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given ubiquitinated substrate depends on the linkage type and arrangement of UB monomers 

attached to variable acceptor sites which is further discussed.2  

 

 
Figure 1.1. Isopeptide Bond Formation. The isopeptide bond formed between the Gly76 C-terminal 
end of UB and its substrate is highlighted in red. UB contains seven Lys residues and one Met residue, 
which serve as acceptor sites for the subsequent conjugation to another UB molecule forming a polyUB 
chain. (Kirby N Swatek et al, 2015). 

 

A substrate protein can be modified by a single UB monomer at one or more ubiquitination 

sites which is specified as monoubiquitination or multi-monoubiquitination, respectively. 

Additionally, two or more UB molecules can be linked on a substrate to form a polyUB chain of 
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varying length and structure, classified as either homotypic or heterotypic linkage types. UB chains 

of homotypic linkages are uniformly connected by the same Lys acceptor site whereas in 

heterotypic linkages, UB monomers are connected through different Lys acceptor sites to form 

mixed chains (Figure 1.2).2 Branching exists when two or more UB monomers are conjugated to 

the same UB protein at different Lys acceptor sites. The specificity of UB linkage-types and pattern 

are mediated by synergistic enzymes in the UB transfer pathway, corresponding to a specific 

function (Figure 1.3). However, many of the mechanisms of UB regulation exploited by cascade 

enzymes are profoundly uncharacterized. 

 
 
Figure 1.2. UB Chain Topology and Modification. Substrate ubiquitination is classified according to chain 
length and chain type. A substrate can be ubiquitinated on one specific Lys residue, referred to as 
monoubiquitination. The chain type becomes more distinct as the number of UB monomers are added to 
the chain. Repeated UB monomers conjugated at the same acceptor site form linear chains also known as a 
homotypic linkage type. Heterotypic linkages exist through conjugation of UB monomers at different 
acceptor sites, forming mixed or branched topologies. (Kirby N Swatek et al, 2015). 



4 

 
Identifying components of the UB system such as substrates, binding proteins and ligands 

are critical for understanding cellular mechanisms and implications that correlate to human 

disease. Various assays (RNAi, shRNA, CRISPR-mediated screening) have been developed to 

identify key targets involved during UB regulation and monitor activity of the modified proteins; 

these technologies have provided insight on the signaling events facilitated by UB in a linkage 

specific approach.2-4  

 

 

 
 
 

 

Figure 1.3. Linkage-Specific Cellular Signaling. UB chain synthesis is governed by a specific set of 
networking enzymes (E2s, E3s, and DUBs) which work together to control UB linkage specificity. Each 
linkage type correlates to a particular biological function piloted on a modified substrate. (Kirby N Swatek 
et al, 2015). 
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formation of K6 linked poly-UB chains on dysfunctional mitochondrial outer membrane (MOM) 

proteins and mark the damaged mitochondria for mitophagy (Figure 1.4).15-17  

 

 
 

 
 

 

Figure 1.4. K6 Regulation in Mitophagy. (A) Under normal conditions, PINK1 is imported by the 
TIM/TOM complex where upon entry undergoes a proteolytic process that includes degradation and 
exportation (B) PINK1 phosphorylation on ubiquitinated mitochondrial outer membrane (MOM) proteins 
due to inhibition of mitochondrial membrane potential. (C) Phosphorylated UB recruits Parkin and is 
simultaneously phosphorylated by PINK1. (D) Incorporated UB molecules are further phosphorylated by 
PINK1. Simultaneously, USP30 is degraded by a Parkin-mediated ubiquitination process. (E) Receptors 
NDP52 and OPTN bind to ubiquitinated mitochondrial proteins. (F) Phagophores are recruited by receptors 
to mitochondria to initiate an autophagic response. (Kirby N Swatek et al, 2015). 
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1.3.3.2 Ring-between-Ring (RBR) E3s 

Similar to HECT E3s, RBRs ubiquitinate substrates through a two-step mechanism in 

which UB is initially transferred to the catalytic site and then to a substrate. Despite mechanism 

similarities, RBR E3 ligases are structurally different and possess a conserved catalytic region 

consisting of a RING1, central in-between-RING (IBR), and RING2 domain, which indicates an 

alternative mode behind UB transfer. Current studies reveal a unique mechanism in which UB 

conjugation resembles both HECT and RING-like interactions with the E2~UB intermediate. 

RBRs bind the E2~UB intermediate through similar interactions between RING E3s but utilize 

their RING2 domain to couple UB with the active site Cys before targeting a substrate as shown 

in HECT E3s.36, 41 

1.3.3.3 RING E3s 

RING ligases make up the major class of E3 proteins and are characterized by their RING 

domain which is essential for binding an E2 enzyme. Like U-box E3s, UB is transferred directly 

to a substrate and does not form an UB~E3 intermediate.38 Instead, RINGs coordinate two Zn2+ 

ions to create a platform for binding E2s.42 Many RING E3s exist as multi-subunit complexes 

connected to control numerous modifications. For example, members of the Cullin RING family 

are characterized by a cullin protein, RING protein, and adaptor proteins which bind 

interchangeable substrates.26 APC/C contains 13 subunits, including a cullin-like protein and 

RING protein as well as two activator subunits, Cdc20 and Cdh1, which function to recognize 

distinct substrates during phases of cell cycle regulation. 

1.3.3.1 U-box E3s 

U-box ligases represent a relatively new family of E3s and contain a conserved 70 amino 

acid U-box domain for E2 binding. Ufd2 was the first identifiable yeast U-box protein found to 
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of the substrate.49 Trypsin also cleaves UB chains into fragments containing a diGly motif 

conjugated to Lys on a substrate protein (Figure 1.7).27 

 

 
 
Figure 1.7. Engineering of DUBs (A) DUBs expressed as fusions reverse the role of E3 regulatory 
enzymes by removing UB from substrate to stabilize its activity. (B) UB structures are easily recognized 
through engineered protease LBpro which cleave UB before the C-terminal diGly on each unit. In native 
conditions, DUBs cleave between the C-terminal diGly of UB and lysine on substrate. Trypsin digestion of 
UB chains into peptide marks the fragments with a diGly motif attached to Lys at the ubiquitination site. 
(Bo Zhao et al, 2020) 

 

1.3.7 DUB Substrate Selectivity 

There are 100 known DUBs to date and their involvement is heavily employed in 

homeostasis maintenance, UB recycling, and UB precursor processing.  DUBs are divided into 

seven major families: Ubiquitin-specific-processing proteases (USPs), Ubiquitin C-terminal 
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An exceptional feature of DUBs is the ability to cleave at specific sites either within the 

chain, at the distal end, or at the proximal end to remove the entire UB sequence.47, 53 As a result, 

a UB signal can be temporarily modified or terminated all at once due to the nature of DUB. 

Initially, donor UB is covalently bound to acceptor UB through an isopeptide bond. The scissile 

bond between distal and proximal UB monomers is prone to nucleophilic attack by a DUB, which 

results in dissociation of UBA. The thioester bond between distal UB and DUB is hydrolyzed to 

promote dissociation of UBD and regeneration of the DUB (Figure 1.8).  

 

 

 
Figure 1.8. DUB Scissile Bond Cleavage. (A) Nucleophilic attack by DUB on isopeptide bond between 
proximal and distal UB leads to a DUB~UBD intermediate. (B) Hydrolysis of DUB~UBD leads to 
dissociation of UBD and restoration of DUB.    

 

Unfortunately, some DUBs lack a Cys catalytic residue and are rendered catalytically 

inactive, such as FAM105A, a pseudoenzyme of the OTU family.57, 59 The crystal structure for 

FAM105A has shown structural similarities to the analogue OTULIN/FAM105B but lacks many 
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features in the active site and substrate binding regions, limiting regular DUB function. An 

observable difference in the FAM105A architecture is absence of the catalytic triad composing of 

Cys-His-Asn/Asp residues (Figure 1.9A) OTULIN possesses a HOIP domain which regulates 

M1-linked polyUB signaling by removing chains assembled by LUBAC E3 ligase (Figure 

1.9B).56, 57 The PMLM evolutionary domain of FAM105A has been shown to contain similar 

sequences of transporter and channeling proteins suggesting its role in mediating PPIs. 

Figure 1.9. Domain Architecture of OTULIN and FAM105A DUBs.67 (A) Crystal structure displaying 
OTU catalytic site. PseudoDUB (FAM105A) lacks catalytic Cys compared to the active form OTULIN. 
(B) Sequences reveal FAM105A and OTULIN are similar despite mechanistic differences which proclaim 
FAM105A as catalytic incompetent. OTULIN, however, contains a HOIP domain which FAM105A lacks 
and has been shown to associate with multi subunit E3s to reverse activity of linear UB signaling. In 
FAM105A the evolutionary domain, PMLM, has been shown to share similarities to short sequences of 
transporter, channel, and permease proteins. (Nadine Weinelt et al, 2020). 

A

B
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The ability of DUBs to distinguish between varying UB signals by means of chain length 

and linkage type offers more understanding on the interactions involved in UB substrate 

modifications. In native conditions, numerous DUBs have weak protease activity that is enhanced 

upon binding to protein partners.53, 54 As a result, DUBs must undergo sufficient conformational 

changes to bind substrates or other allosteric enzymes. Such conformational changes are induced 

through cellular responses and stimuli that are necessary to maintain balance in the cell. The 

binding affinity between DUBs and substrates or allosteric enzymes can be obstructed to access 

key players involved in the system.45, 47, 48, 50, 53 DUBs were initially believed to be difficult targets 

considering similar residues (catalytic triad) within their catalytic pockets. However, different 

mechanisms behind substrate recognition and specificity through UB binding interfaces supports 

the notion that DUBs can be selectively targeted by small molecules.60, 61 Recent biochemical 

studies focus on catalytic and allosteric inhibition of DUB activity by designing molecules which 

interfere with the DUB catalytic domain and UB binding sites. DUB inhibitors and other target 

molecules can serve as powerful tools to access the physiological roles of DUBs which could 

potentially support in therapeutic design and development. 

Linkage-specific antibodies have been used to exploit mechanisms of UB chain editing and 

regulation. However, the ability to generate linkage-specific detection reagents is challenging due 

to lack of knowledge regarding the regulators and their cellular constituents.46, 61 Despite these 

challenges, engineering components of the UB cascade pathway, has helped in deciphering the UB 

code. The objective of this dissertation is to synthesize linkage-specific diUB conjugates that 

serves as a mimic for probing UB chain specificity of DUBs. This will help to provide useful 

insight on DUB activity at the cellular level and better understand their molecular roles in UB 

transfer.  
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1.4 Methods for Generating Ubiquitinated Proteins 

The activity of DUBs is tightly regulated and coupled to dynamic changes of cell 

composition.62 Over the years, strategies geared towards protein engineering have been established 

to uncover complex mechanisms and capture crucial intermediates between proteins to reveal 

conformational changes in enzymes that is not apparent in static structures alone.63 To probe DUB 

activity, protein-engineering tools have been developed to label DUBs both in vitro and in vivo to 

study their selectivity and proteolytic-like character.62  

1.4.1 Chemical Ubiquitination through Non-Native Linkages 

Many chemical approaches have been utilized to generate UB chains of defined length 

through non-native linkages.64-66 Ongoing studies aim to review the comparison of structural and 

functional properties between non-native and native isopeptide bonds. The click chemistry 

reaction between an azide and terminal alkyne reported by Sharpless and coworkers, is one of the 

most widely used non-native biorthogonal reactions. Such improvements have enabled the labeling 

of proteins and other biological molecules with azido tags in many organisms. There is much 

skepticism toward the use of synthesizing UB chains through non-native linkages because they 

should adopt native structural features to be recognized and processed by DUBs.67 Solution-based 

characterization is needed to confirm whether such methods are capable in adopting native chain 

conformation.65 

1.4.2 Assembly of Peptides through Native Isopeptide Bond Formation 

Solid-phase peptide synthesis (SPPS) techniques and the coupling of peptide fragments 

have generated an extensive quantity of accessible polypeptides.68 SPPS has enabled protected 

amino acid derivatives to be site-specifically introduced into UB for the buildup of linear chains 

(Figure 1.10). SPPS by itself is limited to 70 amino acids, which makes it challenging to synthesize 
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large peptides and the collaborative combination with native chemical ligation (NCL) has served 

as a powerhouse in applications towards synthesizing full-length peptides.69, 70 In addition to their 

size, the diversity of synthetic peptides reflects the versatility of chemical strategies based on NCL; 

numerous approaches are available that yield full control over peptide length and arrangement.69, 

71, 72 For example, a trans-thioester reaction involving nucleophilic attack by an N-terminal Cys 

residue on the C-terminal thioester bond of another peptide was originally introduced by Kent and 

coworkers, in which the intermediate undergoes an S to N-acyl shift to favor a more stable 

isopeptide bond.71 Since then, multiple chemoselective ligation methods have emerged. 

 
 
Figure 1.10. Solid Phase Peptide Synthesis (SPPS). An N-terminal Cys peptide fragment is generated by 
the SPPS method for subsequent ligation of peptide containing a C-terminal thioester.   
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Lys analogue as an unnatural amino acid  (UAA) that facilitates expressed protein ligation (EPL) 

at the site of UB conjugation. The development of UAA incorporation has enabled a broad scope 

of functionalities to be introduced in any position in a protein. In this application, orthogonal tRNA 

synthetase must only recognize an analogous tRNA which carries the UAA to the ribosome for 

recognition of an amber TAG anticodon and allow its site-specific incorporation into protein.76 

(Figure 1.12). The protein can be further deprotected to generate a reactive N-terminal Cys that 

can couple to an intein-bound thioester to form a diUB bearing a native isopeptide linkage. 

 

 

 
Figure 1.12. General Application for Incorporation of UAA. Two plasmids are engineered through site-
directed mutagenesis: one for establishing orthogonal PylRS and the second encoding other an amber stop 
codon to be recognized by orthogonal tRNA. This system allows UAA to be incorporated site-specifically 
into protein. (Virginia Cornish et all, 2021) 
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Figure 1.13. Components of an Activity-Based Probe. Major components for an ABP, consisting of 
reactive handle to target active site of specific enzymes, recognition sites, such as UB or small proteins, 
and reporter for high-affinity immobilization analyses. 
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K63 position to allow ThzK to be incorporated at this site and is translated into the correlating 

protein. I further deprotected UB-K48ThzK and UB-K63ThzK to produce a reactive 1-amino-2-

thiol moiety that generates one component of the diUB conjugate - acceptor UB, which can be 

ligated to another peptide containing a C-terminal thioester.  

2.1 Design of diUB Probe 

Protein-engineering tools have been developed to synthesize UB conjugates with reactive 

functionalities. The C-terminus of UB can be easily modified to serve as electrophilic traps toward 

catalytic DUBs. DiUB conjugates containing dehydroalanine (Dha) functionality are often utilized 

to report DUB editing mechanisms of diverse UB-linked chains.77, 79 At the molecular level, DUBs 

exist in an inhibited state and binding interactions are relatively weak in nature (µM to mM 

concentration). As a result, many conformational changes are required to assist in substrate binding 

to DUBs. Along with other qualitative analysis, monitoring DUB activity by use of a substrate 

mimic provides opportunity to analyze the binding mode between these cellular counterparts.  

To probe the activity of DUBs, a G76C thiol was installed between the C-terminal end of 

distal UB and the N-terminal Lys of proximal UB by EPL. Dha functionality was formed by a thiol 

elimination reaction of the G76C mutant to generate a probe towards selective DUBs that 

recognize specificity of a particular UB chain type. This approach for designing the diUB probe is 

highly advantageous over other methods because it requires the assembly of a native isopeptide 

linkage without the necessary steps for amine protection and deprotection, as in GOPAL. The 

electrophilic species is also introduced in the final synthetic step, which allows the synthesis of 

complex structures in reagents that are not compatible in the presence of an electrophilic group.77, 

80 The foundation of the probe relies on the tetrahedral intermediate reaction 1 generated upon 

isopeptide bond cleavage by DUBs in native conditions (Figure 2.1). The catalytic Cys of DUB 
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can perform nucleophilic attack on the isopeptide bond between two UB monomers leading to a 

high-energy tetrahedral intermediate 2.  

 

 

 
 

 

Figure 2.1. Tetrahedral Intermediate Formation by DUBs. The intermediate generated from scissile bond 
cleavage by DUBs. The reaction that occurs in native conditions is difficult to capture due to transient 
interactions and instability of the tetrahedral intermediate. 
 

The tetrahedral intermediate is naturally unstable and transiently collapses to remove proximal UB 

upon addition of DUB to its substrate. A compound mimicking this transition state can be 

developed to map out the interactions associated with isopeptidase activity by DUBs. (Figure 2.2). 

DiUB 3 is synthesized in a semi-synthetic approach using genetic code expansion coupled with 

EPL. The diUB further undergoes thiol elimination to form a 1,4-Michael acceptor 4 which can 

subsequently be used as an ABP towards catalytic DUBs. DUBs that recognize the chain 

specificity of the probe form covalent adducts with Dha 5 and the activity can be monitored with 

affinity labeling reagents.  
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UB-KCysK. Simultaneously, donor UB is expressed as an intein fusion protein to generate a 

thioester intermediate that undergoes thiol exchange with MESNa, forming a reactive protein 

thioester. The two synthetic peptide fragments are ligated together to afford diUB with a native 

isopeptide bond. The overall scheme is provided (Figure 2.3). Dha functionality installed at the 

C-terminus serves as a useful tool towards DUB probing and profiling. 
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Figure 2.3. Synthetic Scheme for Producing DiUB Probe. UAA is site-specifically incorporated into UB 
at any of its seven Lys residues. Upon deprotection, ThzK is converted into CysK, forming a reactive 1-
amino-2-thiol acceptor to undergo ligation with donor UB that is synthesized by expressed protein ligation. 
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reassigning infrequently used codons (rare sense codon) and insertion of single bases sequentially 

after triplet codons, which generate frameshift mutations recognizable by quadruplet tRNAs. 

Furthermore, scientists have configured a way to introduce synthetases from archaeal 

organisms into bacterial E. coli and reprogram them to recognize only corresponding orthogonal 

tRNA partners to charge the appropriate nonconical amino acid into the peptide sequence.85 The 

earliest synthetase originating from Methanocaldococcus janaschii was first introduced into an E. 

coli host cell to incorporate tyrosine derivates into proteins produced by the bacteria. In this 

manner, a positive and negative selection system was used to randomize significant residues for 

the evolution of aaRS.75 Since then, several other aaRS have been engineered for the transfer of 

UAA to cognate tRNAs. 

 
Figure 2.4. Unnatural Versus Canonical Amino Acid Incorporation.101 Unnatural amino acid (UAA) 
incorporation involves engineering of orthogonal tRNA synthetase to charge an appropriate UAA for 
recognition by its corresponding tRNA. Orthogonal systems must not recognize any endogenous 
components. The engineered system allows site-specific incorporation of UAA into nascent protein by 
recognition of a modified amber suppressor codon. Other techniques for codon engineering include 
frameshift mutations and sense reassignment. (Virginia Cornish et al, 2021) 
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Protein functions are limited due their sequence composing of only 20 canonical acids. 

However, scientists have produced amino acid derivatives with new chemical and physical 

properties to extend the scope of protein functionality. Utilization of UAAs is significant primarily 

because they provide a degree of biorthogonality. O-methyl L-tyrosine was the first UAA to be 

incorporated into protein. Since then, more than 200 UAAs, including Lys derivatives, have been 

synthesized and incorporated into protein, which creates the opportunity to control and explore 

unique protein interactions (Figure 2.5).75, 82 

 
 

 
 
 

Figure 2.5. Chemical Structures of L-Lysine (Lys) and Pyrrolysine (Pyl) Derivatives. Non-canonical 
amino acids have been synthesized for incorporation into polypeptide sequences. This greatly expands 
protein function.     
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Figure 2.7. EDC Coupling Mechanism. EDC coupling between a free amine and carboxylic acid to 
generate Boc-protected ThzK methylester.   

 

The possible reactions of o-acylisourea 18 yield both desired and undesired products; O-

acylisourea can undergo intramolecular O-to-N acyl rearrangement forming N-acyl urea 20 as a 

troublesome byproduct that makes it difficult to isolate the main product from the reaction mixture; 

many impurities produced in other steps for UAA synthesis were isolated using a convenient 

solvent extraction (Figure 2.8).89  The amide and N-acyl urea byproduct have similar structural 

features which makes it challenging to purify the target product using extraction only. To resolve 

the quality concern, manual stationary phase column chromatography (prepacked with SiO2) was 

employed using a hexane to ethyl acetate 2:1 gradient system that afforded the best purity. 

However, this process delayed the production of UAA and less than half (36% recovery) of the 
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tRNA synthetase pair provided by the Chin lab. Our work previously showed that ThzK 

incorporation into UB could be increased by 6-fold by synthesizing a methylester form of UAA 

UB-ThzK-OMe in replace of the free acid form UB-ThzK-OH (Jun Yin et al, 2020). Thiazolidine 

(Thz) has been commonly used as an orthogonal cysteine protection approach in native chemical 

ligation. To express the protein, a pBAD vector encoding both stop codon (UAG) at the K48 or 

K63 position and Pyrrolysinyl tRNACUA was introduced into DH10B E. coli bacterial cells. 

Additionally, a pBk vector encoding the engineered Pyrrolysinyl synthetase was co-transformed 

into the same cells. To test UAA incorporation efficiency, variable amounts of arabinose: 0.01%, 

0.02, 0.1%, and 0.2% were added to the culture media as an inducer to initiate transcription of the 

gene. It was found that a 0.1% arabinose concentration yielded the highest amount of expressed 

protein (not shown). ThzK (2 mM) was introduced into 2L of 2XYT media containing the co-

transformed cells and the media was supplemented with 0.1% arabinose to express UB with ThzK 

incorporated at the K48 position, indicative of the outline in Figure 2.10A. The 6xHis-tagged 

protein was further purified using Ni2+ NTA affinity chromatography and yielded ~15 mg of 

protein (Figure 2.10B) which was verified by MALDI analysis (Figure 2.10C) showing the 

correct molecular weight. UB-K63ThzK 7 was expressed and purified utilizing the same 

conditions, however the yield (~30 mg) was found to be significantly higher than UB-K48ThzK 

(Figure 2.11A). MALDI analysis confirmed the molecular weight for the incorporated UAA into 

UB at the K63 position (Figure 2.11B).  
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Figure 2.10. Incorporation of ThzK into UB at the K48 position. (A) Scheme showing incorporation of 
ThzK 6 into UB 7. (B) NTA purification of UB-K48ThzK. Left to right: flowthrough, lysis, wash 1, wash 
2, elutions 1-3. (C) MALDI analysis for synthesized UAA that was incorporated site-specifically into UB 
at the K48 position utilizing an engineered tRNA/tRNA synthetase pair. Calculated weight: 11154. 

 

 
Figure 2.11. Incorporation of ThzK into UB at the K63 position. (A) NTA purification of UB-K63ThzK. 
Left to right: flowthrough, lysis wash 1, wash 2, elutions 1-4. (B) MALDI analysis for incorporated ThzK 
at the K63 position of UB. Calculated weight: 11154. 
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2.4 Formation of Acceptor UB: Conversion of UBKThzK to UBKCysK 

To generate the 1-thiol, 2-amino functionality for the peptide ligation reaction, UB-

K48ThzK (or UB-K63ThzK) 7 was converted into UB-K48CysK 8 utilizing a deprotection reagent 

O-methoxyamine in a 6M guanidine hydrochloride solution at 37 oC in pH 4 (Figure 2.12A). This 

step is necessary to achieve a reactive N-terminal Cys species for subsequent ligation with a protein 

thioester to generate the full length diUB peptide with desired C terminal thiol 3. MALDI 

characterization was utilized to verify conversion of the protein from UB-K48ThzK to UB-

K48CysK (Figure 2.12B) and UB-K63ThzK to UB-K63CysK (Figure 2.13), confirming the 

molecular weight difference by loss of a methyl group.91   

 

 

   

Figure 2.12. Deprotection of UB-K48ThzK to UB-K48CysK. (A) The reaction is carried out under acidic 
conditions for protonation of the nitrogen atom in the thiazolidine ring and to promote decaging by the 
nucleophilic methoxyamine reagent. (B) MALDI analysis for conversion of UB-K48ThzK to UB-
K48CysK.  
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Figure 2.14. Ring Opening Mechanism to Generate UB-K48-CysK. (A) Ring-opening mechanism to 
obtain acceptor UB by conversion of ThzK into a reactive CysK peptide, which can further undergo NCL 
with a thioester intermediate. The reaction proceeds under acidic conditions, promoting nucleophilic attack 
by methoxyamine on the electrophilic center within the thiazolidine ring. The ring is hydrolyzed by 
interacting water molecules to form the target Cys species. (B) HPLC chromatogram for purification of 
UB-CysK with retention time of 15-24 min.  
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2.4.1 Protein Labeling with Biotin Maleimide 

A labeling assay with biotin maleimide was achieved to verify full conversion of UB-

K48ThzK to UB-K48CysK. In this site-selective process, rapid reactivity occurs between the N-

terminal thiol 8 and maleimide to generate a relatively stable thiosuccinimide product 28. High 

reactivity of biotin-PEG-maleimide is due primarily to ring strain stemming from bond angle 

distortion and cis-conformation of the two carbonyl groups. Biotin labeling would not occur with 

UB-K48ThzK and a molecular weight increase would not be observable in MALDI analysis 

(Figure 2.15).92 

 

 

Figure 2.15. Biotin Maleimide Labeling. Selective modification through coupling of maleimide and N-
terminal Cys, forming a thiol-Michael-addition product.  
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2.5 Discussion 

Currently, more than 200 UAAs have been synthesized and incorporated into protein site-

specifically utilizing the innovative genetic code expansion. Although the list of UAAs is 

expanding, there are many limitations which render UAAs incompatible in peptide coupling 

reactions. Coupling reactions involving UAA incorporation should be chemo-selective, bio-

orthogonal, and experimentally constructed to protect the function of protein.  In this dissertation, 

UB was successfully modified by incorporating an amino acid derivative into the K48 and K63 

residues, serving as a powerful tool in expansion of protein structural diversity.  

The main objective was to streamline a convenient and efficient approach for scaling the 

production of UAA and increasing its incorporation into the cell. As a result, methylated ThzK 

was generated to promote lipophilicity and permeability within the bacterial cell wall. UAA 

synthesis was conducted on a gram-level scale through a crosslinking reaction involving 

conjugation of carboxylic acid and N-hydroxysuccinimide to create an active ester. This method 

reduced problematic side-products and significantly increased the yield of UAA by 2-fold. In the 

EDC coupling approach, N-acylurea was formed through O to N rearrangement of isourea, 

requiring tedious efforts of manual column chromatography purification.  

ThzK was also incorporated site-specifically into UB utilizing an engineered PylRS and 

tRNAPyl pair. Previous results showed that methylated ThzK produced a higher incorporation 

efficiency compared to the free acid form which yielded ~5 mg protein per 2 L. In this work, it 

UB-K63ThzK was incorporated in higher yield (30 mg per 2 L) compared to UB-K48ThzK (15 

mg per 2 L). These results may encourage the development for other methylester forms of UAA 

to be incorporated into protein. Futhermore, ThzK could also be incorporated into other UB Lys 

residues to test their incorporation efficiency utilizing a specific tRNA/PylRS pair. Site-specific 
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3 SYNTHESIS OF DIUB CONJUGATES WITH K48 AND K63 LINKAGES 

The mechanisms behind UB transfer are poorly understood, yet protein engineering has been 

widely used as a process to snapshot key intermediates and conformational changes of involved 

proteins. UB chains of defined linkages are powerful tools for assessing chain specificities of 

DUBs and other enzymes involved in the E1-E2-E3 cascade. The objective in this dissertation is 

to synthesize diUB conjugates with an amide linkage between the C-terminus of donor UB and 

Lys sidechain of acceptor UB.  

Dr. Han Zhou previously constructed K11 and K48 linkage-specific diUB probes by 

ligating a reactive N-terminal Cys with an intein-bound thioester. Acceptor UB produced from 

genetic code expansion contained an N-terminal 6xHis tag followed by an HA tag allowing the 

peptide coupling product to be subjected to NTA purification and detected with Western 

immunoblotting on HA, respectively. We found chemiluminescent signaling to be weak in vivo 

conditions when monitoring DUB reactivity with the probe using HA antibody, which is further 

addressed in chapter 4. With this, I installed an N-terminal AP tag on donor UB with the help of 

Dr. Xuan Fu, a former member of the Yin lab, and expressed the protein through intein-mediated 

cleavage for ligation to the N-terminal thiol. I was able to synthesize K48 and K63-linked diUB 

conjugates containing a tag that could be further biotinylated and labeled with a high-affinity 

streptavidin reagent to enhance signaling during DUB profiling. DiUB probes of defined linkages 

were established by coupling the two peptides generated from genetic code expansion and intein-

mediated cleavage applications. During this application, the Cys functionality of acceptor UB 

facilitates nucleophilic attack on the C-terminal thioester to achieve a trans-thioester intermediate. 

This intermediate undergoes further S to N intramolecular rearrangement to afford the diUB 

construct containing a stable, native isopeptide linkage. I successfully installed a thiol functionality 
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between the two ligated peptides to create a nucleophilic warhead as a key intermediate for 

monitoring conjugation activity toward selective DUBs. This chapter outlines the methodology, 

experimental procedures, and materials used for generating diUB probes of defined linkage types 

to profile DUB activity involving a semi-synthetic strategy of EPL. 

 

3.1 Expressed Protein Ligation of Donor UB as an Intein Fusion 

In nature, proteins carryout spontaneous intein splicing, an intramolecular reaction where 

internal protein segments are removed from a larger precursor protein with simultaneous ligation 

of the flanking sequences through C-terminal and N-terminal external protein fragments.93, 94 

Inteins are prevalent biotechnological tools for numerous applications in protein engineering, 

adapting similar mechanisms for the development of self-cleaving affinity tags and methods for 

combining protein segments through protein ligation. In this approach, an activated C-terminal 

thioester is generated by expression of an intein-tagged fusion protein referred to as UBSR that 

contains a vector encoding a chitin binding domain.93 The chitin binding domain fuses to resin 

during affinity purification upon addition of protein lysate to a column. The protein simultaneously 

undergoes intramolecular N to S rearrangement, resembling a splicing mechanism to form a 

cleavable thioester intermediate between the C-terminus of the peptide fragment and the N-

terminal Cys of the intein (Figure 3.1).95 This intermediate can be cleaved with a thiol reagent, 

such as MESNa, to separate the intein from the target protein and generate a reactive thioester to 

be ligated to acceptor UB aforementioned.  EPL allows for the joining of synthetic peptides with 

defined modifications to proteins produced from bacterial cells.  
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Figure 3.1. Expressed Protein Ligation of Donor UB as Intein Fusion. Donor UB is expressed as an 
intein fusion protein in E. coli. Upon purification, the intein tag strongly binds to immobilized chitin resin 
and undergoes internal N to S acyl rearrangement to form a cleavable thioester. Addition of MESNa thiol 
reagent cleaves the intein from protein, forming a reactive thioester intermediate for subsequent ligation.   

 

3.2 Expression of UB~SR for the Protein Ligation Reaction 

Mutagenic studies have shown a highly conserved histidine playing an essential role in the 

mechanism catalyzing N to S-acyl rearrangement by protonating the amine leaving group (Figure 

3.2).96 The reversibility of the S to N and N to S-acyl transfer is extremely useful towards synthetic 

and biological applications of EPL and native chemical ligation reactions.  

 

Figure 3.2. Histidine Function in the N to S-Acyl Transfer. Histidine has been shown to assist in the N to 
S-acyl transfer mechanism, converting the peptide into a cleavable thioester intermediate. During this 
reaction, the carbonyl is susceptible to nucleophilic attack by the thiol group while histidine donates a 
proton to the amine leaving group, stabilizing the transitional intermediate.  
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UB probes containing an electrophilic C-terminus was generated by the EPL reaction. 

Donor UB was expressed as an intein fusion 9 and purified as a tagged-free protein using chitin 

affinity chromatography.  After binding to the beads, the protein rearranged to form a thioester 

intermediate 10. Unbound protein was eluted with chitin wash buffer (20 mM sodium phosphate, 

1mM EDTA, 1 mM TCEP, pH 7.2) and the protein was cleaved from the intein after overnight 

incubation at RT using 200 mM sodium 2-mercaptoethanesulfonate (MESNa) as represented in 

Figure 3.3A. However, due to low binding capacity of the chitin beads, protein was collected in 

the flowthrough and wash fractions. To combat this, flowthrough fractions can be repeatedly 

incubated with resin and the remaining protein further purified. Nevertheless, tagged-free 

UB~MESNa 29 was synthesized as a C-terminal thioester, confirmed by ESI, and subjected to the 

NCL reaction. (Figure 3.3B).97 

Figure 3.3. Purification of Donor UB to Generate Activated Thioester. (A) After internal rearrangement, 
the intein was cleaved by MESNa thiol reagent to yield tagged-free UB~MESNa, a thioester intermediate 
for the NCL reaction. (B) Chitin purification of donor UB. Left to right: flowthrough, wash 1, wash 2, 
elution. (C) ESI analysis for UBSR.  
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Figure 3.5. HPLC Purification of Donor UB. HPLC chromatogram for donor UB showing a retention 
time from 18-28 min. 

 

3.3 Assembly of Peptides through Native Chemical Ligation 

The C-terminal thioester on distal UB 29 was coupled with the N-terminal Cys on proximal 

UB 8 to achieve native peptide bond formation between the two peptides. As mentioned, the 

important feature of this reaction is intramolecular rearrangement involving nucleophilic attack of 

an electron-rich nitrogen on the ester carbonyl 12 resulting in a thermodynamically stable S to N-

acyl shift, forming diUB 3 with a native amide peptide bond (Figure 3.6).99 Consequently, the C-

terminal G76C functionality is installed as a key intermediate for conjugating UB to the catalytic 

Cys residues of DUBs. 
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Figure 3.6. Native Chemical Ligation. Fusion between two peptides: one containing a cleavable thioester 
at the C-terminus and another containing a nucleophilic N-terminal Cys. S to N rearrangement facilitates 
the formation of a stable peptide bond.   
 

Donor UB and acceptor UB peptides were conjugated by NCL, and the reaction was 

monitored over 4 h to determine complete coupling proficiency. Tagged-free UBSR and UBSR 

containing an N-terminal AP tag were conjugated to UB-K48CysK and UB-K63ThzK, therefore 

producing 4 diUB conjugates: K48-diUB (Figure 3.7A), K63-diUB (Figure 3.7B), K48-diUB-

AP (Figure 3.7C), and K63-diUB-AP (Figure 3.7D). Tagged free donor UB was used in excess 

(5-6 mg, 1.5 equiv, 8.5 kDa) to ensure complete formation of diUB and consumption of acceptor 

UB (3-4 mg, 1.0 equiv, 11.5 kDa). Only 1 equiv of donor UB possessing an N-terminal AP tag 

(11.4 kDa) was utilized for the ligation reaction. Formation of the diUB product was monitored at 

0, 2, and 4 h time intervals, although formation of diUB is visualized immediately at 0 h for every 

reaction. This could be due to high nucleophilicity of UB-CysK to the C-terminus of UB~MESNa. 
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of 6xHis tag. Mono UB (UB-CysK) and the diUB product itself are similar in structure carrying a 

bound 6xHis and HA tag, while donor UB is tag free or bears an N-terminal AP tag. The K48-

diUB and K63-diUB conjugates without AP tag are eluted with high concentration imidazole 

buffer (250 mM) and visualized by Coomassie which show diUB, monomeric UB, and an upper 

molecular weight impurity band (Figure 3.8A and Figure 3.8B). After NTA purification, 

approximately 5 mg of diUB was recovered for the K48-linked probe and the amount for the K63-

linked probe was recovered by 2-fold. Recent studies have shown that K63 dimers adopt an open, 

extended structure while K48 chains form tight dimers at the interface, achieving closed 

conformation.100 This could explain differences in reaction yields and modification of UB. The 

K48-diUB and K63-diUB conjugates with N-terminal AP tag were purified in the same manner to 

afford the diUB band, mono UB, and upper molecular weight impurity (Figure 3.8C and Figure 

3.8D).   

 
Figure 3.8. NTA Purification of K48 and K63-DiUB. (A) NTA purification of K48-linked diUB. Left to 
right: flowthrough, lysis, wash 1, wash 2, elutions 1-3. (B) NTA purification of K63-linked diUB. Left to 
right: flowthrough, lysis, wash 1, wash 2, elutions 1-5. (C) Purification of K48-linked diUB with AP tag. 
left to right: flowthrough, lysis, wash 1, wash 2, elutions 1-5. (D) Purification of K63-linked diUB with AP 
tag. Left to Right: flowthrough, lysis, wash 1, wash 2, elutions 1-5. 
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biotin conjugation to the N-terminal AP tag (Figure 3.10A, E1-E6). No traces of biotinylated 

diUB were visualized in the flow and wash fractions. The same purification technique was 

successfully employed for the biotinylated K63-linked diUB visualized by the strong signal in the 

elution fractions (Figure 3.10B, E1-E7). However, traces of biotinylated protein were obtained in 

the flowthrough and wash fractions due to low binding capacity of nickel beads or high 

concentration of imidazole in the wash buffer.  

 

 

Figure 3.10. Biotinylation of DiUB Catalyzed by BirA. (A) Western blot analysis for biotinylation of K48-
diUB-AP probe using streptavidin as a secondary antibody to label the covalent modification. Left to right: 
flowthrough, lysis, wash 1, wash 2, elutions 1-6. (B)  Western blot analysis for biotinylation of K63-diUB-
AP probe using streptavidin as a secondary antibody to label the covalent modification. Left to right: 
flowthrough, lysis, wash 1, wash 2, elutions 1-7.  
 

3.5 Discussion 

In this chapter, diUB conjugates of defined linkages were constructed by ligating the 1-

amino-2-thiol functionality of acceptor UB with the C-terminal thioester of donor UB through 

applications of EPL and native chemical ligation. In this synthetic exertion, chitin affinity 

purification was utilized to cleave donor UB from the intein fusion upon intramolecular N to S 

rearrangement rendering an active form of a C-terminal thioester. UBSR was purified in high yield 

(40 mg/2L), although some unbound protein was eluted before cleaving with the MESNa thiol 
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reagent. Due to low capacity of chitin resin regarding the high amount of expressed protein, it is 

suggested to rebind and incubate the protein with chitin resin an additional time. An N-terminal 

AP-tag was also introduced into the pTBX1-UB(G76)-intein vector encoding donor UB bearing 

an N-terminal tag and the protein was expressed in the same approach. The tag was installed for 

biotin conjugation and its labeling with high-affinity streptavidin beads to confirm synthesis of the 

ligation handle and detect reactivity of the probe towards selective DUBs both in vitro and within 

the cell.  

The two donor UB peptides were successively ligated to K48 and K63 specific acceptor 

UB by NCL to prepare diUB conjugates of defined linkages that convey specific properties of the 

protein. The most intrinsic feature of this reaction is the S to N-acyl rearrangement to form a stable, 

native isopeptide linkage between the two monomers. Furthermore, a G76C thiol functionality was 

installed at the C-terminus as a key intermediate for DUB profiling or as a nucleophilic warhead 

to variable enzymes. DiUB formation was visualized instantaneously at 0 h, suggesting high 

reactivity of the N-terminal Cys with active UB~MESNa thioester or a low activation energy. 

Formation of diUB during the short time frame indicates the intramolecular rearrangement 

proceeds in a quick manner.  

Incredible efforts have been established to maximize yields and quality control during each 

synthetic step of diUB production. Affinity purification, HPLC, and buffer exchange systems were 

utilized to remove excess reagents, salts, and other impurities that could hinder stability of the 

protein or react to yield unwanted side reactions. The method of diUB synthesis could encourage 

the production of a wide range of diUB conjugates with distinct functionality to aid in elucidating 

the mechanisms and binding interactions of enzymes. More importantly, diUB conjugates for 

every linkage-type could be synthesized as key intermediates for probing activity of protein. This 
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4 ASSESSMENT OF UB CHAIN TOPOLOGIES: SYNTHESIS OF DIUB 

CONJUGATES TO PROBE DUBS, E2S, AND E3S 

C-terminal electrophiles have been extensively utilized as ABPs to catalytically trap 

selective DUBs that play an integral role in UB regulation. Dehydroalanine (Dha) functions as an 

electrophilic handle that is generated upon thiol elimination of the G76C functionality at the 

isopeptide linkage site. This chapter outlines the methodology, experimental procedures, and 

materials to generate diUB with Dha functionality which are vital probes for assaying chain 

specificities of DUBs. Here I primarily employed methods such as protein purifications, cell lysate 

assays and high-affinity immobilization, to monitor and label enzymatic activity with both diUB 

and Dha functionalized probes. 

Dr. Han Zhou first utilized the diUB intermediate containing G76C functionality to form 

disulfide bond formation through conjugation with E2 enzymes and E3 ligases. He successfully 

showed disulfide conjugation of catalytically active Nedd4, Ube2S, and HUWE1 enzymes to 

linkage-specific diUB, confirming their substrate specificity. Ube2S assembles K11-linked UB 

and was therefore conjugated with the synthesized K11-linked diUB through disulfide formation. 

The same conditions were achieved with the two HECT E3s. HECT E3s make up a large number 

of distinctly unique E3s that exploit different binding interactions to facilitate substrate 

ubiquitination on a target. Understanding these enzymes are critical because they usually are 

composed of multicellular subunits, making their interactions difficult to map. With the help of 

Dr. Xuan Fu, I converted the catalytic Cys to Ala for the three designated enzymes and tested their 

reactivity to the appropriate linkage-specific diUB conjugate. As expected, the enzymes were not 

conjugated through disulfide formation, confirming reactivity of the catalytic active site towards 
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mechanisms behind such protein interactions remain unrevealed.33, 34, 101 Therefore, investigating 

the linkage specificity of polyUB chains governed by E2s or E3s is detrimental in understanding 

regulatory processes.  

 

 

 
Figure 4.1.UB Transfer and Elongation. (A) UB transfer from E2 enzyme to E3 via transthioesterification. 
E3s that have a catalytic Cys exploit this mechanism of UB transfer. (B) Elongation when UB is added to 
a growing chain. E2s are believed to control linkage-specificity of a UB chain when they coherently work 
with E3 ligases that do not have a catalytic Cys. E2s facilitate the direct transfer of UB to a substrate and 
these actions are governed by positioning of nucleophilic UBA towards the UBD~E2 intermediate. 

 

The binding affinity between E2 and E3 domains are substantially weak (Kd values in the 

micromolar range) and many E3s do not contain a catalytic Cys, which renders cell lysate profiling 

of E2s/E3s rather difficult, compared to DUBs.1, 34 In vitro assays including inhibitor screens and 
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Previous studies have suggested that the E2~UB intermediate exists as an unrestrained 

structure that undergoes conformational change when bound to RING-type E3s for direct transfer 

to the substrate. In contrast, E2~UB intermediates remain in an open configuration when bound to 

HECT or RBRs, indicating transfer of UB from the E2 active site of E3. It also indicates a different 

mode of reactivity for the E2 enzyme depending on the type of E3 it associates with.103 

 

 

 

Figure 4.3. E2~diUB Disulfide Formation.E2s and E3s can be conjugated through disulfide bonds using 
a DTNB crosslinking reagent. This is useful for in vitro assays to study the interactions of E2/E3s enzymes 
and their substrates or networking proteins.  
 

A distinctive feature of HUWE1 E3s is possession of a catalytic C-terminal HECT domain 

bearing N-terminal and C-terminal lobes connected by a linker that separates the E2 binding region 

and catalytic Cys (Figure 4.4). The HECT N-lobe has been suggested to stabilize of the HECT by 

modulating autoubiquitination of HUWE1. The HECT domain was shown to exist as an 

asymmetric dimer that adopts two conformations consisting of thumb helix and pointer helix 

segments.104 
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Figure 4.4. HUWE1 HECT Domain. Crystal structure for the HECT domain of HUWE1 bearing an N-
terminal extension. (Sonja Lorenz et al, 2017) 

 

HUWE1 has been shown to play a fundamental role in stress response, cell growth, and 

signal transduction. HUWE1 targets Myc oncoproteins and p53 in tumor development as well as 

other proteins involved in DNA damage response through K48-linked mono and 

polyubiquitination.13, 104 HUWE1 has also been reported to promote substrate degradation by K27-

linked and K63-linked polyubiquitination as well as through K48-K63 branched conformations.37, 

39 HUWE1 containing six HECT domain Cys residues were mutated to Ala except for the catalytic 

Cys, C4341. The recombinant protein bearing an N-terminal His and cleavable HRV-3C tag was 

transformed into BL21 cells. Following expression (Figure 4.5A), the protein was purified 

utilizing Ni-NTA chromatography and the HRV-3C tag was cleaved by a 3C protease (Figure 

4.5B).  
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Figure 4.5. Expression and Purification of HUWE1. (A) Expression of HUWE1. Left to right: 
flowthrough, lysis, wash 1, wash 2, elutions1-5. (B) NTA Purification of tagged-free HUWE1 by cleavage 
with 3C protease.  
 

To probe chain specificity of HUWE1 and characterize the active form of HECT E3 

HUWE1, we generated disulfide formation between K48-diUB containing a G76C mutation and 

the tagged free HUWE1. TCEP treated HUWE1 (2 equiv) was incubated in DTNB solution for 30 

minutes and further reacted with the probe (1 equiv.). Formation of the protein complex was 

complete after 1 h, confirmed by SDS-PAGE and Coomassie staining (Figure 4.6). To ensure 

nucleophilicity of the diUB probe towards HUWE1, we generated Cys-free mutants bearing six 

HECT domain mutations: C4099A, C4126A, C4184A, C4211A, C4341A, C4367A as a negative 

control using the same DTNB approach. Indeed, the mutants showed no reactivity towards the 

K48-diUB conjugate, confirming reactivity of the G76C functionality. 

HUWE1+His
HUWE1

A B
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Figure 4.6. Conjugation between 
K48 diUB and HECT Domain of 
HUWE1. Reactivity of K48 diUB 
with HUWE1 forms an upper 
molecular weight band as a result of 
conjugation between the two 
proteins. Mutation of the catalytic 
Cys hinders formation of the 
complex. Lane 1: K48 diUB, lane 2: 
HUWE1, lane 3: HUWE1-diUB. 
Mutation of catalytic and non-
catalytic Cys residues prevent 
disulfide formation. Lane 4: K48 
diUB, lane 5: HUWE1, lane 6: 
HUWE1(C4341A)-diUB. 
 

UB chain specificity of the HECT E3 ligase NEDD4 was also examined. Nedd4 is 

structurally different compared to other HECT E3 members. The crystal structure of Nedd4-1 

reveals a UB binding site within the N-lobe and two exposed Cys residues, the catalytic Cys867 (C-

lobe) and noncatalytic Cys627 (N-lobe). The two lobe regions are separated by a linker region. 

(Figure 4.7). Nedd4 E3 ligases target substrates through assembly of K63-linked chains and are 

commonly exploited in cardiac regulation. 39  

 

Figure 4.7. NEDD4 HECT Domain. Crystal structure for HECT domain of NEDD4-1 with UB bound 
noncovalently to N-lobe exosite. Linker separates the N and C-lobes. (Sonja Lorenz et al, 2018) 
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The Nedd4 protein in this study contained two non-catalytic Cys residues: Cys627 and 

Cys778 that were mutated to Ala and the vector transformed into BL21 cells. NEDD4 was 

expressed, purified (Figure 4.8A), and cleaved with a similar 3C protease (Figure 4.8B). The 

NEDD4 protein bearing an exposed catalytic Cys, C867 (2.0 equiv), was treated with DTNB and 

reacted with K63-diUB (1.0 equiv) for 1 h at 37 oC to afford the disulfide complex (Figure 4.8C). 

Simultaneously, Cys-free mutants bearing three HECT domain mutations: C627A, C778A, and 

C867A were used as a negative control applying the same reaction approach. 

 

 
 
Figure 4.8. Expression and Purification of NEDD4. (A) Expression of Nedd4 HECT E3. Left to right: 
flowthrough, lysis, wash 1, wash 2, elution 1-2. (B) NTA purification of NEDD4 after His cleavage. (C) 
NEDD4 catalytic Cys, C86, reacts with the G76C thiol on K63 forming a disulfide bond. Mutations of 
catalytic and non-catalytic Cys prevents disulfide formation. Lane 1: K63-diUB, lane 2: NEDD4, lane 3: 
NEDD4-diUB. Mutation of catalytic and non-catalytic Cys residues prevent disulfide formation. Lane 4: 
K63 diUB, lane 5: NEDD4, lane 6: NEDD4(C867A)-diUB. 
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To probe chain specificity of and characterize the active form of Ube2S, the noncatalytic 

C118 residue within the UBC domain was mutated to Ala. The UBC domain of Ube2S was 

expressed with a cleavable N-terminal His-SUMO tag and purified utilizing NTA affinity 

chromatography upon SUMO cleavage with Ulp1 protease (Figure 4.10). 

 

 
 

Figure 4.10. Expression and Purification of Ube2S. Flowthrough, Lysis, Wash 1, Wash 2 showing no 
eluted Ube2S. Ube2S-His elutions 1-5 after washing with elution buffer containing highconcentration of 
imidazole. Ube2S is cleaved with Ulp1 protease and purified by NTA purification (E8-E10). 
 

Disulfide formation was achieved by conjugation between the catalytic Cys residue of 

Ube2S-TNB and a K11-linked diUB conjugate. Considering that Ube2S-TNB and K11-diUB are 

similar in molecular weight, a 1:4 ratio of E2 to diUB was best for completion of the reaction. Cys-

free mutants were constructed by a C95A and C118A mutation (Figure 4.11).  
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Figure 4.11. Conjugation of K11 diUB 
with Ube2S. Reactivity of the Ube2S 
catalytic Cys C95 with K11 diUB 
containing C-terminal thiol. Lane 1: K11 
diUB, lane 2: Ube2S, lane 3: Ube2S-diUB. 
Mutation of catalytic and non-catalytic Cys 
residues prevent disulfide formation. Lane 
4: K11 diUB, lane 5: Ube2S, lane 6: 
Ube2S(C95A)-diUB. 
 

 

4.2 Dehydralanine Formation: Overview 

The development of UB-based ABPs represent a powerful tool for the detection, 

quantification, and structural analysis of DUBs. Their main advantage is to covalently label DUBs 

with high selectivity for purification and proteomic analysis. Consequently, linkage-specific diUB 

probes are extensively utilized for the detection of DUBs both in vivo and in vitro.78 

DUBs hydrolyze peptide bonds between UB and a substrate or within UB chains to 

modulate ubiquitination and the mode of chain cleavage is a factor that governs the duration of the 

cellular signal. DUBs have evolved specificities for cleavage at specific positions within the UB 

chain or linkage types through differential binding regions and catalytic activities. Members of the 

USP family have been shown to exhibit base cleavage by removing UB chains from the substrate 

while others cleave internally (many OTU DUBs).106-108 Some DUBs display exquisite linkage 

specificity by only cleaving a distinct set of UB-linkage types, while other DUBs demonstrate 

promiscuity and cleave many linkages. The K48-linked diUB and K63-linked diUB conjugates 3 

previously conjugated to E2s and E3s via disulfide formation were converted into Dha functionalty 

4 as an electrophilic trap towards variable DUBs (Figure 4.12). DUB reactivity toward the 

linkage-specific probes were investigated.109  
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Figure 4.12. DUB ABP Profiling. Dha is utilized as a tool for probing activity of DUBs. 
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Figure 4.16. Thiol Elimination of UBK11C. (A) Dethiolation reaction of UBK11C by DBAA. (B) 
MALDI characterization of Dha formation at 2h. Dha formation is visualized, but full conversion is not 
achieved. Calculated: 11909. (C) Zoomed in MALDI from B. (D) MALDI characterization of Dha 
formation at 4h. Full conversion of UBK11C. Calculated: 11909. 
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The scheme for K48-Dha and K63-Dha formation is shown (Figure 4.18A and Figure 

4.19A). Conversion of K48-diUB 3 to K48-Dha 4 was confirmed by MALDI analysis to show the 

molecular weight decrease by loss of the thiol group (Figure 4.18B and Figure 4.18C). 

Conversion of the K63-linked probe was also analyzed by MALDI analysis (Figure 4.19B, Figure 

4.19C). In the spectra, other fragmented peaks corresponding to mono UB and donor UB are 

visualized. DiUB conjugates containing AP tag were also subjected to the same reaction conditions 

(not shown).  

 

 
 
 
 
Figure 4.18. Installation of Dha Functionality for K48-linked diUB. (A) K48-Dha formation generalized 
scheme. (B) MALDI analysis for the K48-diUB conjugate. Calculated: 19632. (C) MALDI analysis for 
conversion of K48-diUB to Dha. Molecular weight confirms loss of thiol. Calculated 19600. 
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Figure 4.19. Installation of Dha Functionality for K63-linked diUB. (A) K63-Dha formation generalized 
scheme. (B) MALDI analysis for the K63-diUB conjugate. Calculated: 19632. (C) MALDI analysis for 
conversion of K63-diUB to Dha. Molecular weight confirms loss thiol. Calculated: 19600. 
 
 
4.6 Verification of Di-Ubiquitin Reactivity with Selective DUBs 

K48 and K63 ABPs were subjected to react with the catalytic active site of DUBs, yielding 

a stable covalent adduct (Figure 4.20). The constructed ABPs were designed to report the 

selectivity of DUB that mediate cleavage of the chains.56 After verification by MALDI analysis, 

the probes (without N-terminal AP tag) were treated with a reducing agent to prevent disulfide 

bond formation within the protein. DUB selectivity toward K48 and K63 ABPs, was initially 

investigated by monitoring the reactivity in vitro with a select panel of DUBs from the OTU and 

USP families. The acceptor UB component of Dha 4 encompasses an N-terminal HA tag to allow 

detection of the reaction using anti-HA antibody. DUBs which recognize the specificity of the 

chain form a covalent adduct 5 with Dha and can be monitored utilizing either Coomassie or 

western blot analysis.  
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Figure 4.21. OTUB1 Selectivity with K48-diUB-Dha. Reactivity of OTUB1 and K48-linked probe was 
monitored over a course of 6 h to determine the best labeling activity. Orange and blue spheres represent 
diUB probe. Green sphere corresponds to OTUB1. 

 

The K48-ABP was further treated with two other DUBs: otubain-2 (OTUB2) and 

ubiquitin-specific protease 2 (USP2) using the same conditions. OTUB2 similarly belongs to the 

OTU family DUBs, however differences in accessibility to the active site and binding surfaces 

suggest a distinct mode of substrate specificity.111 Current studies have shown the promiscuity of 

OTUB2 by cleaving a variety of substrates, including K11, K48, and K48 chains. The N-terminal 

regions may offer reasoning for selective cleavage in which the N-terminus of OTUB2 is shorter 

than OTUB1 and lacks the necessary residues to control cleavage specificity.111 The labeling 

activity of OTUB2 with the synthesized K48 probe showed a similar trend to OTUB1. Coomassie 
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analysis showed reactivity of the DUB with the probe at 0 h and western blot analysis confirmed 

an increase in labeling activity over time (Figure 4.22).  

 

Figure 4.22. OTUB2 Selectivity with K48-diUB-Dha. Reactivity of OTUB2 with K48-linked probe was 
monitored over a course of 6 h to determine the best labeling activity. Orange and blue spheres represent 
diUB probe. Red sphere corresponds to OTUB2. 

 

USP2 is a multifunctional DUB and has shown to play roles in the removal of K48-linked 

and K63-linked polyUB through association of different signaling receptors RIP1 (receptor-

interacting serine/threonine-protein kinase 1) and TRAF2 (TNF receptor-associated factor 2). 

Upon reacting with the K48-linked Dha, USP2 showed selective labeling at 4 h, but the band 

intensity on the Coomassie and western blots indicate relatively small labeling activity, compared 

to OTUB1 and OTUB2 activity towards the probe (Figure 4.23). Most USPs contain terminal 

extensions with additional binding domains and the results could suggest that USP2 only cleaves 
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4.7 Verification of diUB Probe Activity with Biotin-Cys Conjugates 

DUBs that recognize specificity of the chain form covalent adducts, and the reaction can be 

monitored using a high affinity streptavidin reagent (Figure 4.25). Four full-length recombinant 

DUBs were expressed (OTUB1, OTUB2, USP2, and AMSH) and reacted with K48-linked (Figure 

4.26) and K63-linked (Figure 4.27). Dha probes synthesized with an N-terminal AP tag. 

 
Figure 4.25. Labeling of Biotinylated Probe with High-Affinity Streptavidin Reagent. DUBs which 
recognize specificity of the synthesized probe form covalent adducts. The reaction can be monitored with 
streptavidin due to high affinity toward the biotinylated N-terminal AP tag on donor UB. DUBs that do not 
react with the probe will show no labeling activity.   

 

The probes were initially tested with the non-specific OTUB2, which shows promiscuity and 

cleaves several linkage types. As expected, both K48 and K63-AP tagged ABPs showed efficient 

reactivity with the DUB. The probes were further treated with K48 chain specific OTUB1, 

K48/K63 chain specific USP2, and associated molecule with the SH3-domain of STAM (AMSH). 

AMSH is a member of the JAMM DUBs that is known to have enzymatic activity toward both 
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Figure 4.27. Linkage Specificity of Variable DUBs toward K63-diUB-Dha. The reactivity of four DUBs: 
OTUB1, OTUB2, AMSH, and USP2 was tested toward linkage-specific K63-Dha-AP probe. 

 

4.8 Cell-lysate based DUB Profiling 

Cell lysate-based DUB profiling has been widely used in investigating the function and 

activity of DUBs. Cell lysate assays are intrinsic as DUBs retain their native form, bound to many 

other interacting proteins necessary for regulating cellular activities. Due to this feature, 

mammalian cell assays can confirm enzymatic activity within an entire intracellular 

environment.55 Here the activity of K48-linked and K63-linked ABPs were further tested toward 

DUBs in cell lysate. The scheme is shown (Figure 4.28).  To profile the activity of DUBs, 

mammalian cells were cultured and lysed to afford a supernatant containing many enzymes. Dha 

probe is directly incorporated into the cell lysate and the reaction for covalent adducts are 
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analysis, such as mass spectrometry. Cell lysates conjugated to diUB that were bound to high-

affinity resin and washed with urea showed a higher labeling detection, compared to the Tris-

containing buffer. This may suggest that urea plays a key role in solubilizing native protein to 

afford efficient detection by use of a labeling reagent. The K63-probe also showed a stronger 

labeling signal, which may indicate the probe as being more reactive than the K48-Dha. Dha was 

probed in cell lysate transfected with OTUB1 and washed with the Tris-containing buffer. A 

comparison reaction using urea as the washing reagent could be helpful. Other linkage-specific 

DUBs can bet transfected in the cell and their activity can be monitored through the same labeling 

techniques. Futhermore, DUB specificity can be verified utilizing atypical linkages, such as K6, 

K27, K29, and K33 to better understand their functions.   

 

4.10 Methods and Materials 

4.10.1 Conjugation of diUB with Ube2S and HECT domains of HUWE1 and Nedd4 

Ube2S (UBC domain, single-Cys variant (C118A) and single Cys-free variant) was 

expressed in BL21 (DE3) cells as a His-SUMO fusion and purified with Ni-NTA affinity 

purification protocol. Ulp1 was used to cleave the SUMO tag and the protein purifies with a 

HisTrap affinity column (Cytiva). HUWE1 and Nedd4 HECT domains (both single-Cys and Cys-

free variants) were expressed in BL21 (DE2) cells with an N-terminal His-tag. Upon purifation 

with Ni-NTA, 3C protease was used to cleave the His-tag, and the tag-free HECT domain variants 

were purified with a HisTrap affinity column (Cytiva). DiUB and E2 or E3 with a single Cys was 

dissolved in crosslinking buffer (25 mM Tris, 50 mM NaCl, pH 8.0), pretreated with 5 mM TCEP 

(pH 8.0) and incubated at 37 oC for 30 min to reduce disulfide formation. The diUB and E2 or E3 

were desalted with a 10 kDa concentrator separately by adding 5 mL crosslinking buffer to the 
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4.10.5 In situ Activity-Based Protein Profiling 

HEK293T cells were cultured at 37 oC under 5% CO2 conditions in 2 mL DMEM media 

supplemented with 10% FBS in 75 cm2 plates. At 95% confluency, the media was removed and 

the cells were washed with ice cold PBS buffer. The cells were then digested from the plate and 

collected by centrifugation. The cell pellet was resuspended with ice cold PBS followed by 

centrifugation to remove the supernatant. The pellet was further resuspended with buffer B (25 

mM Tris-HCl, 150 mM NaCl, 0.13% NP-40, 1 mM EDTA, 5% glycerol, pH 7.4) and sonicated 

for 40 cycles. Lysates were clarified by centrifugation at 13,000g for 10 minutes at 4oC and the 

supernatant was transferred to a new tube. Freshly washed high-capacity streptavidin beads were 

incubated with cell lysate and agitated for 1 h at 4 oC. The lysate supernatant was collected by 

centrifugation at 100g for 3 min and treated with Apyrase to hydrolyze excess ATP at 30 oC for 

30 min. The protein concentrations in the cell lysates were measured with a BSA assay and treated 

with diUB probes for 4 h at 37 oC. The reaction mixture was incubated with either high-capacity 

streptavidin or Ni2+ beads overnight at 4 oC. The supernatant was removed and the beads further 

washed with either buffer B (three times) or solubilized urea buffer using the following gradient 

system: (urea wash buffer C, 8 M urea, 200 mM NaCl, 2% SDS, 100 mM Tris-HCl), (urea wash 

buffer D, 8 M urea, 200 mM NaCl, 0.2% SDS, 100 mM Tris-HCl), (urea wash buffer E, 8 M urea, 

200 mM NaCl, 100 mM Tris-HCl). After washing, the beads were resuspended in 20 uL of buffer 

B. A 6X DTT loading dye was added and the reaction mixture was heated to denature the proteins. 

The reaction was then monitored by SDS-PAGE and western blot analysis.  

Construction of Cysteine free mutants of Ube2S (C95A/C118A), HECT domain of 

HUWE1 (C4099A/C4126A/C4184A/C4211A/C4341A/C4367A), and HECT domain of Nedd4 

(C627A/C778A/C867A). A pET-Ube2S plasmid with a single-Cys (C118A) residue was used as 
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We also probed DUB chain-specificity in HEK293 cells to test their reactivity to the K48 

and K63-linked diUB conjugate. Many enzymes selectively labeled the probes, however, further 

proteomic studies are needed to confirm modification and structure of the proteins.  

Furthermore, analyzing these reactions could help in understanding the DUB mode for 

substrate binding at the cellular level and how they are controlled by specific regulators. It could 

also help to offer knowledge on why DUBs have a preference in cleaving certain chains. Because 

DUBs are involved in numerous biological processes including DNA repair, signal transduction, 

and cell cycle regulation, understanding their functions could help elucidate the mechanisms 

involved in UB signaling. This opens the opportunity for therapeutic drug design and discovery.  
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Figure A.1. 1H-NMR analysis of 1-(tert-butyl) 2-(2,5-dioxopyrrolidin-1-yl))-
pyrrolididine-1,2-dicorboxylate (22) 
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Figure A.2. 1H-NMR analysis of N-Boc-L-thiazolidine-N-Boc-L-Lysine (24) 
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Figure A.3. 1H-NMR analysis of methyl N-Boc-L-thiazolidine-N-Boc-L-Lysinate (17)  

 



116 

 

 

Figure A.4. 1H-NMR analysis of N-Boc-L-Thiazolidine-L-Lysinate (6) 
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Figure A.5. 13C-NMR analysis of 1-(tert-butyl) 2-(2,5-dioxopyrrolidin-1-yl))-

pyrrolididine-1,2-dicorboxylate (22) 
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Figure A.6. 13C-NMR analysis of N-Boc-L-thiazolidine-N-Boc-L-Lysine (24) 
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Figure A.7. 13C-NMR analysis of methyl N-Boc-L-thiazolidine-N-Boc-L-Lysinate (17) 
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Figure A.8. 13C-NMR analysis of N-Boc-L-Thiazolidine-L-Lysinate (6) 
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Figure A.10. ESI for 1-(tert-butyl) 2-(2,5-dioxopyrrolidin-1-yl))-pyrrolididine-1,2-
dicorboxylate (22) 
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Figure A.11. ESI Characterization of N-Boc-L-thiazolidine-N-Boc-L-Lysine (24) 
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Figure A.12. ESI Characterization of methyl N-Boc-L-thiazolidine-N-Boc-L-Lysinate 

(17)  
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Figure A.13. ESI Characterization of N-Boc-L-Thiazolidine-L-Lysinate (6) 
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