50 % methanol 

 

 

3.6.3 Purification and desalting using Micro Bio-Spin chromatography column 

 

Micro Bio-Spin chromatography columns are ready to use for rapid and efficient cleanup and 

purification of micro samples of nucleic acids, peptides and proteins from contaminants salts, 

solvents and enzymes using a microcentrifuge. Molecules larger than the particular matrix 

pore size are eluted out of the column while smaller molecules are retained inside the column 

matrix. The columns are packed with special grades of Bio-Gel®P polyacrylamide P-6 

(exclusion limits; 6000 Da) or P-30 (40000 Da) gel matrices. This unique gel produces very 

efficient, non-interactive size separations. The samples are suitable for use with 1.5 - 2.0 ml 

microcentrifuge tubes and are completely autoclavable (Fig.87). 

 

I II III IV

 
Figure 87. Schematic procedure representation of the Micro Bio-spin column. 

  

The protocol is described below: 

I.  Invert the column and place the column in a 2.0 ml microcentrifuge tube. Centrifuge the 

column to remove the remaining packing buffer. Discard the buffer. 
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II.  Apply the sample directly to the center of the column. After loading sample, centrifuge 

the column for 4 minutes at 1,000 x (g). 

III.  Following centrifugation, molecules smaller than the column’s exclusion limit will be 

retained by the column 

IV.   The purified sample is collected from the microcentrifuge tube. Properly dispose of the 

used column. 

 

 

3.6.4 Electrophoresis methods 

 

Electrophoresis is the movement of positively or negatively charged molecules in an electric 

field. It is an analytical tool, indispensable across a broad range of the biosciences, 

particularly in analytical studies of proteins.  

 

 

3.6.4.1   Tris-Tricine sodium dodecyl sulphate-polyacrylamide gel electrophoresis  

 

Tris-Tricine sodium dodecyl sulphate-polyacrylamide gel electrophoresis (Tricine–SDS-

PAGE) [323] is commonly used to separate proteins in the mass range from 1 to 100 kDa 

because of Tricine, as the trailing ion, allows the resolution of proteins smaller than 30 kDa. 

Tricine–SDS-PAGE is also preferentially used as a proteomic tool to isolate extremely 

hydrophobic proteins for mass spectrometric identification, and it offers advantages for 

resolution of the second dimension.  

 

SDS-PAGE was performed using the Mini-PROTEAN® III gel electrophoresis system 

(BioRad, München, Germany). The dimensions of the gel are 90 x 60 x 1 mm. SDS-

polyacrylamide gels were cast between two glass plates using a Bio-Rad mini-gel casting 

system. To obtain optimal resolution of proteins, a stacking gel was poured over the top of the 

separating gel. The stacking gel allows the proteins in a lane to be concentrated into a tight 

band before entering the separating gel and produces a gel with tighter or better separated 

protein bands. The size of the pores created in the gel is inversely related to the amount of 

acrylamide used, therefore lower percentage of acrylamide gels are better for resolving high 

molecular weight proteins, while much higher percentages are needed to resolve smaller 
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proteins. Table 17 and 18 provide compositions for stock solutions and preparing gels with 

different acrylamide concentrations.  

 
 
 

 

Table 17. Stock solutions for Tris-Tricine SDS-PAGE 
 

Buffer Tris (M) Tricine (M) pH SDS (%) 

Anode buffer 0.2 - 8.9a - 

Cathode buffer 0.1 0.1 8.25b 0.1 

Tris-HCl/SDS buffer 3.0 - 8.45 a 0.3 
a Adjusted with HCl 
b No correction of the pH, which is around 8.25 

 
 

Table 18. Composition of Tris-Tricine SDS-PAGE gel 
 

-2 gels- Separating gel 10 % Separating gel 15 % Stacking gel 

Acrylamide a 4.9 ml 7.5 ml 972 ml 

Tris-HCl/SDS 5 ml 5 ml 1.86 ml 

MilliQ 3.5 ml 0.9 ml 4.67 ml 

Glycerol 1.58 ml 1.58 ml ---------- 

APS b 75 ml 75 µl 40 µl 

TEMED c 10 ml 10 µl 4.5 µl 
 

 

a 30 % (w/v) Acrylamide, 0.8 % (w/v) N, N’- Methylenebisacrylamide 
b 10 % Amonium peroxidsulphate; 
c N’, N’, N’, N’-tetramethyl-ethylenediamine. 
 

The sample was dissolved in a SDS reducing buffer (5 mM Tris-HCl, 4 % (w/v) SDS, 25 % 

(w/v) glycerol, 0.02 % (w/v) bromophenol blue, pH 6.8) and boiled for 5 min at 95 °C. Gel 

electrophoresis was carried out using a Power/PAC 1000 power supply (Bio-Rad, München, 

Germany) at a constant voltage of 60 V for ca. 15 min, until the tracking dye entered the 

separating gel, and at 120 V for ca. 1-2 h, until the tracking dye reached the anodic end of the 

separating gel. After separation in gels, proteins were visualized by silver staining or sensitive 

colloidal Coomassie Blue, and scanned using a GS-710 Calibrated Imaging Densitometer 

(Bio-Rad, München, Germany) with the Multi Analyst image analysis software (BioRad, 

Richmond, CA, USA) or electrophoresis gel imaging scanner analyzer (La Vision Bio Tec 

GmbH, Germany) to visualize proteins without staining. The molecular weights of unknown 
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proteins were estimated by running standard proteins of known ultra low range molecular 

weights in a separate lane of the same gel (Table 19).  

 
Table 19. Ultra low molecular weight marker proteins for SDS-PAGE analysis. (M3546, Sigma, USA) 
 

Ultra low molecular weight marker proteins Molecular weight (Da) 

Triosephosphate Isomerase from rabbit muscle 26,600 

Myoglobin from horse heart 17,000 

-Lactalbumin from bovine milk 14,200 

Aprotinin from bovine lung 6,500 

Insulin Chain B, oxidized, bovine 3,496 

Bradykinin 1,060 

 

 

3.6.4.2 Sensitive colloidal coomassie staining  

 

Coomassie Brilliant Blue G-250 is a convenient commonly used stain for visualizing proteins 

after electrophoretic separation. Proteins stained with Coomassie Brilliant Blue G-250 turn an 

intense blue color and are easily distinguished on polyacrylamide gels. The reagent is 

prepared under acidic conditions, causing the dye to assume a doubly protonated cationic 

structure. In this form, the dye is red brown. When it binds to proteins, it is converted to a 

stable anionic form, which is blue. The dye binds particularly to basic (arginine) and aromatic 

amino acids residues. The protein-dye complex causes a shift in the absorption maximum of 

the dye from 465 nm (red brown) to 595 nm (blue) (Fig. 88). Coomassie Blue binds roughly 

stoichiometrically to proteins, so this staining method is well suited for densitometric 

determinations. The proteins are detected as blue bands on a clear background, after fixing the 

gel with TCA for obtaining maximum sensitivity.  
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λmax = 465 nm

λmax = 595 nm

Coomassie Brilliant Blue G-250  

 
Figure 88. Scheme of protein staining by Coomassie® Brilliant Blue G-250. Coomassie dye changes from a 
brown red cationic form to a blue anionic blue in the presence of protein. 
 

Stock solution was prepared from: acetic acid 10 % (v/v); methanol 40 % (v/v); Coomassie 

Brilliant Blue G-250 0.1 % (w/v). First the gel was fixed for 30 minutes in fixing solution 12 

% trichloroacetic acid (TCA) in MilliQ. Then the gel was shaken overnight with a mixture of 

80 ml buffer (10 % (NH4)2SO4, 2 % H3PO4 in MilliQ) with 20 ml methanol and 2 ml 

Coomassie Brilliant Blue G-250-Colloidal Concentrate, and afterwards the gel was washed 

with 25 % methanol for 60 seconds and scanned with a GS-710 Calibrated Imaging 

Densitometer from BIO-RAD. 

 

 

3.6.4.3 Proteins extraction by passive elution  

 

The proteins are extracted directly from the polyacrylamide gel by treatment with an organic 

solvent mixture consisting of formic acid, acetonitrile, isopropanol and water in an ultrasonic 

bath. A fraction of the supernatant is mixed directly with the matrix solution and measured by 

MALDI-MS. Compared to other methods based on electroblotting or electroelution, this 

method is much simpler and less time consuming. The sensitivity of proteins detection by MS 

is higher than or comparable to the Coomassie Blue staining procedure for proteins up to 
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about 25 kDa. The use of solvents containing formic acid has been described for the elution of 

hydrophobic and hydrophilic peptides and proteins from SDS-polyacrylamide gels, yielding 

elution recoveries of 77 - 95 %. 

 
I.  1-D SDS-PAGE was performed on precast 

Tris-tricine gels. After staining with 

Coomassie Blue, the gel was washed and 

destained in acetic acid/ethanol/H2O (1:3:6, 

v/v/v). 

 

II.  The protein spots were cut from the gel and 

dried in a Speed Vac evaporator. The gel piece 

was then incubated in 20 - 50 µl of an organic 

solvent mixture composed of formic acid/ 

acetonitrile/isopropanol/H2O and macerated 

with a plastic pipette.  

 

III.  The incubation was performed at 35 °C in 

an ultrasonic bath for 30 min. A small fraction 

was diluted to a protein concentration of 

approx. 1 pmol/µl (assuming protein recovery 

of ca. 50 %) for MS analysis. 

 

Figure 89. Schematic protocol of the treatment of passive elution. 

 

 

3.6.4.4 Proteomic imaging system for unstained gel  

 

The bioanalyzer gel reader (LaVision BioTec GmbH, Bielefeld, Germany) offers new 

perspectives in proteomic imaging system, as no dyes are required to visualize the protein 

spots [324]. The bioanalyzer gel reader utilizes native fluorescence of amino acids (mainly 

tryptophane) to visualize the proteins within the gel [325]. The outstanding advantage is time 

reduction as soon as the gel run is finished it can be imaged. Therefore the proteins can be 

conducted directly to downstream applications like blotting or MALDI-MS.  

 

1-DE spots excision

Crash the gel

Sonication in ultrasonicbath – 10 to 30 min

Removal of Supernatant by centrifugation

MS anaysis 

•Formic acid/acetonitrile/isopropanol/water
(50:25:15:10  v/v/v/v )
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The system utilizes UV extended white light illumination by a 300 W xenon lamp (265-680 

nm), advanced filter techniques and parallelized photo multiplier detector. The high image 

acquisition speed of 1 cm2/s facilitates rapid scanning with a spatial resolution of 40 µm over 

the entire sample area. Depicting unstained protein amounts down to 1 ng has a superb 

sensitivity. After protein spots was fixed in position on the gel tray, localisation and isolation 

of gel spots was carried out by moving the gel tray, with positioning and scanning of the gel 

controlled by the LaVision-Biotec scanning software (Fig. 90). 

 

Mirror

Imaging lens

Gel
XY Stage

Light guide
Xe-lamp

Photomultiplier

 

 
Figure 90. Scheme of the gel bioanalyzer adapted from http://www.lavisionbiotec.com/en/microscopy-
products/gelreader/  
 

 

3.7 Immunoaffinity-derived analytical methods  

 

3.7.1 Preparation of immobilized antibody affinity column 

 

The antibody immobilization on the affinity material was performed using the dry NHS-

activated 6-aminohexanoic acid coupled sepharose 4B (Sigma-Aldrich, FRG). The accessible 

α-amine groups present on the N-terminal of the antibody react with NHS-esters and form an 

amide bond. A covalent amide bond is formed when the NHS-ester cross-linking agent reacts 

with a primary amine, releasing N-hydroxysuccinimide (NHS). The protocol of immobilized 

antibody on a column is described in Figure 91. 
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Figure 91. Schematic representation of immobilized antibody column preparation. 

 

I. 100 µg monoclonal Lys63 specific linkage ubiquitin antibody was dissolved at a 

concentration of 0.5 µg/µL in coupling buffer (0.2 M NaHCO3, 0.5 M NaCl, pH 8.3) and 

mixed with 66.6 mg dry NHS-activated sepharose (Sigma, FRG), and the coupling reaction 

was performed by shaking for 2 hrs at 25 °C. The reaction mixture was transferred into a 

micro column.  

 

II. After incubation, the supernatant containing the non-bound antibody was washed 

alternatively 3 times with 6 ml washing buffer (0.1 M NaOAc, 0.5M NaCl. pH 4) and with 6 

ml blocking buffer (0.1 M Ethanolamine, 0.5 M NaCl, pH 8.3). The last 1 ml was collected.  

 

III. The remaining free NHS-activated carboxyl group of sepharose was blocked with 

blocking buffer for 2 hrs at 25 °C. And then, step II was repeated. 

 

IV. The antibody micro-column was washed with 20 ml PBS. For storage at 4 °C, 1 mmol/L 

Na2HPO4, 136 mmol/L NaCl, 2.7 mmo/lL KCl and 0.01 % NaN3 (pH 7.3) was used.  

 

 

3.7.1.1 Reduction and alkylation of disulfide bonds of antibody 

 

The pure (> 90%) antibody was first dissolved to a concentration of 1 µg/µl in 10 mM 

NH4HCO3 (pH 8) and then DTT in 10 mM NH4HCO3 (50 times molar excess, relating to the -

S-S-bound in protein) was added. The reduction was carried out for 2 hrs at 30 °C under 

gentle shaking. After cooling to room temperature a solution of IAA (iodoacetamide) in 

MilliQ was added in 2.5 fold excess relating to DTT amount and the reaction was performed 
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for 60 min at ambient temperature in the dark with occasional vortexing. For further 

application methods, the sample can be digested using different enzymes or the supernatant 

fraction over the immobilized antibody column can be analysed by the SDS-PAGE to 

investigate if non-bound antibody remained free after immobilisation. 

 

 

3.7.2 Epitope excision and extraction experiments 

 

The buffer used for epitope excision/extraction experiments was PBS (5 mM sodium 

dihydrogen phosphate, 150 mM NaCl, pH 7.5) buffer with a physiological pH of 7.5, which 

was found to be especially effective for the stabilization of the immune complex. For epitope 

excision experiments, 30 µg of building block peptide Ub_K63-GG peptide 29, was applied 

onto the K63 linkage polyubiquitin antibody column. The micro-column was then gently 

shaken for 1 hr to allow complete binding of antigen. After 1 hr, the first supernatant 

containing the non-bound protein was collected. The column was then washed with 10 ml 

PBS buffer for removal of unbound fragments, and remaining affinity-bound protein was 

digested by pronase (E:S=1:1 in 100 µL 50mM NH4HCO3) for 1.5 h at 40 °C. Supernatant 

non-epitope fragments were removed again by blowing out the column with a syringe, and the 

matrix material washed with 40 ml PBS buffer and 10 ml MilliQ. The last 1 ml was collected. 

After removal of the proteolytic non-epitope fragments, the immune complex was dissociated 

by addition of 500 µl 0.1 % TFA; the column was shaken gently for 15 min and the epitope 

peptides released. The collected samples were then lyophilized and analysed by mass 

spectrometric analysis. The column was regenerated by washing with 10 ml 0.1 % TFA 

followed by 20 ml PBS buffer. For the epitope extraction experiments, the antigen was first 

digested with pronase (E:S =1:1 in 100 µL 50mM NH4HCO3) and after 1.5 hrs digestion, the 

mixture was presented to the antibody column. The binding of the antigen to the antibody was 

performed for 1 h at RT. The unbounded cleavage fragments were washed away with 40 mL 

of PBS and the remaining complex was dissociated in two elution fractions of 500 µL 0.1% 

TFA. The wash fraction and the elution fractions were analyzed by mass spectrometry after 

Zip Tip® (Millipore USA) desalting procedure. 
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3.7.3 Study of antigen-antibody binding by affinity mass spectrometry  

 

Affinity mass spectrometry experiment was carried out on the antibody micro-column, which 

contains the monoclonal specific K63 linkage ubiquitin antibody immobilized on Sepharose 

micro column as described above. After preparation of immobilized antibody, 30 µg ubiquitin 

antigen peptides containg specific lysine residues which were dissolved in 100 µl PBS buffer, 

pH 7.4, were added to the antibody column and incubated for 2 hrs at 37 °C. The non–bound 

peptides were removed by washing steps using 40 ml PBS buffer with 10 ml MilliQ. 

Afterwards the bound ubiquitin antigen was dissociated by 500 µl 0.1 % TFA, pH 1.9 on the 

column. The elution fractions were lyophilized, desalted by ZipTip procedure and analyzed by 

mass spectrometry. The antibody micro-column was washed with 10 ml PBS and stored at 

4 °C. 

 

For the comparison of differences in affinity binding of different lysine linked ubiquitin 

peptides to K63 linkage Ub-antibody, an equimolar mixture, 100 µmol of each peptide was 

used in a normal affinity experiment. 

 

 

3.7.4 Dot blot assay 

 

Dot blot is a simplified procedure, in which protein samples are not separated by 

electrophoresis but are spotted directly onto a membrane. Dot Blot experiments are used for 

semi-quantitative immunological determination of membrane immobilized antigens. The 

following PBS-Tween solution was used: 80 mM Na2HPO4·2H2O, 21.45 mM NaH2PO4·H2O, 

100 mM NaCl, pH 7.5, 0.5 % (v/v) Tween-20. 2 µl ubiquitin peptides solution (1µg/µl) in 

PBS (pH 7.4) were directly applied onto a dry nitrocellulose membrane. After drying, the 

membrane was incubated for 1 h in Roti®-Block solution (Carl Roth GmbH, Germany) in 

MilliQ. Then the primary monoclonal K63 ubiquitin antibody (the recognition antibody for 

specific ubiquitin peptides) was applied by incubating the membrane for 1 h in the antibody 

solution (antibody: PBS-Tween ratio of 1:2500, v/v). Afterwards, the membrane was washed 

three times for 15 minutes in PBS-Tween buffer and probed again with a goat anti-mouse 

horseradish peroxidase conjugate (1:5000) in PBS-Tween for 1 h. 
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The membrane was again washed five times for 15 minutes by PBS-Tween buffer. For the 

development, a solution of Luminol (ECL Western-Blotting-Reagents, Amersham Biosciences, 

England) was used and applied directly on the membrane. The exposure was done in a dark 

room on a Film (Fuji Medical X-Ray Film). The ECL- kit consists of two reagents, a luminol 

solution and an oxidizing solution, which are added to react with the labelled secondary 

antibody. The exposure time was 30 sec or 1 minute. The exposed films were developed by 

using an automated Canon camera. For detection of the spots after the film exposure, the 

Luminol reaction takes place as described in Figure 92. 

 

N2 +

NH2 NH2

NH2NH2NH2

Peroxo dianionDicarboxylate dianion
Excited state

Luminol

Dicarboxylate dianion
Ground state

-N2

-2H2O

 
 
 

Figure 92. Reaction scheme of Luminol detection in dot blot experiments. The oxidation of luminol by peroxide 
results in creation of an excited state product called 3-aminophthalate (dicarboxylate dianion)*. This product 
decays to a lower energy state by releasing a photon, visible as blue light. 
 

The principle of detection procedure is that HRP-catalyzed oxidation of luminol by 

hydroperoxide ion in aprotic media generates an excited state product, 3-aminophtharate*, 

which emits blue luminescent lights of 425 - 510 nm as it decays to the ground state. The 

antigen bound with HRP-labeled antibody shows a corresponding band on the X-ray film. 
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3.7.5 Western Blot analysis 

 

Western blot analysis is identification of protein target via antigen-antibody specific reactions. 

In this technique, a sample of proteins is first separated by gel electrophoresis based on their 

molecular weights. After separation of Lys63- or Lys48-linked di/tetra ubiquitin proteins by 

15 % (v/v) Tris Tricine SDS-PAGE (120 V, 2 h), the proteins were transferred onto a 

nitrocellulose membrane by application of 40 mA constant current for 90 min. The membrane 

transfer buffer contained 25 mM Tris, 192 mM glycine, 0.02 % SDS, 20 % (v/v) methanol, 

pH 8.3. To see if the proteins were absorbed onto the nitrocellulose membrane, the Ponceau S-

Test was carried out. For this the membrane was immersed for 2 min. into a Ponceau S-

solution (0.02 % Ponceau S in 0.3 % trichloracetic acid). Then the membrane was washed 

with MilliQ water until the paper surface was clean and the protein spots were slightly red.  

 

The experimental steps in Western Blot were described below; 

 

I. Electrophoresis. 

II.  Cut two sheets of membrane filter paper and one sheet of transfer membrane 8 x 

6.3 cm to the size of the gel. Wet the membrane: Soak membrane in blotting 

solution for 5 minutes.  

III.  Assemble membrane "sandwich" in order in transfer tank (Fig. 93) 

IV.  Add cold Transfer buffer, and initiate cooling procedure. The transfer was 

performed using a constant current of 40 V for 2 hours: This parameter is entirely 

dependent upon the apparatus used.  

V. Transfer efficiency of proteins was examined by staining the membrane for 2 min 

with 0.1 % Ponceau S in 5 % (v/v) acetic acid. Ponceau S is an anionic dye that 

binds to the basic amino groups of proteins in acid solution and produces a vivid 

red colour with as little as ~ 0.05 g protein. 

VI.  Blotting proteins on nitrocellulose membrane and development.  

  -Block the membrane with 10 % Roti-block in water (1 h, RT) 
  -Apply the 1st antibody (1:5000 diluted in block buffer, 1 h, RT) 
  -3 x 15 min wash with PBS-T 
  -Apply the 2nd antibody (1:5000 diluted in PBS-T, 1 h, RT) 
  -3 x 15 min wash with PBS-T 
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VII.  Detection using ECL plus (diluted 1:2; PerkinElmer) and auto-radiographic film. 
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Figure 93. Schematic representation of protein blotting with a semi-dry transfer assemble unit. 
 

 

3.8 Mass spectrometric methods 

 

A definition; Mass spectrometry is the study of systems causing the formation of gaseous ions, 

with or without fragmentation, which are then characterized by their mass to charge ratios 

(m/z) and relative abundances. It has emerged as an important tool for analyzing and 

characterizing large biomolecules of varying complexity. 

 

Two ionization methods have been employed in this work: matrix assisted laser desorption 

ionization (MALDI) and electrospray ionization (ESI) with three types of mass analyzers, 

time-of-flight (TOF), ion-trap and Fourier transform-ion cyclotron resonance (FT-ICR). Ion 

mobility mass spectrometry (IM-MS) as additional separation method can derive effective 

results to identify different substances within a test sample. 

 

 

3.8.1 MALDI-TOF mass spectrometry 

 

Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF 

MS) is a relatively novel technique in which a co-precipitate of an UV-light absorbing matrix 

and a biomolecule is irradiated by nanosecond laser pulses (0.5-2 ns). Most of the laser energy 

is absorbed by the matrix, which prevents unwanted fragmentation of the biomolecule. The 

ionized biomolecules are accelerated in an electric field and enter the flight tube. During the 
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flight in this tube, different molecules are separated according to their mass to charge ratio 

(m/z) and reach the detector at different times (time-of-flight mass analyzer). In this way each 

molecule yields a distinct signal. The method is used for detection and characterization of 

biomolecules, such as proteins, peptides, oligosaccharides and oligonucleotides, with 

molecular masses between 400 and 350000 Da. It is a very sensitive method, which allows 

the detection of low 10-15 to 10-18 mole quantities of sample with an accuracy of 0.1 - 0.01 % 

depending on the sample preparation technique and the method used for calibration. A 

schematic diagram of the TOF mass spectrometer setup with MALD ionization is given in 

Figure 94.  
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Figure 94. Schematic diagram of time-of-flight matrix-assisted laser desorption mass spectrometer. In reflector 
time-of-flight instruments, the ions are accelerated to high kinetic energy and are separated along a flight tube as 
a result of their different velocities. The ions are turned around in a reflector, which compensates for slight 
differences in kinetic energy, and then impinge on a detector that amplifies and counts arriving ions. 
 

MALDI-TOF MS analysis was carried out with a Bruker Biflex linear TOF mass 

spectrometer (Bruker Daltonik, Bremen, Germany) equipped with a nitrogen UV laser (at a 

specific wavelength λ = 337 nm), a dual channel plate detector, a 26-sample SCOUT source, a 

video system and a XMASS data system for spectra acquisition and instrument control. 0.8 µl 

of saturated solution of α-cyano-4-hydroxy-cinnamic acid (HCCA) in acetonitrile/0.1 % TFA 

in water (2:1 v/v) was used as the matrix. HCCA is recommended for peptides and proteins up 

to 10 kDa. Desalting and concentration of certain samples were achieved using ZipTipC18™ 

pipette tips (Millipore) as described in 3.6.2. For measurements, 1 µL of a freshly prepared 

matrix solution and 1 µL of the sample solution were mixed on the stainless steel MALDI 



 159 

target and allowed to dry. The sample plate with matrix-analyte crystals was then placed ion 

source (p < 10-7 Torr), where its actual position can be controlled and monitored on a video 

screen. Acquisition of spectra was carried out at an acceleration voltage (Vacc) of 20 kV and a 

detector voltage of 1.5 kV and a laser attenuation power of 45 %. A number off 40 laser shots 

were applied for accumulating one spectrum. Internal or external mass calibration was 

performed using a peptide mixture in a concentration of 1 pmol/µl. External calibration was 

carried out using the average masses of singly protonated ion signals of bovine insulin 

(5734.5 Da), bovine insulin B-chain oxidized (3496.9 Da), human neurotensin (1673.9 Da), 

human angiotensin I (1297.5 Da), human bradykinin (1061.2 Da) and human angiotensin II 

(1047.2 Da). 

 

 

3.8.2  ESI-FTICR mass spectrometry 

 

ESI-FT-ICR MS analysis was performed with a Bruker APEX II FTICR mass spectrometer 

(schematic representation shown in Figure 95) equipped with an actively shielded 7 T 

superconducting magnet (Magnex, Oxford, UK), a cylindrical infinity ICR analyzer cell, an 

APOLLO electrospray ionisation source (Bruker Daltonic GmbH), and an API1600 ESI 

control unit (Fig. 95). The sample was dissolved in a spraying solution containing 50 % 

methanol, 48 % water and 2 % acetic acid. The sample solution was introduced through a 

PEEK capillary to the spraying needle using a syringe pump with a flow rate of 2 µl min-1. A 

voltage of - 4200 V (for positive ions) was applied between the metal coated entry of the glass 

capillary and the grounded spray needle. The voltage applied on the endcap was - 3800 V (for 

positive ions). A nebulizing gas (N2) was employed to stabilise the spray. Desolvation was 

facilitated by using a drying gas (N2) heated at 150 °C. Before each measurement cycle, the 

source and the analyzer cell were quenched for 50 msec. The ions produced by ESI process 

passed through the glass capillary and from the capillary exit they are transmitted through the 

first and second skimmer entering into the hexapole ion guide. The declustering potential 

(∆CS), which is the small potential difference between the capillary exit and the first skimmer, 

was set to 60-70 V. After a pre-defined accumulation time in the hexapole (0.1-2 sec), the 

voltage of the extraction plate was reversed and the ions were extracted for transmission to 

the ICR cell. Trapping, excitation and detection of the ions in the analyzer cell was performed 

in the same way as in MALDI-FTICR MS. External calibration was carried out using 

monoisotopic masses of angiotensin I fragment ions formed by in-source fragmentation (∆CS 
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= 150 V). 

 

 

 
Figure 95. Schematic representation of the Bruker APEX II FTICR mass spectrometer equipped with ESI source. 
 

 

3.8.2.1 Nano-ESI-FTICR mass spectrometry 

 

Nano-ESI-FTICR mass spectrometry was performed with a modified APOLLO electrospray 

source to accommodate a custom-made nanospray system [173, 178]. The nanospray capillary 

was loaded with 0.5 - 5 µL of sample solution using a GELoder tip or by dipping the capillary 

tip into the sample solution, in order to avoid plugging due to solvent impurities. The loaded 

nanospray capillary was fixed in the metal mounting of the x,y,z-nanospray system and then 

placed in front of the glass capillary entrance of the 7T Bruker Daltonik APEX II FTICR mass 

spectrometer. A stable spray was obtained by application of a capillary entrance voltage 

between -880 and -1120 V, while the nanospray needle was grounded. Calibration was 

performed externally using fragment ions of angiotension I (Bachem, Bubendorf, 

Switzerland) produced by in-source CID. Acquisition of spectra was performed with the 

Bruker Daltonics software XMASS and corresponding programs for mass calculation, 

calibration and processing. A 10 µM solution of peptides in 50 % methanol: 2 % aqueous 

acetic acid (1:1, v/v) was used for sample preparation. 
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3.8.3 ESI-Ion trap mass spectrometry 

 

Electrospray ionization (ESI) is a soft ionization technique that accomplishes the transfer of 

ions from solution to the gas phase. The technique is extremely useful for the analysis of large, 

non-volatile, chargeable molecules such as protein and nucleic acid polymers. ESI-MS is an 

ionization method which produces gaseous ionized molecules from a solution  by creating a 

fine spray of charged droplets in an electric field [185, 196]. The principle of the ion formation in 

ESI-MS is schematically represented in Figure 96. The repulsion between the charges on the 

surface causes finally intact ions to leave the droplet by a process known as a “Taylor cone” 
[191]. Electrospray ionization is generally leading to the formation of multiply charged 

molecules. This is an important feature since the mass spectrometer measures m/z, thus 

making it possible to analyze large molecules with an instrument of a relatively small mass 

range. The mass analyzer is responsible for the accuracy, range, and sensitivity of a mass 

spectrometer. Two most efficient types of mass analyzers used in this work are time-of-flight 

and ion trap. 
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Figure 96. A schematic of the mechanism of ion formation in ESI mass spectrometry. Due to the strong electric 
field present at the capillary tip the liquid is dispersed into an aerosol of fine charged droplets. These droplets are 
transferred from atmospheric pressure into the vacuum of the analyzer, and free ions are released from the 
shrinking droplets. The solution is evaporated into the vacuum system of the ion source. 
 

The instrument, in most basic terms, consists of an interface to generate ions, an ion trap to 

collect the ions and then to release them according to their m/z values and the ions exit the 

trap and reach the detector to generate the spectrum. Electronic modules control the 

parameters associated with generating, accumulating and analyzing the ions. Vacuum pumps 

keep the system at low pressure to ensure efficient ion transmission and detection. An ion trap 

performs several important functions including mass accumulation, selective mass isolation 
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and excitation for collision induced dissociation (MS(n)) and sequential mass ejection to 

produce a mass spectrum. The schematic diagram of ESI-ion trap MS is presented in Figure 

97.  
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Figure 97. Schematic representation ESI ion trap mass spectrometer Esquire 3000 plus from Bruker. 
 

ESI-Ion trap mass spectra were recorded on a Esquire 3000+ ion trap mass spectrometer 

(Bruker Daltonics) equipped with a standard ESI source and Esquire control (Bruker 

Daltonics) software. Samples were introduced by direct infusion with a syringe pump at flow 

rates of 3-5 µL/min, using nitrogen both as nebulizer and drying gas. Ion source voltages 

were: Capillary voltage -3.5 kV; Capillary exit, -200 V; Skimmer, 40 V; Nebuliser gas 10 psi; 

dry gas 7 L/min; Scanned mass range, m/z 200 - 3000. Samples were desalted using the Zip-

Tip procedure (Millipore) and reconstituted in 0.1 % formic acid before injection. 

 

In addition, LC-MS experiments were carried out using an Agilent 1100 HPLC with binary 

pump system and a Zorbax 300SB-C8 column (Agilent, Waldbronn, Germany) with the 

dimensions as follows: 1.0 × 150 mm, 3.5 µm. HyStar 3.1 (Bruker Daltonik, Bremen, 

Germany) control software was used.  
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3.8.4  Ion mobility mass spectrometry 

 

The coupling of Ion mobility with Mass spectrometry is referred to as ion mobility–mass 

spectrometry (IM-MS). The ion mobility of a gas-phase ion is the quantity value that 

describes how quickly the ion moves through a drift cell filled with a high pressure of buffer 

gas under the influence of a weak electric field. Small, compact ions with small collision 

cross sections drift more quickly than large, extended ions with large collision cross sections. 

An IM-MS instrument must perform five basic processes [209]: Sample introduction, 

compound ionization, ion mobility separation, mass separation and ion detection. Gaseous 

samples can be directly introduced or semi-volatile compounds can be thermally desorbed 

from collection filters or traps. For volatile samples, the most common ion source is an 

electrospray ionization (ESI), which has been used for soluble samples, and for solid samples, 

matrix assisted laser desorption ionization (MALDI), and laser desorption ionization (LDI) 

are common. Drift-time ion mobility spectrometers can be interfaced to a variety of mass 

spectrometers [185, 196]. Time-of-flight, quadrupole, ion-trap, or ion-cyclotron all have been 

used in combination with ion mobility spectrometry.  

 

Ion mobility spectrometry coupled to time-of-flight mass spectrometry was performed with 

home-built instrument at Indiana University, with instrument design and modes of operation 

previously described in 2.4. Various components include (1) an electrospray ionization (ESI) 

source, (2) an ESI interface to the ion mobility spectrometer, (3) a desolvation chamber where 

the electrospray solvent is evaporated, (4) an ion gate which pulses packets of ions into the 

drift region, (5) the drift region where ions are separated according to their mobility, (6) a 

pinhole interface to vacuum, (7) transfer and focusing ion lenses to move the ions from high 

pressure to low pressure and (8) a reflectron time-of-flight mass spectrometer, which 

separates ion on the basis of their mass to charge ratio. Because IMS spectra are obtained in 

milliseconds and time-of-flight mass spectra are obtained in micro-seconds, thousands of 

mass spectra can be obtained for each ion mobility spectrum producing a two-dimensional 

array, in which both mobility and mass of ions are recorded. 

 

Nano-electrospray ionization (nano-ESI) was performed with a TriVersa NanoMate chip-

based ESI system (Advion BioSciences, Ithaca, NY) (1.8 – 2.1 kV bias). Ions were trapped in 

a Smith-geometry ion funnel, and periodically (~ 40 ms) pulsed into a 1.8 m drift region for 

mobility separation. IMS drift tube conditions employed a 10 V•cm–1 electric field and 3.0 
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Torr He buffer gas at 300 K. A 10 V•cm–1 electric field was applied across the drift tube, 

which contained 3.0 Torr He at 300 K. Ions were extracted from the drift tube through a 

differentially-pumped region, and orthogonally extracted into a reflectron-geometry time-of-

flight mass spectrometer. 

 

 

3.9 Protein/peptide primary structural analysis 

 

3.9.1 N-terminal Edman sequencing analysis 

 

The ability to determine the amino acid sequence of a protein was a major advancement in 

understanding protein structure and function relationships. In the era of biotechnology, 

sequence analysis still occupies a position of primary importance. Common applications for 

protein sequence data include design of DNA probes and/or PCR primers, verification of the 

identity of expressed recombinant proteins, production of synthetic peptide antigens and 

characterization of post-translational protein modification. In addition, sequence data coupled 

with a computer search of protein databases has become very important in determining the 

identity of any isolated protein.  

 

Automated amino acid sequence analysis was performed on an Applied Biosystems Model 

494 Procise Sequencer attached to a Model 140C Microgradient System and a 785A 

Programmable Absorbance Detector set at 269 nm. All solvents and reagents used were of 

sequencing grade purity (Applied Biosystems). Lyophilized samples were dissolved in 30 µL 

20 % ACN, 0.1 % TFA. The solved sample was applied on glass fibre filters (Applied 

Biosystems) in aliquots of 15 µL, each application followed by drying under a stream of 

argon. The sequencing was carried out using the standard pulsed liquid method. The 

sequencing data were analysed with the Model 610 A Data analysis software. 

 

 

3.9.2  MS analysis of proteolytic digested peptides in solution 

 

A series of enzymes with different cleavage specificities were used for the proteolytic 

digestion studies compatible with subsequent MS analysis. 
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Peptides and proteins to be proteolytically digested were solubilised in 10 mM NH4HCO3, pH 

8, at a concentration of 0.5-1 µg/µL. Stock solutions of the sequence grade TPCK-modified 

porcine trypsin 1 µg/µl in 50 mM acetic acid were stored at -28 °C. Trypsin was added to the 

sample at an enzyme to substrate ratio of 1:20 (w/w) or 1:50 (w/w) and the digestion was 

carried out at 37 °C. The reaction was monitored in time by removal of sample aliquots, 

quenching by freezing in liquid nitrogen. The resulting peptide mixtures were analyzed 

directly by mass spectrometry or were used for immuno- affinity experiments. 

 

To prepare stock solutions of endoproteinase GluC, lyophilized preparation was reconstituted 

in MilliQ to a final concentration of 1 µg/µl. The stock solution was stored at -20 °C. 

Digestion of peptides was performed in PBS containing 5 mM Na2HPO4, 150 mM NaCl, pH 

7.8. An enzyme:substrate ratio of 1:20 was employed. The incubation time was between 4 and 

20 hours at 37 °C. 

 

Lyophilizate Endoproteinase LysC was reconstituted in 50 µl MilliQ. This results in a solution 

containing 0.1 µg/µl enzyme, 50mM HEPES, pH 8.0, 10 mM EDTA and 5 µg/µl raffinose. 

The digestion was carried out at 37°C, in 25 mM Tris HCl, pH 8.5, containing 1mM EDTA 

for 5 hrs. The amount of enzyme was 1:50 of the protein by weight. 

 

Fot the epitope identification experiment, Pronase is applied as lyophilized powder. Stock 

solution of 10 µg/µl were prepared in MilliQ and stored at 4 °C for maximum one week. 

Pronase digestions were performed at 40 ºC, in PBS containing 5 mM Na2HPO4, 150 mM 

NaCl, pH 7.5. An enzyme:substrate ratio of 1:20 (w/w) and concentrations of 0.1 µg/µl for 

peptide, and 0.5 µg/µl for pronase were used.  

 

 

3.10 Circular Dichroism Spectroscopy  

 

Circular dichroism (CD) spectroscopy measures differences in the absorption of left-handed 

polarized light versus right-handed polarized light, which arise due to structural asymmetry. 

The absence of regular structure results in zero CD intensity, while an ordered structure 

results in a spectrum which can contain both positive and negative signals. The application of 

Circular Dichroism for conformational studies in peptides or proteins can be grouped into: (a) 

Monitoring conformational changes (e.g., monomer-oligomer, substrate binding, denaturation, 
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etc.) and (b) prediction of secondary structural content.  

 

Secondary structure can be determined by CD spectroscopy in the "far-UV" spectral region 

(190 - 250 nm). At these wavelengths the chromophore is the peptide bond, and the signal 

arises when it is located in a regular, folded environment. Alpha-helix, beta-sheet, and random 

coil structures each give rise to a characteristic shape and magnitude of CD spectrum. Figure 

98 is illustrated by the graph, which shows spectra for poly-lysine in three different 

conformations. 

 

� Far UV-CD of random coil (RC): 

- negative band at 195 nm (π−π*) 

 

� Far UV-CD of β−sheet : 

- negative band at 218 nm (n−π*)  

- positive band at 196 nm (π−π*) 

-  

� Far UV-CD of α-helix:  

- negative bands at 208 nm (π−π∗) and 

222 nm (n-π*) 

- positive band at 192 nm (π−π*) 

 
 

 

Figure 98. Circular dichroism spectra of poly-L-lysine in various conformations. In red 100 % helix, in blue 
100 % β-sheet and in black 100 % random coil 
 

Circular Dichroism (CD) spectra were recorded with a Jasco model J-720 spectropolarimeter 

equipped with a Xe-lamp for registering the spectra in the UV region. The measurements 

were carried out at 25 °C in quartz cells of 0.05 cm path-length under constant nitrogen flush. 

The instrument was calibrated with 0.06 % (w/v) ammonium-d-camphor-10-sulfonate 

(Katayama Chemical, Osaka, Japan) in doubly-distilled water; the sample concentrations were 

0.5 µg/µL. The spectra were averages of six scans between 190 and 260 nm, respectively. 

Results were expressed in terms of ellipticity, molar ellipticity or mean residue ellipticity (deg 

cm2 dmol-1) after subtraction of the solvent (PBS, MilliQ or TFE) baseline by Jasco-700 

Software. 
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3.11 Bioinformatic tools for mass spectrometry 

 

3.11.1  GPMAW  

 

For the molecular weight determination of peptides and proteins and the proteolytic fragments 

obtained after protease digestion, the GPMAW 5.02 (General Protein/ Mass Analysis for 

Windows) (Lighthouse Data, Denmark) software was used. This program enables the 

calculation of the monoisotopic and average masses of peptides or proteins, also the 

simulation of the proteolytic digestion of peptides and proteins, followed by searching for 

different fragments having a known mass. Using this program enables the introduction of 

different modifications at certain amino acid positions. One can obtain the average and the 

monoisotopic values for [M+H]+ ions and also the values of fragment ions having different 

charges. GPMAW 5.02 software may predict the secondary structure and the hydrophobicity 

of a given protein or peptide sequence. 

 

3.11.2  HyperChem 7.01 

 
HyperChem 7.01 software was used for the molecular dynamic simulation of biomolecules. A 

geometry optimisation (in Vacuo) was performed using the Amber99 parameter set for the 

force field and the Polak-Ribiere algorithm with a RMS gradient of 0.05 ~ 0.1 kcal/(Å*mol) 

taking into account the presence of water molecules. 
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4. SUMMARY 

 

Ubiquitin (Ub) is a small-conserved protein consisting of 76 amino acids, and plays an 

important role in different intracellular processes through covalently conjugation with another 

proteins mediated by the enzymes E1, E2 and E3. Ubiquitin is found in all eukaryotic cells as 

a monomer or as a isopeptide-linked polymers called polyubiquitin chains and those are 

attached to the substrate or to itself by a covalently interaction between the ε-amino group of 

an internal lysine residue in the bound ubiquitin and a glycine residue in the C-terminal of the 

consecutive ubiquitin moiety. Ubiquitin contains seven lysine residues (Lys6, 11, 27, 29, 33, 

48 and 63) and each of these lysines can be modified for different polyubiquitin chain 

formation. Importantly, it appears that the specific lysine residue of ubiquitin used for 

ubiquitin-ubiquitin chain formation determines the biochemical and biological function, thus 

requiring a detailed chemical structure-function evaluation of the respective ubiquitin 

conjugates. For example, Lys48-linked polyubiquitin chains serve as a signal targeting the 

modified proteins for degradation by the 26S proteasome, while Lys63-linked polyubiquitin 

chains have been linked to non-proteolytic processes. So, an attractive possibility is that the 

different functions of different polyubiquitin chains are mediated by proteins that selectively 

interact with the respective chain. However, the present knowledge about the structures, 

biochemical activities, and biological functions of polyubiquitin chains differentiated by 

branching sites and isomeric structures is rather limited. So, this is to a major study due to the 

fact that appropriate tools including the preparation of defined polyubiquitin chains, the 

structural chracterization of these conjugates, and antibodies that are specific for defined 

polyubiquitin chains ("linkage-specific antibodies") are hitherto missing or not known and are 

difficult to develop. 

 

In the first study of this thesis, a series of chemically defined polyubiquitin chains that differ 

by the lysine residue used for Ub-Ub conjugation was synthesized by chemical and 

biochemical means and characterized by high performance mass spectrometry. Advanced 

methods of semi-automated solid phase peptide synthesis and chemoselective ligation have 

been developed and successfully applied to the preparation and molecular characterization of 

linear ubiquitin and polyubiquitin chains. According to chemoselective ligation-based 

approach, the ubiquitin conjugation reaction was performed in solution, under slightly 

alkaline conditions, between the N-chloroacetylated ubiquitin and the ubiquitin containing 
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one cysteine residue with a free thiol group in the sequence by thioether linkage formation. 

The recombinant "donor" ubiquitin in which the C-terminal amino group is replaced by a 

cysteine, was prepared by bacteria cell expression and the synthetic "acceptor" ubiquitin in 

which the N-terminal amino group is chloroacetylated was manually synthesized on TGA 

resin according to the Fmoc chemistry. This approach was successfully applied for the 

preparation of linear (mono-)ubiquitin conjugates, which will be used for moiety of branched 

Lys63-NH2
ε-linked di-ubiquitin conjugate. In-situ simultaneous halide exchange was 

employed for the conversion of the N-chloroacetylated to N-iodoacetylated ubiquitin acceptor 

peptide for increasing reactivity in order to conjugate with recombinant His-tagged ubiquitin-

Cys donor component. As an example, a linear- (mono-)ubiquitin conjugatates; ClAc-Ub (54-

76) with His-tagged Ub(G53C) 11, and ClAc-Ub (61-76) with His-tagged Ub(N60C) 12, were 

successfully prepared, and the structure of the 10.70 kDa and 10.63 kDa ubiquitin adducts 

ascertained by ESI ion trap mass spectrometry. To assess the biochemical activity of the 

synthetic ubiquitin conjugates containing a cysteine residue; the linear (mono-)ubiquitin 

conjugates 11, 12 were analyzed in vitro in auto-ubiquitination assays with two different 

enzymes (E6-AP and HectH9). The synthetic linear ubiquitin conjugation system with 

efficiency similar to wild-type ubiquitin, indicates the feasibility of the mutated linear 

ubiquitins by thioether ligation approaches in producing biochemically active conjugates. 

 

Based on the performance of linear (mono-)ubiquitin conjugates by chemoselective ligation, 

the synthesis of oligo-ubiquitin conjugates with defined Lys-ε-amino branching sites was 

designed and developed. The preparation of specific isomeric Lys-branched conjugates also 

utilizes a chemoselective ligation approach with chemically stable thioether linkages using (i), 

an activated N-chloroacylated partial ubiquitin acceptor peptide containing the specific lysine 

linkage residue, prepared by manual synthesis, and (ii), thioether ligation to a ubiquitin donor 

peptide that contains a C-terminal Cys residue at the defined conjugation site. According to 

the strategy, K63-linked di-ubiquitin conjugate 13, was successfully prepared and 

characterized by HPLC, circular dichroism spectroscopy and ESI ion trap MS which was 

determined the average molecular weight (21383.97 Da) are consistent with the correct 

element formula C932H1508N282O287S4 by. The synthetic approach of specific Lys linked 

ubiquitin conjugates should be feasible as a general route for the preparation of oligo-

ubiquitin conjugates that can be used (i), to evaluate the biochemical properties of isomeric 

poly-ubiquitin conjugates, and (ii), for the preparation of antibodies that selectively recognize 

different ubiquitin chains depending on the specific lysine residue of ubiquitin used for chain 
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formation. 

 

With the advent of recombinant DNA technology and the availability of numerous expression 

systems, preparation of Lys63- or Lys48- linked di-/tetra- ubiquitin chain components by 

recombinant Escherichia coli cell expression combination with enzymatic synthesis in vitro 

were efficiently available. The method involves a series of enzymatic reactions in which 

proximally and distally blocked monoubiquitins (or chains) are conjugated to produce a 

particular chain in high yield. Individual chains are then deblocked and joined in another 

round of reaction. To perform successful bioanalytical applications on molecular structure 

chracterization of different lysine linked ubiquitin conjugates, efficient and sensitive 

analytical methods such as a mass spectrometer with MALDI-TOF, Nano-ESI, Ion Trap, CD 

spectroscopy and molecular modelling were have been required. After separated by 15 % 

Tris-Tricine SDS-PAGE, the specific lysine linkage ubiquitin modifications were subjected 

by treatment of passive elution. The purified Lys48- or Lys63-linked di-/tera- ubiquitin chains 

were characterized by FTICR high resolution mass spectrometry, showing multiple charge 

distributions with experimental molecular masses of K63 di-Ub; 17157.25 Da, K63 tetra-Ub; 

34330.38 Da, K48 di-Ub; 17201.18 Da consistent with the calculated molecular masses of 

K63 di-Ub; 17157.39 Da, K63 tetra-Ub; 34326.40 Da, K48 di-Ub; 17201.29 Da.  

 

A comparative application of high resolution mass spectrometry together with CD 

spectroscopy has been successfully applied for the conformational differentiation of defined 

Lys48- and Lys63-linked di-ubiquitin conjugates, conformation-specific methods are required 

for structural bases distinguishing of different specific lysine linked di-ubiquitin conjugates. 

Ion mobility mass spectrometry (IM–MS) has been recently emerging as a highly effective 

tool for the separation and identification of structural transitions of ubiquitin ions in the gas 

phase. Investigating gas-phase structures of protein ions can lead to an improved 

understanding of intramolecular forces that play an important role in protein folding. Hence, 

the separative capacity of IMS is highly complementary to MS analysis. The structural 

comparison of Lys48- and Lys63-linked di-ubiquitin conjugates showed that, Lys63 linked 

chain is considerably more elongated than Lys48 linked chain. Collisional cross-section 

distributions appear identical for compact structures that exist for the +13 to +17 charge states 

of both conjugates, while elongated conformers showed distinct differences for the specific 

lysine-ε-amino linkages. Elongated conformers exist for both types of conjugates in the cross-

section distributions of charge states +14 to +19, with collisional cross-sections for these ions 
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ranging from ~3100 Å2 for [K48 di-ubiquitin +14H]14+ to ~3700 Å2 for [K63 di-ubiquitin 

+19H]19+. For the elongated charge states of conformers, cross-sections of K63 linked di-

ubiquitin are on average 3.5 % larger than those of K48 linked di-ubiquitin, indicating that 

K48 linked conjugates adopt a more compact structure than K63 linked conjugates. The ion 

mobility-MS results were in full agreement with a comparative molecular modeling study of 

the Lys63- and Lys48- linked conjugates, suggesting a more compact Lys48 linked 

conformation to be required for targeting conjugated substrate proteins for proteolytic, 

proteasome degradation. These results of the gas phase structures are consistent with previous 

NMR spectroscopy data in solution phase. Characterizing the structures of proteins in the 

absence of solvent is suggested to be useful for (і), the comparison of gas-phase results with 

structural information from solution provides insight about how solvent interactions influence 

structure; (іі), the characterization of gas phase ion structures may become an important factor 

in the development of new analytical techniques for studying mixtures of proteins conformers. 

 

In the last part of the thesis, the binding of synthesized specific Lys linked ubiquitin 

conjugates to the monoclonal specific K63 linkage ubiquitin antibody (clone HWA4C4) was 

studied by affinity-mass spectrometry, immunoblotting methods such as dot blot and western 

blot. These immuno-analytical techniques were a powerful tool for characterising recognition 

specificities of different lysine linked ubiquitin conjugates. Affinity-MS data proved the 

binding of the synthetic ubiquitin peptides containing in their sequences a lysine63 residue to 

the K63 linkage ubiquitin antibody. The results of the dot blot test confirmed the specifically 

binding of the K63-Ub antibody to the partial ubiquitin peptides containing Lys6 or Lys63 

attached to a Gly-Gly dipeptide. In contrast, for partial ubiquitin sequences contained the 

Lys11, Lys33 and Lys48 were no response observed. And also Western blot observed that the 

K63 linkage ubiquitin antibody gave an intense positive response only for the recombinant 

K63-linked di-/tetra- ubiquitin conjugates but no response for control ubiquitin and K48-

linked di-ubiquitin. The comparison of the three methods provided consistent results to reveal 

differences in binding affinities and specificities by the K63 linkage ubiquitin antibody, 

showing that antibody binding is influenced by ubiquitin peptides containing in their 

sequences a lys63 residue and its secondary structure. For mass spectrometric epitope 

identification, an affinity column was prepared using the purified K63-Ub antibody. The 

epitope elucidation of Ub(57-69)_K63-GG peptide was accomplished by excision and 

extraction experiments. The results indicate that the fragments obtained in the elution fraction 

are underlined by an arrow, showing the overlapping epitope fragments, confirming that the 
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epitope fragment (59-66)-GG containing Lys63 linkage site has intensive affinity for the K63-

Ub antibody. Accordingly, the affinity determination of different lysine linkage ubiquitin 

peptides against to ubiquitin antibody and epitope identification provide a better 

understanding of ubiquitin antibody related to neurogenerative diseases. Furthermore, the 

elucidation and analysis of antigenic ubiquitin epitopes are of crucial importance for the 

understanding of the binding between an antibody and an antigen and will provide a starting 

point for the design of diagnostic applications or for the development of new vaccines 
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5. ZUSAMMENFASSUNG 

 

Ubiquitin (Ub) ist ein kleines, hochkonserviertes, aus 76 Aminosäuren bestehendes Protein, 

das eine wichtige Rolle in einer Reihe von intrazellulären Prozessen spielt, indem es 

vermittelt durch die Enzyme E1, E2 und E3 kovalent andere Proteine bindet. Ubiquitin 

kommt in allen eukaryotischen Zellen in Form von Mono- und Polyubiquitinketten vor, in 

denen Ubiquitin an das Substrat oder ein anderes Ubiquitinmolekül durch eine kovalente 

Bindung zwischen der �-Aminogruppe eines internen Lysins mit dem C-terminalen Glycin 

einer weiteren Ubiquitineinheit verknüpft ist. Ubiquitinketten werden durch Bildung einer 

Isopeptidbindung zwischen der �-Aminogruppe eines internen Lysinrests und der C-

terminalen Carboxylgruppe eines weiteren Ubiquitinmoleküls gebildet. Ubiquitin enthält 

sieben Lysinreste (Lys 6, 11, 27, 29, 33, 48 und 63), von denen jeder in der oben dargestellten 

Art und Weise zu unterschiedlichen Polyubiquitinketten modifiziert werden kann. Es ist 

bekannt, dass der spezifische Lysinrest in Ubiquitin, welcher am Aufbau der 

Polyubiquitinkette beteiligt ist, deren biochemische und biologische Funktion determiniert. 

Deshalb ist eine detaillierte Untersuchung der Struktur-Funktionsbeziehung der 

entsprechenden Ubiquitinkonjugate nötig. Beispielsweise dienen über Lys48 verbundene 

Polyubiquitinketten als Signal, welches das markierte Protein für den proteolytischen Abbau 

durch das 26S Proteasom markiert, wohingegen über Lys63 verbundene Polyubiquitinketten 

in Verbindung mit nicht-proteolytischen Prozessen stehen. Eine interessante Möglichkeit 

beruht auf der Tatsache, dass unterschiedliche Funktionen unterschiedlicher 

Polyubiquitinketten durch Proteine vermittelt werden, die ihrerseits selektiv mit der 

entsprechenden Kette reagieren. Das gegenwärtige Wissen über Strukturen, biochemische 

Aktivitäten und biologische Funktionen von Polyubiquitinketten, die sich in isomeren 

Verzweigungsstrukturen unterscheiden, ist zurzeit noch recht begrenzt. Da geeignete 

Hilfsmittel wie die Herstellung definierter Polyubiquitinketten, Synthese und Strukturanalyse 

dieser Konjugate, sowie Antikörper mit hoher Spezifität für definierte Polyubiquitinketten 

(„Bindungsstruktur-spezifische Antikörper“) bisher fehlen oder nicht bekannt sind, ist deren 

Entwicklung Gegenstand dieser Arbeit. 

 

Im ersten Teil der Arbeit wurde eine Reihe von chemisch definierten Polyubiquitinketten auf 

chemischem und biochemischem Weg synthetisiert, die sich im zur Ub-Ub-Konjugation 

verwendeten Lysinrest unterscheiden, und mittels Hochleistungsmassenspektrometrie 
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charakterisiert. Fortgeschrittene Methoden von halbautomatischer Festphasenpeptidsynthese 

und chemoselektiver Ligation wurden entwickelt und erfolgreich zur Herstellung und 

molekularen Charakterisierung von linearem Ubiquitin und Polyubiquitinketten eingesetzt. 

Dem chemoselektiven Ligations-Ansatz folgend wurde die Ubiquitin-Konjugationsreaktion 

unter schwach alkalischen Bedingungen in Lösung zwischen einem N-chloroacetylierten 

Ubiquitinmolekül und einer Ubiquitineinheit, welche ein Cystein mit einer freien Thiolgruppe 

in der Aminosäuresequenz enthält, mittels Thioetherbindung durchgeführt. Das rekombinante 

„Donor“-Ubiquitin, in welchem das C-terminale Glycin durch Cystein ersetzt ist, wurde 

mittels eines bakteriellen Expressionssystems hergestellt, wohingegen das  synthetische 

„Akzeptor“-Ubiquitin, bei dem die N-terminale Aminogruppe chloroacetyliert ist, manuell auf 

TGA-Resin nach Fmoc-Schutzgruppenstrategie hergestellt wurde. Dieser Ansatz wurde 

erfolgreich bei der Synthese linearer (Mono-)Ubiquitinkonjugate eingesetzt, die als Bausteine 

in der Synthese verzweigter Lys63-NH2
�-verbundener Di-Ubiquitinkonjugate eingesetzt 

werden. Ein simultaner in-situ Halogenidaustausch wurde zur Reaktion des N-

chloroacetylierten Ubiquitin-Akzeptorpeptids zum reaktiveren N-iodoacetylierten Peptid 

durchgeführt, um die Konjugation mit der His-markierten Ubiquitin-Cys Donorkomponente 

durchzuführen. Beispielsweise wurden Reaktionen der linearen (Mono-)Ubiquitinkonjugate 

ClAc-Ub (54-76) mit His-markiertem Ub(G53C) 11, und ClAc-Ub (61-76) mit His-

markiertem Ub(N60C) 12 erfolgreich durchgeführt, und die Strukturen der beiden 10,70 kDa 

und 10,63 kDa schweren Ubiquitinkonjugate mittels ESI-Ionenfallenmassenspektrometrie 

bestimmt. Um die biochemische Aktivität der synthetischen Ubiquitinkonjugate zu beurteilen, 

wurden die linearen (Mono-)Ubiquitinkonjugate 11 und 12 unter Verwendung der beiden 

Enzyme E6-AP und HectH9 in vitro durch Auto-Ubiquitinierungstests geprüft. Das 

synthetische, lineare Ubiquitin-Konjugationssystem weist eine ähnliche Aktivität wie das 

Wildtyp-Ubiquitin auf und zeigt damit die Anwendbarkeit mutierter linearer Ubiquitinanaloga, 

die durch Thioetherbindung verknüpft sind, bei der Herstellung biochemisch aktiver 

Konjugate. 

 

Ausgehend von der Effizienz linearer (Mono-)Ubiquitinkonjugate, die durch chemoselektive 

Ligation synthetisiert wurden, wurde die Synthese von Oligo-Ubiquitinkonjugaten mit 

Verzweigungen an spezifischen Lys-�-Aminogruppen entwickelt. Die Herstellung 

spezifischer, an isomeren Lys-Resten verzweigter Konjugate folgt ebenfalls dem Konzept der 

chemoselektiven Ligation unter Bildung chemisch stabiler Thioesterbindungen. Hierzu 

wurden (i) durch manuelle Synthese hergestellte N-acetylierte Akzeptorpeptide, die als 
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Ubiquitin-Partialpeptide einen spezifischen Lys-Rest enthalten, und (ii) Thioesterbindung zu 

einem Ubiquitin-Donorpeptid, welches ein C-terminales Cys als definierte Konjugationsstelle 

enthält, eingesetzt. Dieser Synthesestrategie folgend wurde das über K63 verbundene Di-

Ubiquitinkonjugat 13 erfolgreich synthetisiert und mittels HPLC, Circulardichroismus-

Spektroskopie und ESI-Ionenfallen MS charakterisiert. Die gemessene Masse ist konsistent 

mit der berechneten 21383,97 Da und der Summenformel C932H1508N282O287S4. Dieser Ansatz 

zur Synthese spezifischer, über Lys verbundener Ubiquitinkonjugate stellt einen allgemeinen 

Weg zur Synthese von Oligo-Ubiquitinkonjugaten dar und kann genutzt werden, um (i) die 

biochemischen Eigenschaften isomerer Polyubiquitinkonjugate zu beurteilen, und (ii) zur 

Herstellung von Antikörpern, die selektiv verschiedene Ubiquitinketten abhängig von ihrer 

Verzweigungsstruktur an Lys erkennen. 

 

Durch die Entwicklung rekombinanter DNA-Technologie und der Verfügbarkeit zahlreicher 

zellulärer Expressionssysteme ist die Herstellung von über Lys63 oder Lys48 verbundenen 

Di-/Tetra-Ubiquitinketten durch die Kombination von rekombinanter Proteinexpression in 

Escherichia coli und enzymatischer Synthese in vitro durchführbar. Diese Methode beinhaltet 

eine Reihe enzymatischer Reaktionen, in denen proximal und distal geschützte 

Monoubiquitin- (oder Ubiquitinketten-)Bausteine konjugiert werden. Dabei kann eine 

spezifische Ubiquitinkette in hoher Ausbeute synthetisiert werden. Die einzelnen Ketten 

werden anschließend entschützt und können für weitere Konjugationsreaktionen eingesetzt 

werden. Zur erfolgreichen Strukturanalyse der über unterschiedliche Lys-Reste verbundenen 

Ubiquitinkonjugate werden leistungsfähige und empfindliche analytische Methoden wie 

Massenspektrometrie (z.B. MALDI-TOF, Nano-ESI und Ionenfallen-MS), CD-Spektroskopie 

und Molecular Modeling benötigt. Nach elektrophoretischer Auftrennung über ein 15% Tris-

Tricin-Gel konnten die spezifischen Ubiquitinkonjugate mittels passiver Elution isoliert 

werden. Die gereinigten, über  Lys48 oder Lys63 verbundenen Di-/Tetra-Ubiquitinketten 

wurden mittels hochauflösender FT-ICR Massenspektrometrie charakterisiert. Aus den 

Ladungsverteilungen erhält man nach Dekonvolution folgende experimentelle 

Molekülmassen, die jeweils konsistent mit den berechneten Massen sind:  

K63 Di-Ub - mexp = 17157,25 Da, mcalc = 17157,39 Da 

K63 Tetra-Ub - mexp = 34330,38 Da, mcalc = 34326,40 Da 

K48 Di-Ub - mexp = 17201,18 Da, mcalc = 17201,29 Da 

 

Eine vergleichbare Kombination aus hochauflösender Massenspektrometrie und CD-
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Spektroskopie wurde erfolgreich zur Unterscheidung der Konformationen definierter, über 

Lys48 und Lys63 verbundener Di-Ubiquitinkonjugate eingesetzt. Für eine strukturbasierte 

Differenzierung sind konformationsspezifische Methoden notwendig. 

Ionenmobilitätsmassenspektrometrie (IM-MS) wurde in jüngster Zeit als eine höchst 

effiziente Technik zur Trennung und Identifizierung von unterschiedlichen Strukturen und 

deren Übergängen in der Gasphase entwickelt. Die Untersuchung der Gasphasenstrukturen 

von Proteinen kann zu einem verbesserten Verständnis von intramolekularen 

Wechselwirkungen beitragen, die eine bedeutende Rolle bei der Proteinfaltung spielen. 

Deshalb ist die Trennfähigkeit der IMS komplementär zur massenspektrometrischen Analyse. 

Der Vergleich der Strukturen von über Lys48 und Lys63 verknüpften Di-Ubiquitinkonjugaten 

zeigt, dass die über Lys63 verknüpfte Kette eine deutlich gestrecktere Konformation annimmt 

als das über Lys48 verknüpfte Konjugat. Die Verteilung der Stoßquerschnitte scheint für 

kompakte Strukturen, wie sie für die Ladungszustände +13 bis +17 bei beiden Konjugaten 

vorkommen, identisch, wohingegen gestreckte Konformere deutliche Unterschiede abhängig 

von ihren spezifischen Lysin-�-Aminoverknüpfungen aufweisen. Gestreckte Konformere 

kommen bei beiden Konjugaten in den Ladungszuständen +14 bis +19 vor, wobei die 

Stoßquerschnitte von ~ 3100 Å2 bei [K48 Di-Ubiquitin + 14H]14+ bis ~ 3700 Å2 für [K63 Di-

Ubiquitin + 19H]19+ reichen. Für gestreckte Konformere in den entsprechenden 

Ladungszuständen liegen die Stoßquerschnitte von über K63 verknüpftes Di-Ubiquitin im 

Mittel 3,5% über den entsprechenden Werten für das über K48 verknüpfte Konjugat. Daraus 

folgt, dass über K48 verknüpfte Konjugate eine kompaktere Struktur als die via K63 

verknüpften Analoga annehmen. Die Ergebnisse der Ionenmobilitäts-MS-Studie sind in 

kompletter Übereinstimmung mit einer vergleichenden Molecular Modeling-Untersuchung 

von über Lys63 und Lys48 verknüpfte Konjugate, die auf eine kompaktere Konformation des 

über Lys48 verknüpften Konjugats hinweist, welche für den proteasomalen Abbau des 

Substratproteins determiniert. Diese Ergebnisse für Gasphasenstrukturen stimmen mit NMR-

spektroskopisch bestimmten Strukturen in Lösung überein. Die Charakterisierung der 

Strukturen von Proteinen in Abwesenheit von Lösungsmittel ist insbesondere attraktiv im 

Hinblick auf (i) den Vergleich von Gasphasenstrukturen mit Strukturen in Lösung, woraus 

Informationen über Strukturbeeinflussung durch Lösungsmittelmoleküle gewonnen werden 

können, und (ii) die Perspektive neuer analytischer Techniken zur Strukturbestimmung von 

Mischungen von Proteinen unterschiedlicher Konformationen. 

 

Im letzten Teil der Arbeit wurde die Interaktion von synthetischen, über Lys verknüpften 
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Ubiquitinkonjugaten mit einem monoklonalen, K63-verknüpfungsspezifischen Ubiquitin-

Antikörper (Klon HWA4C4) mittels Affinitätsmassenspektrometrie und Immunblot-

Techniken wie Dot Blot und Western Blot untersucht. Diese immunanalytischen Methoden 

sind wertvolle Hilfsmittel zur Charakterisierung der Spezifität der Erkennung 

unterschiedlicher Ubiquitinkonjugate. Die affinitätsmassenspektrometrischen Daten 

bestätigen die Bindung synthetischer Ubiquitinpeptide, die jeweils Lys63 in ihren Sequenzen 

enthalten, mit dem K63-verzweigungsspezifischen Antikörper. Die Dot Blot-Experimente 

zeigen darüber hinaus Interaktion dieses Antikörpers mit Peptiden, die Lys6 oder Lys63 

enthalten, an deren �-Aminogruppen sich jeweils ein Gly-Gly-Dipeptid befindet. Im 

Gegensatz dazu konnte mit analogen Ubiquitin-Partialpeptiden, die in ihren Sequenzen Lys11, 

Lys33 und Lys48 enthalten, keine Bindung des Antikörpers festgestellt werden. Durch 

Western Blot-Untersuchungen konnte gezeigt werden, dass der K63-verknüpfungsspezifische 

Antikörper nur mit rekombinanten, über K63 verknüpften Di-/Tetra-Ubiquitinkonjugaten eine 

intensiv positive Reaktion zeigt, nicht hingegen mit den Negativkontrollen Ubiquitin und über 

K48 verknüpftes Di-Ubiquitin. Alle drei angewandten Methoden liefern konsistente 

Ergebnisse im Hinblick auf Bindungsaffinitäten und Spezifitäten eines K63-

verknüfungsspezifischen Antikörpers mit unterschiedlichen Peptiden. Die Interaktion mit dem 

Antikörper wird durch die Aminosäuresequenz der Peptide mit einem Lys63-Rest und deren 

Sekundärstruktur bestimmt. Zur massenspektrometrischen Epitopidentifizierung wurde unter 

Verwendung des gereinigten anti-K63-Ubiquitin-Antikörpers eine Affinitätssäule hergestellt. 

Die Epitopbestimmung des Peptids Ub(57-69)_K63-GG wurde mittels Exzisions- und 

Extraktionsexperimenten durchgeführt. Ein Vergleich der überlappenden Epitopfragmente 

zeigt, dass die Sequenz Ub(59-66)-GG, welche eine Verknüpfung an Lys63 trägt, eine hohe 

Affinität zum anti-K63-Ub Antikörper aufweist. Die Bestimmung der Affinität von über 

unterschiedliche Lysinreste verzweigten Ubiquitinpeptide mit einem anti-Ubiquitinantikörper 

und die Epitopbestimmung liefert ein vertieftes Verständnis der Funktion von 

Ubiquitinantikörpern in Bezug auf neurodegenerative Erkrankungen. Darüber hinaus sind 

Bestimmung und Analyse antigener Ubiquitinpeptide von entscheidender Bedeutung zum 

Verständnis der Antigen-Antikörper-Bindung und stellen einen Ausgangspunkt für 

diagnostische Anwendungen und die Entwicklung neuer Vakzine dar. 
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7. APPENDIX  

 

7.1 Abbreviation list 

 

ACN Acetonitrile 

AD Alzheimer Disease 

Ab Antibodies 

Boc Benzyloxycarbonyl 

CD Circular dichroism 

Da Dalton 

DCM Dichloromethane 

DBU 1,8-diazabicyclo-[5.4.0]undec-7-en 

DMF N,N-Dimethylformamide 

DTT 1,4-DL-Dithiothreitol 

ECP        Eosinophil cationic protein 

EDN       Eosinophil derived-neurotoxin 

E: S Enzyme: Substrate-Ratios (w/w) 

ESI-MS Electrospray Ionization-Mass spectrometry 

Exp. Experimental 

Fab Antigen-binding fragment 

Fig. Figure 

FT ICR Fourier transform ion cyclotron resonance 

Fmoc 9-Fluorenylmethoxycarbonyl 

HCCA α-cyano-4-Hydroxy-cynamic acid 
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HECT Homologous to E6-associated protein C-Terminus  

HPLC High performance liquid chromatography 

IAA         Iodoacetamide 

IgG γ-Immunglobulins 

mAb Monoclonal antibody 

MALDI-MS Matrix-Assisted Laser Desorption Ionization-Mass spectrometry 

MeCN Acetonitrile 

min Minute 

m/z Mass over charge ratio 

NMR Nuclear magnetic resonance  

OD Optical density 

PBS Phosphate buffered saline 

PD  Parkinson’s disease 

pH Negative logarithmus of H3O
+-ions concentration 

ppm Parts per million 

PyBOP Benzotriazol-1-yloxy-tris-pyrrolidinophosphonium-PF6
—Salt 

RP Reversed phase 

RING  Really Interesting New Gene 

SDS-PAGE   Sodiumdodecylsulfat-Polyacrylamid-Gel electrophoresis 

T Tesla 

TCA         Trichloroacetic acid 

TEMED      N,N,N',N'-Tetramethylethylendiamine 

TFA Trifluoroacetic acid 

TFE Trifluoroethanol 

Tris         Tris-(hydroxymetyl-) aminomethane 

Tween       Polyoxyethylen Sorbitan Monolaurat 

Ub Ubiqutin 

UBDs  Ubiquitin binding domains 

UV Ultraviolet 

UPS  Ubiquitin proteasome system 

V Volt 

°C Grad Celsius 
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7.2 N-αααα-Fmoc amino acid derivatives 

 

N-α-Fmoc-L-Alanine (Fmoc-Ala-OH) 

N-α-Fmoc-NG-2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl-L-Ariginine (Fmoc-

Arg(Pbf)-OH) 

N-α-Fmoc-N-β-trityl-L-Asparagine (Fmoc-Asn(Trt)-OH) 

N-α-Fmoc-L-Aspartic acid β-t-butyl ester (Fmoc-Asp(OtBu)-OH) 

N-α-Fmoc-S-trityl-L-Cysteine (Fmoc-Cys(Trt)-OH) 

N-α-Fmoc-N-γ-trityl-L-Glutamine (Fmoc-Gln(Trt)-OH) 

N-α-Fmoc-L-Glutamic acid γ-t-butyl ester (Fmoc-Glu(OtBu)-OH) 

N-α-Fmoc-L-Glycine (Fmoc-Gly-OH) 

N-α-Fmoc-N-im-trityl-L-Histidine (Fmoc-His(Trt)-OH) 

N-α-Fmoc-L-Isoleucine (Fmoc-Ile-OH) 

N-α-Fmoc-L-Leucine (Fmoc-Leu-OH) 

N-α-Fmoc-N-ε-t-Boc-L-Lysine (Fmoc-Lys(Boc)-OH) 

N-α-Fmoc-L-Methionine (Fmoc-Met-OH) 

N-α-Fmoc-L-Phenylalanine (Fmoc-Phe-OH) 

N-α-Fmoc-L-Proline (Fmoc-Pro-OH) 

N-α-Fmoc-O-t-butyl-L-Serine (Fmoc-Ser(tBu)-OH) 

N-α-Fmoc-O-t-butyl-L-Threonine (Fmoc-Thr(tBu)-OH) 

N-α-Fmoc-N-in-t-Boc-L-Tryptophan (Fmoc-Trp(Boc)-OH) 

N-α-Fmoc-O-t-butyl-L-Tyrosine (Fmoc-Tyr(tBu)-OH) 

N-α-Fmoc-L-Valine-OH (Fmoc-Val-OH) 
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