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Abstract 

Ubiquitin (Ub) is a small modifying protein abundant in cells where it serves numerous 

regulatory roles including immune signaling, transcriptional regulation, and proteostasis. To 

exert its function, Ub covalently interacts with a series of E1, E2, and E3 enzymes before final 

substrate modification. Dysregulation of Ub signaling has implications in human maladies 

such as cancer, autoimmune disorders, and neurodegenerative diseases. In these diseases and 

associated in cellulo models, modifications to Ub serve an additional role in Ub regulation. 

Post-translational modifications like acetylation or phosphorylation modulate protein-protein 

interactions and Ub signaling. To understand how acetylation of Ub alters the central E2 step 

in the Ub cascade, we used orthogonal translation to synthesize seven unique versions (K6, 

K11, K27, K29, K33, K48, or K63) of acetylated Ub (acUb) and showed them to be competent 

in RING and HECT-type ubiquitination experiments. We then created a library of acUb 

proteins labeled with the CyPet fluorophore, and in conjunction with the YPet-labeled E2 

proteins UBE2D1 and UBE2L3, we optimized a Förster Resonance Energy Transfer (FRET) 

experiment that highlighted how Ub acetylation modulates the catalytic activity of the E1 

protein UBA1. We found that Ub acetylation at most sites significantly altered the formation 

of both the UBE2D1~Ub and UBE2L3~Ub conjugates. The unloading of the UBE2D1~Ub 

and UBE2L3~Ub conjugates was then evaluated with the acUb proteins in the presence of 

small nucleophiles. Our findings that both E2 proteins were sensitive to nucleophilic cysteine 

prompted the use of cysteine-dependent E3 proteins IPAH3 and HUWE1 to study how acUb 

alters transthiolation from the E2 protein to an E3 ligase. We used Nuclear Magnetic 

Resonance (NMR) spectroscopy to study conformation of the UBE2L3~Ub and acUb 

conjugates. Together, these sets of experiments demonstrated that a subset of the acUb proteins 

were ineffective in supporting E3 function likely through E2~Ub conformational changes and 

E3-chain building preference. Overall, we provide the first analysis of the complete set of acUb 

proteins and how they modulate E2-dependent steps in ubiquitination. We expect our data will 

guide future experiments to understand the full involvement of Ub acetylation in regulating 

cellular processes.  
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Summary for Lay Audience 

Our bodies are made of tiny compartments called cells. These cells are controlled by a variety 

of factors, one of which are protein molecules. One protein called ubiquitin is responsible for 

the maintenance of our cells. Similar to how a handyman is called upon to build, fix, or destroy, 

ubiquitin helps guide the body to make new proteins, repair damaged structures, and remove 

unneeded components. An incapacitated handyman is detrimental to your life, as is an 

incapacitated ubiquitin. When this protein cannot exert its handyman function, the chance of 

diseases like cancer, Parkinson’s, or Alzheimer’s increases. 

The job of a handyman depends on the function of their vision and their hands: wearing 

sunglasses or thick gloves might alter how quickly their work is done. Ubiquitin is the same 

way: changing certain physical aspects has an impact on function. In my thesis, I have 

optimized a method to make physical changes to ubiquitin, and I created an experiment to 

examine how fast or slow ubiquitin can function with these changes. I found that most physical 

changes to ubiquitin mimic what might be expected of a handyman wearing thick gloves: 

slower overall, but still capable of getting the job done. 

The impairment in function caused by the physical changes is expected to cause a problem 

within cells, but the full effects are still unknown. Can ubiquitin compensate for physical 

changes to still get the job done? What exactly happens in cells when physical changes 

incapacitate ubiquitin? There are still many questions that remain to be answered, but my thesis 

provides an excellent foundation to continue studying physical changes to ubiquitin. It provides 

information on how the changes alter specific functions that might have unknown roles in 

various human diseases. 
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1  

Introduction 
 

 

1.1 Post-translational modifications  
Decoding of the messenger RNA transcript at the ribosome produces a linear protein 

structure that is capable of folding into tertiary and quaternary structures. After complete 

folding, most proteins are in their active state (ie. The state required for various roles in 

cells); but sometimes, other modifications to the structure of a protein are required. Most 

commonly, these extra modifications occur in the form of post-translational modifications 

(PTMs) and require the catalytic activity of a variety of other classes of proteins. 

Compared to the total size of a protein, PTMs are small modifications that occur at a 

specific site and contribute to overall protein charge, change protein conformation, or 

modulate interactions with other cellular components. PTMs such as acetylation, 

methylation, or phosphorylation occur on various polar residues. In addition to these 

smaller modifications, some PTM pathways covalently modify substrates with smaller 

proteins such as in ubiquitination, sumoylation, and neddylation. Table 1.1 highlights these 

common PTMs found on proteins. 
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Table 1.1. Common post-translational modifications. 

 

 

PTM pathways are typically circular, consisting of three main classes of proteins: writers, 

readers, and erasers. Accordingly, “writer” proteins are responsible for modifying the 

substrate with a PTM, “reader” proteins contain domains that recognize and bind a PTM 

to amplify signaling, and “eraser” proteins undo the modification to leave behind an 

unmodified substrate. Part of the complexity of PTM signaling networks arises in the 

Modification Modifier Structure Amino 
Acid(s) 

Mass 
Addition 

(Da) 

Cellular 
Roles 

Acetylation Acetyl 

 

Lysine 42.01 

Gene 
transcription, 

metabolic 
regulation 

Methylation Methyl  

Arginine, 
Lysine, 

Histidine 
14.03 

Gene 
transcription, 

signal 
transduction 

Neddylation 

Neural 
precursor cell 

expressed 
developmentally 
down-regulated 

protein 8 
(NEDD8)  

Lysine 8559.97 Metabolism, 
immunity 

Phosphorylation Phosphate 

 

Serine, 
Threonine, 
Tyrosine 

79.99 

Signal 
transduction, 

protein 
activation 

Sumoylation 
Small ubiquitin-

like modifier 
(SUMO) 1/2/3 

 

Lysine 
11132.53 
10608.91 
10524.83 

Metabolism, 
trafficking 

Ubiquitination Ubiquitin 

 

Lysine, 
Serine, 

Threonine 
8564.84 

Proteostasis, 
signal 

transduction 

 

CH3R

O

CH3

R

R

O P

OH

O

OH
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thousands of proteins known to write, read, or erase certain PTMs, and not all pathways 

are equally as complicated. For example, some PTM pathways are straightforward; that is, 

only one writer is required to modify a substrate protein. This is the case with PTMs like 

methylation and acetylation, where the writers require only a cofactor and the protein 

substrate. Other PTM pathways like ubiquitination, sumoylation, and neddylation require 

a hierarchy of enzymes that function cooperatively to modify substrate proteins. Finally, 

phosphorylation pathways are often a combination of these two extremes: sometimes a 

single phosphorylation event is necessary, but other times kinase activation cascades are 

required to amplify the necessary signal.  

To modify substrate function and the associated signaling, one-writer PTM systems 

frequently act to alter amino acid charge by either introducing (as in phosphorylation) or 

neutralizing charge (as in methylation or acetylation). Numerous proteins in cells have been 

observed to be post-translationally modified at one or more points in their natural lifecycle; 

and frequently, protein PTMs are dysregulated in various diseases. For example, 

phosphorylation has been implicated in several diseases including breast cancer [1–3], 

Parkinson’s [4,5], and Alzheimer’s [6–8]. Dysregulation of the acetylation pathways has 

ties to prostate and lung cancers [9,10] and Alzheimer’s disease [11,12]. For ubiquitination, 

modulated expression of numerous “writer” proteins has been observed to play roles in 

prostate, colorectal, and pancreatic cancers [13,14]. Additionally, ubiquitination is 

involved in immune [15], developmental [16], and neurological disorders [17,18]. 

1.1.1 Acetylation 

Among methylation and phosphorylation, acetylation is one of the most prevalent forms of 

single-writer modifications to occur post translation. It is a small covalent modification of 

the amine in the lysine side chain that was first characterized on histone proteins, where it 

was thought to play a role in RNA synthesis [19]. Years later, it is known that histones are 

highly acetylated proteins and various acetylation sites including Histone H3 Lys56 [20,21] 

and Histone H4 Lys16 [22] influence chromatin remodeling events necessary for 

transcriptional regulation. As a result of this early discovery, the writer enzymes discovered 

were named histone acetyltransferases (HATs). Years later, the finding that non-histone 
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proteins could also be substrates of these writers prompted their renaming to lysine 

acetyltransferases (KATs) [23]. Today, both terms are used interchangeably for protein 

lysine acetylation. 

KAT proteins simultaneously interact with a protein substrate and the cofactor acetyl-

coenzyme A to achieve its catalytic function, and the process of acetylation results in the 

release of coenzyme A, a hydrogen ion, and the protein substrate with an NƐ-acetyl lysine. 

In addition to the domains required for acetylation, various KAT proteins contain other 

domains crucial for signaling and various protein interactions. Based on 

compartmentalization, KATs can be separated into nuclear or cytoplasmic families. 

Nuclear KATs are currently the best understood and are implicated in several human 

cancers [24]; however, the cytoplasmic KATs are still largely uncharacterized. This is 

exacerbated by several challenges: 1) many substrates localize to both the nucleus and the 

cytoplasm, 2) acetylation sites are identified but frequently unmatched to specific KAT 

activity, and 3) multiple KAT proteins could target the same substrate lysine. As studies 

into cytoplasmic KAT activity become more abundant in the literature, development of 

specific KAT inhibitors and the advancement of mass spectrometry techniques will provide 

a better correlation between enzyme and substrate acetylation. 

To regenerate the natural substrate protein, deacetylase enzymes function to remove the 

acetylation signal. For simplicity, deacetylases can be separated into two groups based on 

their mechanism of function, but these groups can be further subdivided based on domain 

architecture and evolution [25]. The histone deacetylases (HDACs 1-11) are zinc-

dependent, while the Sirtuin proteins (SIRTs 1-7) are regulated by nicotinamide adenine 

dinucleotide (NAD+). These distinct mechanisms allow the development of inhibitors to 

selectively target a subgroup of deacetylases for the treatment of various diseases. 

In addition to chromatin remodeling and gene transcription, protein lysine acetylation has 

roles in metabolism and stress response, and it can modulate a variety of protein 

interactions. For example, acetylation of α-synuclein has an anti-aggregative effect [26], 

of Beclin-1 inhibits autophagy [27], and acetylation of p53 stabilizes its protein levels and 

promotes nuclear localization [28]. The multitude of outcomes associated with protein 
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acetylation demonstrates the importance of fully characterizing each acetyl protein, as one 

blanket outcome does not apply. 

1.1.2 Ubiquitination 

To ubiquitinate substrates, cells adhere to a linear pathway involving the E1, E2, and E3 

enzymes, which cooperate as a cascade of “writer” proteins. The abundance of the modifier 

ubiquitin (Ub) in cells allows for these enzymes to exist primed for ubiquitination. The 

initial step in ubiquitination requires the E1 activating enzyme and adenosine triphosphate 

(ATP) to sequentially adenylate the C-terminus of Ub and form a thioester linkage at the 

catalytic cysteine of the E1 protein (Cyscat(E1)) (Fig. 1.1). From here, recruitment of an E2 

conjugating protein permits a transthiolation reaction where the C-terminus of Ub is ligated 

onto the catalytic cysteine of the E2 protein (Cyscat(E2)). The E2∼Ub conjugate then gets 

recruited by an E3 ligase. E3 proteins make up the largest number of ubiquitination proteins 

and can be divided into two major mechanistic classes. The first and largest class of E3 

proteins are the cysteine-independent Really Interesting New Gene (RING) family of 

proteins [29]. RING E3 proteins act as scaffolds that bring the E2∼Ub and the substrate 

into proximity to enable ubiquitination. The second mechanistic class of E3 ligases are the 

cysteine-dependent ligases. This class includes the Homologous to E6-associated protein 

C-terminus (HECT) [30] and RING-inBetween-RING (RBR) [31] classes of proteins, 

which utilize a catalytic cysteine (Cyscat(E3)). The ubiquitination mechanism used by HECT 

and RBR E3 proteins is similar to the transthiolation reaction that occurs between the E1 

and E2 proteins, where these E3 proteins form a covalent E3∼Ub prior to covalent substrate 

modification. Uniquely, in addition to the catalytic domain, RBR ligases contain a RING 

domain that is required for E2∼Ub binding. For this reason, RBR E3 proteins are 

commonly referred to as having a hybrid RING/HECT mechanism but can ultimately be 

classified as cysteine-dependent ligases. Regardless of the family of E3 protein, other 

regions of the ligase bind and position a substrate so the target residue lies in proximity to 

the active thioester bond. Ubiquitination conventionally occurs on lysine residues of 

substrates where the formed bond (termed isopeptide bond) mimics a peptide linkage found 

naturally in proteins, though other linkages are becoming evident [32]. Substrate 

ubiquitination can be reversed with “eraser” proteins called deubiquitinating enzymes 
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(DUBs) that recognize and cleave the C-terminal isopeptide linkage to replenish the Ub 

pool in cells. The steps involved in the forward ubiquitination pathway (involving the E1, 

E2, and E3 enzymes) are discussed in more detail below in sections 1.2-1.4. 

 
Figure 1.1. Mechanisms of ubiquitination. 
The activity of the ubiquitination cascade results in substrate post-translational 
modification with ubiquitin. Two common mechanisms (cysteine dependent and cysteine 
independent) are highlighted, where the enzymes in the Ub cascade are labeled E1, E2, E3, 
and the substrate is labeled SUBS. The expanded box describes specific mechanisms 
involved in HECT (top), RBR (middle), and RING (bottom) pathways. 
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1.2 Ubiquitin activation 
1.2.1 Ubiquitin 

Ubiquitin (Ub), an 8.5 kDa protein, lies at the center of the ubiquitination PTM pathway. 

This 76-amino acid polypeptide is evolutionarily conserved and contains only three residue 

modifications from Saccharomyces cerevisiae to human (Ser vs. Pro 19, Glu vs. Asp 24, 

and Ser vs. Ala 28) [33]. Ub contains surfaces that enable its interaction with other 

macromolecules. The hydrophobic patch consisting of L8, I44, H68, and V70 (herein 

termed the I44 hydrophobic patch) (Fig. 1.2A) and the smaller I36 patch comprised of I36, 

L71, and L73 (Fig. 1.2B) mediate protein-protein interactions involving Ub [34]. Towards 

the N-terminus of Ub, there lies a TEK box motif comprised of K6, L8, T9, K11, E34, and 

I36 that enables DNA interaction (Fig. 1.2C) [35,36]. Further, there are seven lysine 

residues (K6, K11, K27, K29, K33, K48, and K63) (Fig 1.2D) and eleven serine, threonine, 

or tyrosine residues (T7, T9, T12, T14, S20, T22, T55, S57, Y59, S65, T66) (Fig. 1.2E) in 

Ub that can be sites for modification with the appropriate PTMs.  

 
Figure 1.2. Interacting regions of ubiquitin. 
The structure of ubiquitin is shown as a cartoon and a semi-transparent surface 
representation is shown (PDB: 1UBQ). Regions of importance are highlighted as (A) the 
I44 hydrophobic patch, (B) the I36 hydrophobic patch, (C) the TEK box, and residues of 
post-translational modification: (D) lysines, and (E) serines, threonines, and tyrosine. 

 

1.2.2 Ub-activating enzyme 1 (UBA1) 

The most abundant E1 protein specific to Ub is a large 117 kDa protein called Ub activating 

enzyme 1 (UBA1). It is arranged into five structural domains (First and Second Catalytic 
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Cysteine Half (FCCH, SCCH) domains, Inactive Adenylation (IAD) domain, Active 

Adenylation (AAD) domain, and the Ub-fold domain (UFD)) and contains a four Helix 

Bundle (4HB) connecting the IAD and FCCH domains [37] (Fig. 1.3, Left). UBA1 contains 

dual catalytic functions. First, Ub activation with ATP occurs by the AAD domain in the 

adenylation site. The sidechains of various residues in UBA1 (D463, D465, N471, R474, 

D537, and N538; Schizosaccharomyces pombe (S. pombe) numbering) position MgATP in 

its binding pocket while other residues (T561, N567, Q569, Y579, S582, D584, and E587; 

S. pombe) [38] guide the C-terminal tail of Ub into proximity (Fig. 1.3, Middle). The 

globular fold of Ub is positioned non-covalently on the anterior of the E1 protein forming  

 
Figure 1.3. UBA1 domain organization and interactions with the Ub-adenylate.  
Left: The structure of UBA1 with a non-covalently bound Ub-adenylate [Ub(a)]. The 
SCCH domain can adopt an (A) open (PDB: 4II3) or (B) closed (PDB: 6O83) 
conformation. Middle: Residues involved in guiding the C-terminal tail of Ub (shown as 
grey sticks) are highlighted and coloured according to domain. Right: Residues involved 
in the non-covalent positioning of Ub(a) against the AAD domain. Polar interactions 
between residues are indicated with a dashed line. 

 

contacts between the Ub I44 hydrophobic patch and residues in the AAD domain (Fig. 1.3, 

Right). Activation of the C-terminus of Ub requires the UBA1 protein to be in an open 
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conformation [39], where the SCCH domain extends upwards parallel to the UFD, and the 

Cyscat(E1) lies over 30 Å away from the C-terminus of Ub.  

Ub activation forms the Ub-adenylate species (herein termed Ub(a)) that is non-covalently 

bound to UBA1. To form the reactive Ub-thioester (referred to as Ub(t)) species, the SCCH 

domain of UBA1 rotates posteriorly to a downward facing orientation to position the SCCH 

into a closed conformation, increasing contacts between the FCCH and SCCH domains 

[39,40]. In the closed conformation, the Cyscat(E1) folds towards the adenylation pocket to 

bring the activated C-terminal tail and the cysteine side chain into proximity. The reactivity 

of the cysteine side chain displaces the adenylate from the Ub C-terminus to form the 

thioester-linked E1∼Ub(t) species. Once the thioester has formed, the Ub releases from the 

non-covalent binding surface on the IAD and FCCH domains and remains covalently  

 
Figure 1.4. The catalytic activity of UBA1 results in a doubly-loaded active complex. 
The SCCH domain is shown in blue, and the Cyscat(E1) is shown in yellow in all structures. 
(1) Activation of the C-terminus of Ub (black) forms the Ub-adenylate [Ub(a)] structure 
bound non-covalently to the open UBA1 conformation. (2) Rotation of the SCCH domain 
posteriorly to the closed conformation positions the Cyscat(E1) in proximity to the C-
terminus of Ub(a) to enable thioesterfication to form UBA1∼Ub(t). (3) SCCH domain 
rotation back into the open conformation pulls Ub(t) upwards, away from the non-covalent 
binding surface. (4) Recruitment of another molecule of Ub (brown) to the adenylation site 
re-establishes the Ub(a) species bound non-covalently on the UBA1∼Ub(t) complex to 
form the active UBA1∼Ub(t):Ub(a) complex. 

 

tethered to the Cyscat(E1) in the SCCH domain. The SCCH domain then rotates upwards, 

back into an open conformation. The liberation of the Ub(a) non-covalent binding surface 

enables the recruitment of a second molecule of Ub(a) to form a fully loaded (active) UBA1 

species that contains both Ub(t) and Ub(a) [41]. This active complex (referred to as 
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UBA1∼Ub(t):Ub(a) or UBA1 active complex) is primed for E2 recruitment. Figure 1.4 

shows a catalytic flow with structures describing the formation of the UBA1 active 

complex. Discharge of the Ub(t) onto an E2 protein (described in section 1.3.2) enables the 

re-formation of the UBA1 active complex through repetition of the adenylation and 

thioesterfication steps. 

1.3 The E2∼Ub conjugate 
1.3.1 Ub-conjugating E2 enzymes 

The human family of E2 conjugating enzymes contains ∼35 members that function with 

Ub. Each E2 protein contains a core catalytic domain (UBC domain) around 150 amino 

acids in length, and some proteins contain N- or C-terminal extensions that aid in their 

activity. For example, UBE2D1 and UBE2L3 both contain the UBC domain only, while 

UBE2K contains a C-terminal extension required for polyUb chain extension [42,43]. The 

UBC domain of E2 proteins is comprised of four α-helices, a four-stranded anti-parallel β-

sheet, and a 310-helix [44,45], and the catalytic cysteine residue lies in a small, conserved 

loop between β4 and helix α2 (Fig. 1.5). Protein-protein interactions can be mediated 

through multiple regions on an E2 protein including the N- and C-termini and the posterior 

helix α2 (crossover helix) [45]. 

1.3.2 Formation of E2∼Ub 

An E2 protein gets recruited to the top portion of the E1 active complex, binding the cleft 

between the UFD and SCCH domain when the UBA1 is in an open conformation. The 

binding of an E2 enzyme to the UBA1 complex occurs through charge-charge interactions 

where acidic residues in the UFD extend towards basic residues in helix α1 at the N-

terminus of the E2 [46,47]. Although these basic residues are well conserved among E2 

proteins, not every E1:E2 complex will utilize these interactions. In the case of ubc4, for 

example, the basis of the UFD:E2 interaction occurs through a series of non-polar residues 

that interact with the loop C-terminal to helix α1 [38]. On the opposite side of the cleft, the 

interaction is mostly non-polar, involving key phenylalanine residues (F598, F689, and 

F701; S. pombe numbering) in the SCCH domain and helix α3 towards the C-terminus of  
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Figure 1.5. The UBC domain of E2 enzymes has a conserved fold. 
The catalytic core of E2 proteins is shown in cartoon representation and important 
secondary structures are labeled. The catalytic cysteine (Cyscat(E2)) lies in a loop between 
β4 and helix α2 (yellow). Non-covalent binding surfaces for the E1 protein and E3 ligases 
are indicated on the right by red and blue lines, respectively.  

 

the E2 protein. Interestingly, the crystal structures of the non-covalent E1:E2 binding 

surface show that the positioning of the E2 differs based on identity, as the structures for 

cdc34, ubc4, and ubc15 do not overlay perfectly. Instead, minor rotation in the UFD or 

SCCH domain modify the positioning of helix α1 or α3, respectively [38,46,47]. 

After E2 binding and the transthiolation from Cyscat(E1) to Cyscat(E2), the newly formed 

E2∼Ub species dissociates from the UBA1:Ub(a) complex and exists until recruited by an 

E3 protein. The E1 and E3 binding sites on an E2 protein (Fig. 1.5, Right) contain 

overlapping regions, indicating that non-covalent interactions with these two different 

classes of ubiquitination proteins must be mutually exclusive: it is unlikely that an active 

E1, E2, E3 complex exists in solution. In cells, the majority of the E2 enzyme pool exists 

pre-conjugated to a Ub molecule enabling a significant proportion of the E2 population to 

be primed for E3 ligase interaction [48].  

1.3.3 E2∼Ub conformations 

The E2∼Ub intermediate, joined together by a single intermolecular covalent bond, allows 

the two proteins to adopt a globular structure (closed conformation), or a dumbbell-shaped 

structure (open conformation). In the closed conformation, the conjugated Ub folds back 

onto the E2 and has significant non-covalent interaction with the crossover helix α2 of the 
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E2 protein. The closed conformation of E2∼Ub has been observed for multiple E2 proteins 

including UBE2D2 [49,50], UBE2N [51], and S. cerevisiae ubc1 [52]. Despite lacking an 

appropriate three-dimensional structure, in-solution data for UBE2L3~Ub indicates this 

enzyme can also adopt a closed conformation [53]. The available structures of 

UBE2L3∼Ub conjugates were solved in complex with various E3 proteins and occupy the 

open conformation [54–56]. The open conformation lacks non-covalent interaction 

between the E2 protein and the Ub. While there is only one way to form the closed species, 

the open conformation is less stringent and the Ub can adopt a wide array of positions along 

the x-, y-, and z-axes (Fig. 1.6). The distinction between open and closed conformations 

has downstream implications in ubiquitination, where certain E3 proteins require the 

E2∼Ub species to adopt a specific conformation for binding and catalysis. Various 

biophysical and structural experiments such as Nuclear Magnetic Resonance (NMR) 

spectroscopy [53], X-ray crystallography [57–59], or fluorescence-based experiments such 

as Förster Resonance Energy Transfer (FRET) [60] have been elegantly used to provide 

insight on the conformation of E2~Ub conjugates in the presence and absence of an E3 

ligase. 
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Figure 1.6. E2~Ub conjugates adopt an array of conformations. 
Shown are three representative structures of E2∼Ub conjugates demonstrating the closed 
(black) and open (beige and maroon) conformations preferred by RING, HECT, and RBR 
E3 ligases, respectively. Structures were sampled from the Protein Data Bank (PDB) and 
contain coordinates 4AP4, 3JVZ, and 5EDV, respectively. The schematic in the bottom 
left shows the non-covalent interaction between the E2 and Ub in the closed conformation, 
which is not present in open conformations. The Cyscat(E2) is depicted in yellow and the E2 
protein is in grey. 
 
 

1.4 E2~Ub interactions with E3 ligases 
1.4.1 Cysteine-dependent mechanisms 

Around 30 of the human E3 proteins are of the HECT type, and these proteins can be 

further subdivided based on domain architecture [30]. Consistent across all HECT ligases, 
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the catalytic HECT domain is situated at the C-terminus of the protein and can be divided 

into two regions. Named based on their sequential order, the N-lobe of the HECT domain 

recruits and binds the E2∼Ub conjugate, while the C-lobe contains the catalytic cysteine. 

Various HECT proteins have been implicated in signaling pathways such as sodium 

transport [61–63], the DNA damage response [64,65], and the inflammatory response [66]. 

When recruiting an E2∼Ub conjugate, HECT proteins require the conjugate to adopt an 

open conformation with little non-covalent interaction between the E2 and the Ub [56]. A 

transthiolation reaction between the E2 and the HECT domain permits the formation of the 

E3∼Ub intermediate, where the Ub is covalently bound to the Cyscat(E3). As the last enzyme 

to handle the Ub, HECT proteins play a role in discriminating polyubiquitin linkage type 

(discussed in section 1.5). HECT proteins have been shown to function with E2 proteins 

such as UBE2L3 [67–69] and the UBE2D family [70]. 

Although the HECT domain is conserved between members of the family, there exist other 

proteins that lack a HECT domain, but use mechanisms of cysteine-dependent 

ubiquitination. Many of these proteins are found in bacteria [71] and can be referred to as 

HECT-like. Additional classes of human E3 proteins that lack a HECT domain but have 

roles in cysteine-dependent ubiquitination include the RING-inBetween-RING (RBR) [31] 

and the newly characterized RING-Cys-Relay (RCR) proteins [72]. By forming the 

RBR∼Ub or RCR∼Ub intermediates, these classes of E3 proteins also hold the key to 

polyubiquitin specificity.  

1.4.2 Cysteine-independent mechanisms 

The second and largest class of E3 ligases utilize a cysteine-independent catalytic 

mechanism to support auto- or substrate ubiquitination. These families include the well-

studied RING and Cullin proteins [73,74]. These E3 proteins do not form an E3∼Ub 

intermediate; rather, they co-bind a substrate and an E2∼Ub conjugate in the closed 

conformation to facilitate transfer directly to a substrate lysine. Cysteine-independent E3 

proteins can use a larger subset of the E2 conjugating enzymes including the UBE2D 

family and UBE2N:UBE2V2, and sometimes use multiple to modify a single substrate 

[35]. The lack of a distinct E3∼Ub intermediate therefore puts the chain specificity on the 
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E2 protein. Among other involvements, cysteine-independent E3 proteins have been 

implicated in DNA damage repair, transcriptional regulation, and immune signaling [75–

77]. 

1.5 Polyubiquitination 
Consecutive rounds of the E1, E2, E3 cascade enable the repeated ubiquitination of a 

substrate. Multiple rounds of ubiquitination results in a protein species that is 

polyubiquitinated, where sequential ubiquitin molecules can be covalently attached at 

different target residues or the original target residue. The former, termed mono-

ubiquitination, often acts as a signaling event in cells [78]. Sequential additions of Ub at 

the original target residue occurs through the formation of polyubiquitin (polyUb) chains. 

During polyUb formation, the C-terminus of the initial Ub modifies the substrate residue, 

while the succeeding Ub molecules modify a residue within the initial Ub. The seven lysine 

residues (K6, K11, K27, K29, K33, K48, and K63) as well as methionine1 (M1) act as Ub 

acceptor sites in chain formation. The outcome of polyubiquitination, whether it be a 

signaling event such as endocytosis or DNA damage repair, or protein degradation via the 

26S proteasome or lysosome, depends on the topology of polyUb [79]. In addition to 

substrate and auto-ubiquitination, some chain-driving proteins can synthesize free 

(unanchored) polyUb chains. Here, the substrate protein is a monomer of Ub acting as an 

acceptor for ubiquitination. For example, UBE2K can synthesize free polyUb connected 

through K48 without the requirement for an E3 protein [80], while the RING system 

containing UBE2N:UEV2V2:RNF8 can synthesize K63 linkages [81]. 

The eight polyUb chain attachment sites on Ub are contained within different secondary 

elements of Ub; therefore, it would be expected that different linkages would be 

structurally distinct. The Protein Data Bank (PDB) contains structures for all eight di-Ub 

molecules (Ub2) that contain a range of conformations both with and without accessory 

proteins like E3 ligases. Most of the structures available depict a single conformation 

captured in X-ray crystallography experiments, but similar to E2~Ub conformations 

discussed above in section 1.3.3, polyUb chains can adopt an array of conformations in 

solution. In chains longer than two Ub molecules, regions of the chain might adopt more 
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compact conformations while others could be more open, significantly complicating the 

analysis of available structures. Table 1.2 summarizes the current knowledge of 

polyubiquitination outcomes and depicts some of the Ub2 structures available. 
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Table 1.2. Summary of homotypic polyUb chainsª. 
In the diUb structures, the donor Ub is in black in the same orientation throughout, and 
the acceptor Ub is shown in grey with the linked Lys in red. 

ª References corresponding to this table are [34,79,82–90] 
† Exemplary E2 and E3 enzymes are included. Many other enzymes have been identified for specific polyUb 
chains  
* Bacterial effector proteins with E3 ligase activity 
 

Chain 
Type diUb Structure PDB 

code E2/E3 proteins† Cellular involvement 

Met 1 

 

3AXC HOIP (LUBAC) 

Inflammation and immunity 
(NFkB, TNF signalling), 

kinase recruitment and 
signalling 

Lys 6 

 

2XK5 NleL*, BRCA1-
BARD1, HUWE1 

Autophagy, DNA damage 
response 

Lys 11 

 

2MBQ NEDD4, UBE2S, 
RNF8 

Proteasomal degradation, 
cell cycle progression 

Lys 27 

 

6ISU ITCH, RNF168, 
HACE1 

DNA damage response, 
protein secretion 

Lys 29 

 

4S22 UBE3C, SMURF1, 
TRIM13 

Epigenetic regulation, 
WNT/β-catenin signalling 

Lys 33 

 

4XYZ AREL1, CBL-B Post golgi trafficking 

Lys 48 

 

3M3J IPAH3*, UBE2K, 
E6AP Proteasomal degradation 

Lys 63 

 

2JF5 
Parkin, RNF8, 

TRAF6, 
UBE2N/UBE2V2 

Immunity (NFkB), DNA 
damage response, kinase 

recruitment and signalling 
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1.6 Quantitative ubiquitination 
The nature of the current literature surrounding ubiquitination is mostly qualitative, often 

identifying functional E2:E3 pairs, linkage preference/specificity, or examining various 

activation states in a relative manner. Endpoint ubiquitination experiments are common 

practice and give excellent visual insight on longer time-frame reaction progression. 

Typically, these experiments show minute or hour timepoints of a full ubiquitination assay 

when a lot of the transient covalent intermediates of the system have reached equilibrium 

and cannot be measured. One major benefit to using gel-based experiments is that scientists 

can visually conclude which systems might be better or worse than others; however, a 

substantial drawback of these assays is the fact that the initial stages in the reaction (namely 

Ub activation and E2∼Ub formation) are hidden. 

The methods used to study ubiquitination often rely on immunoblotting with a Ub-specific 

antibody or visualizing ubiquitinated species with a small fluorescently- or radio-labeled 

molecule. Therefore, the detection of ubiquitinated species relies heavily on the amount of 

a given species in the reaction. These gel-based time course experiments containing both 

fast timepoints and endpoints that can be used in band densitometry analyses to quantify 

ubiquitination reactions. Full ubiquitination patterns can be observed within minutes of 

starting a reaction, demonstrating that with all the right components, ubiquitination occurs 

rapidly. Unfortunately, each individual step in the mechanism remains poorly quantified. 

Early efforts focused on understanding the mechanism by which UBA1 activates and 

transfers the Ub onto an E2 protein. UBA1 saturation occurs rapidly with excess ATP and 

Ub [91,92], and it is generally accepted that the transthiolation from UBA1 to an E2 protein 

represents the rate-limiting step in E2∼Ub formation [48]. Toward the end of the pathway, 

the initial Ub transfer step is the limiting factor for substrate ubiquitination by the SCF E3 

ligase [93]. Other examples show that substrate ubiquitination can be limited by the choice 

of E2 enzyme that can have different rates for priming and elongating Ub chains. For 

example, the anaphase promoting complex (APC/C) E3 ligase can use UBE2C or UBE2D1 

and UBE2S to prime and elongate Ub chains, respectively. In the absence of a priming E2, 

UBE2S cannot modify the APC/C substrate securin, but the extent of securin modification 

with long polyUb chains increases with either priming E2 present [94]. These studies have 
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elegantly provided details for the kinetics and time scales for the formation of the 

UBA1~Ub(t) species, various E2∼Ub conjugates, and substrate–Ub complexes, and have 

highlighted the importance in choosing functional E2:E3 pairs. 

1.7 Ubiquitin modifications 
The abundance of PTM activity in cells requires both distinct and converging pathways. In 

addition to convergence due to targeting the same substrate residues, unique PTMs often 

work in cooperativity to complement or oppose actions. One of the best understood pairs 

of PTMs acting as opposite functional signals are acetylation and phosphorylation [95,96]. 

The same is true for methylation and phosphorylation, where it has been established that 

both PTMs can regulate processes like the cell cycle [97]. Further, many methylation 

enzymes contain kinase recognition signals themselves, indicating their function may be 

regulated by phosphorylation [98]. Phosphorylation also has roles in ubiquitination 

pathways where the PTM regulates the function of certain E3 proteins. Among the best 

understood connections between E3 ligase activity and phosphorylation are phospho-

parkin and phospho-ITCH. Parkin phosphorylation at S65 by kinase PINK1 is required for 

complete activation of ligase activity [99,100], and ITCH phosphorylation at S257 by 

kinase AKT1 causes ITCH nuclear translocation and subsequent ubiquitination of histone 

H1.2 [64]. Finally, ubiquitination, sumoylation, and neddylation might be required for 

enzyme activation. The best example of these larger modifications increasing function are 

the Cullin-RING E3 ligases, which must be neddylated prior to their ubiquitination activity 

[101]. 

A more recently emerging PTM convergence between the smaller one-writer systems and 

ubiquitination occurs with modified Ub. Essentially, the convergence of two PTMs can 

take the form of a “PTM of a PTM”, where a modifier protein like Ub acts as the substrate 

for various other PTM pathways. PTM sites on Ub have been discovered in recent years 

due to the advancement in mass spectrometry techniques to detect and isolate modified 

peptides. At the center of post-translationally modified Ub, phosphorylation of S65 has 

been extremely well studied due to its involvement in parkin-mediated mitophagy [102–

104]. Other phosphorylation sites such as T12 or S57 have also been shown to be important 
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for the DNA damage response or parkin activation, respectively [105,106], but the full 

extent to which these modifications influence ubiquitination remains unknown. The 

identification of the requisite kinases for these phosphorylation sites has accelerated the 

study of phosphorylated Ub (pUb) when compared to some other modifications. 

More interestingly, the discovery of Ub peptides containing acetyl-lysine from proteomics 

datasets implies coordination of multiple lysine PTMs during ubiquitination. In deacetylase 

knock-out or knock-down experiments, an increase in acetylated Ub peptides is observed, 

which indicates that Ub acetylation is a tightly regulated process [107–110]. An increase 

in acetylated Ub (acUb) peptides was also detected in whole cell lysates from experiments 

studying cell stress. For example, autophagy induced by treatment with rapamycin [111] 

and DNA damage response due to ultraviolet or ionizing radiation [112] led to the detection 

of acUb peptides. In these datasets, acetylation sites covered six out of the seven lysine 

residues in Ub; only acetylation at K29 has yet to be observed. However, early experiments 

studying the chemical acetylation of Ub showed that all lysine residues, including K29, are 

susceptible to chemical acetylation [113,114], implying that either the correct cellular 

conditions for enzymatic acetylation of K29 have yet to be discovered, or the peptides 

containing acK29 are too small to be detected using mass spectrometry. 

The detection of different forms of acUb indicates there are specific KATs, yet to be 

characterized, that control these events. These unidentified enzymes pose a significant 

barrier to understanding the role acetylation might have in ubiquitination. To avoid this 

barrier, one approach is to substitute glutamine at the acetyl-lysine position of interest 

[115,116]. Glutamine contains both non-polar and polar regions similar to the structure of 

acetyl-lysine. However, the acetyl-lysine side chain is longer and less polar and has the 

potential to form more extensive hydrophobic contacts than glutamine, suggesting 

glutamine substitution may not be indicative of the full effects of acetylation. Recently, 

many acetylated proteins [117,118], including Ub [119], have been produced in 

Escherichia coli using genetic code expansion. Reassignment of the amber stop codon 

(UAG) and the use of tRNAPyl-opt enable a fast and accurate way to produce homogeneous 

acetylated proteins in vitro and has been applied in vivo.  
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1.8 Scope of thesis 
The field of post-translationally modified Ub has been dominated by studies of 

phosphorylation at S65. Recent studies have ventured into studying the effects of other 

phosphorylated residues such as T12 and S57. With the discovery that events of cell stress 

up-regulate signaling, trafficking, and proteostasis mechanisms, newer and more sensitive 

mass spectrometry techniques have enabled the detection of acetylation sites that might 

otherwise occur too infrequently. These identified acetylation sites include six out of the 

seven lysine residues in Ub: a proportion that covers 80% of possible polyubiquitin chain 

building loci. At the start of this thesis, there had been only one study that included Ub 

acetylation. However, this study had two major drawbacks: 1) only two of the lysine 

residues (K6 and K48) were examined, and 2) the conclusion that acetylation inhibits 

polyubiquitin formation was almost too intuitive. There were no examinations into how 

the acetylated Ub proteins were processed differently than unmodified Ub or how acUb 

quantitatively modulates the steps in ubiquitination. This thesis sought to provide a more 

complete characterization of all the different acUb proteins and addresses the following 

specific questions: 

1) How can acetylated ubiquitin proteins be homogeneously expressed and purified?  

2) How does acetylation alter Ub charging by the E2 proteins UBE2D1 and UBE2L3? 

3) How does acetylation modify E2 discharge in the presence of an E3 ligase? 

4) What influences does an acUb protein have on E2∼Ub conjugate conformation? 

To address these questions, an optimized expression and purification protocol was evolved 

from a standard Ub protocol. Chemical biology methods to use an orthogonal translation 

technique enabled the site-specific incorporation of acetyl-lysine at the position of interest. 

These methods proved crucial to produce large quantities of specifically acetylated Ub 

proteins that could not be reached with enzymatic or chemical methods alone. The 

competency of these acUb proteins in cysteine-dependent and independent ubiquitination 

pathways was then evaluated using qualitative gel-based experiments. 
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Next, the same orthogonal translation technique was used to create a series of acUb proteins 

containing an N-terminal CyPet fluorophore. These proteins, with constructs of UBE2D1 

or UBE2L3 that contained an N-terminal YPet fluorophore, enabled a highly sensitive and 

robust Förster Resonance Energy Transfer (FRET) assay to be developed and optimized to 

examine the kinetics of E2∼Ub conjugate formation with these E2 conjugating enzymes. 

To understand how acetylation alters transfer from UBE2D1 or UBE2L3, gel-based 

experiments monitoring the density of the E2∼Ub band over time in the presence of the 

cysteine-dependent E3 proteins IPAH3 or HUWE1 were used. These experiments allowed 

both qualitative and quantitative conclusions to be drawn about how Ub acetylation 

modifies E2∼Ub behaviour. 

Finally, to provide insight on how acetylation alters Ub structure, NMR spectroscopy was 

used. Similar methods were applied to determine what effect acetylated Ub has on E2∼Ub 

conjugate conformation when covalently attached to the E2 UBE2L3. 

Overall, this thesis provides the first comprehensive experiments for all possible acUb 

variant proteins. As Reviewer #2 once said: 

“This study is significant because recent studies have highlighted the 
importance of a variety of posttranslational modifications of Ub, including 
acetylation, in regulating its ability to regulate a variety of cellular 
processes and this study is the first to systematically and thoroughly 
analyze functional consequences of ubiquitin acetylation on its ability to 
progress through the Ub conjugation system.” 

 -Reviewer #2, 2021 
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2  

Programmed ubiquitin acetylation reveals 
altered ubiquitination patterns† 
 

 

2.1 Introduction 
The use of archaically derived tRNAs and aminoacyl tRNA synthetases has rapidly 

expanded the field of protein biochemistry and the study of post-translational 

modifications. In particular, the tRNAPyl-opt and acetyl-lysine tRNA synthetase (acKRS) 

pair that is orthogonal to E. coli has proved instrumental in producing and studying various 

acetylated proteins [117,120,121]. In terms of ubiquitination, Ohtake and colleagues used 

this system to study Ub acetylated at K6 or K48 [119], while work from the lab of Stefan 

Muller examined acetylated SUMO1 (K37) and SUMO2 (K11, or K33) [116,122]. 

Acetylation has been observed at over 85% of lysine residues in Ub in situations of cell 

stress. While the work on acetylation at K6 or K48 serves as an excellent initial study, 

acetylation of the other five lysine residues remains to be characterized. To address gaps 

in the field of ubiquitin acetylation, we developed and optimized a strategy for homogenous 

incorporation of acetyl-lysine at single loci in Ub to yield all possible acetylated Ub (acUb) 

 
†  Data presented in this chapter has been published and is reproduced here with permission from: 

Lacoursiere, R.E., O'Donoghue, P., and Shaw, G.S. (2020). Programmed ubiquitin acetylation using 
genetic code expansion reveals altered ubiquitination patterns. FEBS Letters. 594(7). 1226-34.  
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variants in their purified forms. The utility of these acUb variants was validated in 

preliminary ubiquitination studies with both HECT- and RING-type E3 ligase proteins. 

2.2 Materials and methods  
2.2.1 Plasmids and cloning 

A wild-type Ub gene from Saccharomyces cerevisiae (S. cerevisiae) containing an N-

terminal His-tag (His-TEV-Ub) was used as a template for all mutagenesis. Acetyl-lysine 

(acK) substitutions were introduced at positions K6, K11, K27, K29, K33, K48, or K63 of 

Ub using site-directed mutagenesis at the corresponding lysine codon to insert the amber 

stop codon (UAG). Successful PCR products for seven unique plasmids were confirmed 

with DNA sequencing and transformed into E. coli MM294 for plasmid maintenance. 

Acetylated Ub constructs were in an ampicillin-resistant pMCSG7 vector (herein referred 

to as His-TEV-acUbKx, where x denotes the acetylated residue), and the orthogonal acetyl-

lysine tRNA synthetase (acKRS) and tRNAPyl-opt were coded for on a chloramphenicol-

resistant pTech-acKRS-tRNAPyl-opt vector (referred to as ‘pTech’).   

2.2.2 Protein expression and purification 

2.2.2.1 Cotransformations. After fresh purifications of the His-TEV-acUbKx and pTech 

plasmids, DNA was diluted to 100 ng/µL and stored for 3-4 months at -20 °C. Competent 

BL21(DE3) cells were mixed with 100-200 ng of each plasmid in a 1:1 ratio and plasmid 

uptake was stimulated using either the heat shock method or electroporation. For heat 

shock transformations, the cell/DNA mixtures were incubated on ice for 30 min followed 

by 45 s at 42 °C. For transformations by electroporation, cell/DNA mixtures were 

transferred into electroporation cuvettes and air bubbles were removed by tapping the 

cuvette against the lab bench. The electrodes were dried, and electroporation was 

conducted using a BioRad gene pulser set at 2.5 kV, 200 Ω, 25 µfd. After the heat shock 

or electroporation, 400 µL of Super Optimal broth with Catabolite repression (SOC) media 

was added, and cells grew at 37 °C for 60 min. The cells were then pelleted and 

resuspended in 100 µL SOC for plating on selective Luria broth (LB) agar and incubated 

overnight at 37 °C.  
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2.2.2.2 acUb optimization. A single cotransformant was selected and used to inoculate 5 

mL of selective Luria broth (LB) (50 µg/mL ampicillin and 34 µg/mL chloramphenicol) 

overnight at 37 °C. Following, 1 mL of the starter culture was transferred into 100 mL of 

fresh LB and grown to OD600= 0.4. During these test expressions, media were 

supplemented with 3–100 mM acetyl-lysine as indicated (acK; Bachem) and 10 mM 

nicotinamide to inhibit endogenous deacetylases. Cells were then grown to OD600= 0.8, 

induced with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG), and incubated with 

shaking overnight at 16 °C. Cells were harvested and resuspended in 30 mL of wash buffer 

(50 mM Tris pH 8.0, 500 mM NaCl, 10 mM imidazole, 15 mM nicotinamide, 250 µM 

Tris(2-carboxyethyl)phosphine (TCEP)). One third of a tablet of 

ethylenediaminetetraacetic acid (EDTA)-free mini protease inhibitor cocktail and 0.7 mM 

phenylmethylsulfonyl fluoride were added to the cells. Cells were lysed via an EmulsiFlex-

C5 homogenizer (Avestin), and the soluble fraction from a highspeed ultracentrifugation 

was purified on Ni2+-NTA resin. The resin was washed with wash buffer, and His-TEV-

acUb proteins were eluted using 50 mM Tris pH 8.0, 500 mM NaCl, 250 mM imidazole, 

and 250 µM TCEP. The His-tag from each acUb was removed by overnight incubation 

with tobacco etch virus (TEV) protease (2.5 mg TEV/ 1 L growth). Cleaved acUb proteins 

were further purified on Ni2+-NTA resin by washing with 50 mM Tris pH 8.0, 250 mM 

NaCl, and 250 µM TCEP and collecting the flowthrough fractions. 

After collecting the flowthrough from the second Ni2+-NTA affinity column, anion 

exchange chromatography was used to attempt to separate the multiple species of full-

length Ub expressed in growths with low concentrations (3-10 mM) of acK. The protein 

solution was injected onto a HiTrap Q XL column in wash buffer containing 50 mM Tris 

pH 9.0, 250 µM TCEP. An elution gradient from 0-1 M NaCl was used to remove bound 

proteins. Protein species were visualized by SDS-PAGE and masses were identified using 

full-length mass spectrometry. 

For growths with low concentrations (3-10 mM) of acK, reverse phase-high performance 

liquid chromatography (RP-HPLC) was also used to try to separate mistranslated protein 

from acUb protein. After the initial two Ni2+-NTA purifications, the protein solution was 

injected onto Phenomenex C18 peptide column (300 Å, 4.6 x 250 mm, 5 µm). Protein 
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species were separated using a water/acetonitrile gradient with 0.1% trifluoroacetic acid 

between 28-43% acetonitrile over 45 minutes and identified by full-length mass 

spectrometry. 

2.2.2.3 acUb expression and purification. Following acUb optimization, subsequent 

expressions used 10 mM nicotinamide and 75 mM acK supplemented in the medium. Cells 

were grown, protein expression was induced, and cells were harvested as indicated in 

section 2.2.2.2. After harvesting, one EDTA-free mini protease inhibitor cocktail tablet and 

0.7 mM phenylmethylsulfonyl fluoride was added to the pellets. Cells were lysed, the 

soluble fraction was obtained, and protein was purified using two step Ni2+-NTA affinity 

chromatography as indicated in section 2.2.2.2. Subsequent purification of the flowthrough 

fractions was done using Superdex75 gel filtration pre-equilibrated in 25 mM Tris pH 8.0, 

250 mM NaCl, and 250 µM TCEP. Protein purity and homogeneity was confirmed via 

SDS-PAGE, western blotting, and liquid chromatography–mass spectrometry (LC-MS). 

Western blots were performed after transferring proteins to a PVDF membrane using an 

iBlot Gel Transfer Device (Invitrogen) and the preset P0 cycle. The membrane was blocked 

with 5% w/v skim milk powder in TBST. Acetylated Ub proteins were detected with a 

rabbit anti-acetyl-lysine primary antibody (Immunechem; ICP-0380, 1:2000) and probed 

with IRDye 680RD goat anti-rabbit secondary antibody (LI-COR; 926- 68071, 1:20 000). 

Membranes were visualized using a LI-COR Odyssey Imaging System.  

2.2.2.4 Purification of ubiquitination enzymes. Human UBA1 (E1), UBE2D1, UBE2L3, 

and UBE2N:UBE2V2 (E2), and the RING domain (residues 345-485) of RNF8 (herein 

termed RNF8) and the C-terminal domain of invasion plasmid antigen H3 (residues 270-

571; herein termed IPAH3) (E3) enzymes used in ubiquitination assays were produced and 

purified to homogeneity as described previously [123–126]. Briefly, all proteins were 

overexpressed in E. coli BL21(DE3) cells, and most constructs except UBE2V2 and RNF8 

contained a His-tag that enabled Ni2+-NTA affinity purification. His-tagged proteins were 

purified in buffers containing 50 mM Tris pH 7.5, 500 mM NaCl, 10% glycerol with either 

10 mM (wash) or 250 mM (elution) imidazole. UBE2V2 and RNF8 constructs contained 

an N-terminal Glutathione S-Transferase (GST) tag to enable GSTrap FF affinity 

purification. These proteins were purified in buffers containing 10 mM Na2HPO4, 1.8 mM 
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KH2PO4 pH 7.4, 137 mM NaCl, 2.7 mM KCl (1x PBS; wash), and 50 mM Tris pH 8.0, 20 

mM reduced glutathione (elution). For both proteins, the GST-tag was removed with 

PreScission (PreSc) protease and the proteins underwent a 72-hour dialysis period to 

remove excess glutathione prior to subsequent purification on the GSTrap FF column. 

UBE2V2 was further purified using a HiLoad 16/60 Superdex75 column equilibrated in 25 

mM Tris pH 8.0, 100 mM NaCl, 250 µM TCEP. 

To form the UBE2N:UBE2V2 heterodimer (active E2 complex), equimolar parts UBE2N 

and UBE2V2 purified individually were mixed at room temperature for 10 minutes and the 

dimeric complex was purified using a HiLoad 16/60 Superdex75 equilibrated in 50 mM 

Hepes pH 7.5, 75 mM NaCl, 1 mM EDTA, 1 mM DTT. The dimer eluted with a retention 

volume of 72 mL and was validated by SDS-PAGE. 

2.2.3 Mass spectrometry 

All mass spectrometry was performed at the Biological Mass Spectrometry Laboratory at 

the University of Western Ontario. Full-length mass determination was performed using a 

QToF Ultima mass spectrometer (Waters Corporation) equipped with a Z-spray source and 

run in positive ion mode. An Agilent 1100 HPLC was used for liquid chromatography (LC) 

gradient delivery. Data were surveyed from 600 to 3000 m/z, and the instrument was 

calibrated with myoglobin with a mass error of 0.5 Da. A Phenomenex Luna C4 (300 Å, 

1.0 x 150 mm, 5 µm) column was used for separation using a water/acetonitrile with 0.1% 

formic acid gradient at 0.2 mL/min. Data were acquired and processed using MassLynx 

4.1 (Waters Corporation).  

All acUb samples were prepared for LC-ESI-MS/MS by digestion with trypsin. Proteins 

were reduced with dithiothreitol (DTT) and alkylated with iodoacetamide using standard 

protocols. Trypsin was used to digest acUb proteins at a ratio of 1:50 for 18 h at 37 °C. A 

second aliquot of trypsin (1:100) was then added and the reaction continued for another 4 

h. Samples were acidified and injected into an ACQUITY UPLC M-Class System fitted 

with an ACQUITY UPLC M-Class Symmetry C18 Trap Column (Waters Corporation). 

After trapping, peptides were passed through an ACQUITY UPLC M-Class Peptide BEH 

C18 Analytical Column (15K psi, 130 Å, 1.7 µm x 25 mm) for separation, using a 120-min 
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run time. The LC system was directly connected to a NanoFlex (Thermo Electron Corp.) 

nanospray ionization source with a source voltage of 2.4 kV and interfaced to an Orbitrap 

Elite mass spectrometer (Thermo Electron Corp.) controlled by XCALIBUR software and 

operated in the data-dependent mode using an FT/IT/CID Top 10 scheme. The 10 most 

abundant multiply charged ions were automatically selected for subsequent collision-

induced dissociation in the ion trap (IT/CID). Collected data were processed using PEAKS 

X software (Bioinformatics Solutions) to identify peptides.  

2.2.4 Ubiquitination assays 

Ubiquitination assays were conducted using 0.2 µM UBA1, 1 µM E2, 2 µM E3, 8 µM Ub, 

or acUb, 5 mM MgATP, and 50 mM Hepes at pH 7.4. Reactions were conducted at 37 °C 

for 10 min and were subsequently quenched with SDS sample buffer containing 20 mM 

DTT. Ubiquitination products were resolved on gradient gels (4–12 % BisTris Plus; 

Thermo Fisher Scientific) with MES running buffer [50 mM MES, 50 mM Tris, 0.1% SDS, 

and 1 mM EDTA at pH 7.4]. Silver staining was used to visualize protein species.  

2.3 Results 
2.3.1 Optimization of acUb purification using orthogonal translation 

The production of site-specific acetylated protein requires exogenous acetyl-lysine (acK) 

to be added to the growth medium prior to induction of expression. Various other proteins 

such as myoglobin [117], histone H3 [120], and thioredoxin reductase [118] have been 

successfully translated in E. coli with low amounts of acK. Thus, the initial attempts at 

producing site specific acUb proteins were done using 5 mM acK. All initial expressions 

were completed with DNA constructs to make acUbK48 (where the acetylation is at Lys48) 

because this acUb protein had previously been observed to be expressed and soluble. 

Figure 2.1 shows an initial purification of acUbK48 on Ni2+-NTA resin. To purify 

acUbK48, the soluble fraction (S) from a highspeed centrifugation was batch bound to 

Ni2+-NTA resin, and the flowthrough (FT) containing bacterial, non-His-tagged proteins 

was collected. The FT fraction contained low to trace amounts of acUbK48 as 

demonstrated by the lack of thicker bands around ∼11 kDa. The final protein fractions (FP) 
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demonstrated that the acUbK48 protein could be purified from most other contaminants 

using two sequential nickel columns. Of note, a high molecular weight protein (around 75 

kDa) and minor contamination with medium molecular weight protein (labeled †, ∼48 

kDa) can be observed in this preparation. In subsequent preparations of acUb proteins, the 

higher molecular weight contaminant was removed using more stringent washing 

conditions in affinity chromatography steps. In terms of the induced expression of the 

acUbK48 protein, much of the protein was full length product and only 5-10% was 

truncated at residue 48 to form Ub1-47, evidenced by the faint band that migrated farther 

than acUbK48 in SDS-PAGE. 

To confirm the incorporation of acK into Ub, we chose to use mass spectrometry to identify 

the full mass of protein species. A peak corresponding to a mass of 8859.9 Da (Fig. 2.1B) 

confirmed the presence of acUbK48 (MWexp= 8860.11 Da). However, also detected was a 

mass of 8817.9 Da, a –42 Da mass difference from acUbK48. Based on this molecular 

weight difference, this smaller species could correspond to either wild-type or a 

glutamine/glutamate substitution at the acK position. As wild-type Ub could be the result 

of mistranslation or deacetylation, we attempted to inhibit deacetylation by adding 

nicotinamide, as demonstrated previously [117]. We found that the lower molecular weight 

species was insensitive to nicotinamide addition, suggesting this product is a mistranslated 

glutamine, lysine, or glutamate substitution rather than a deacetylation product. Each of 

these amino acids is coded for by codons only differing at the first base compared to the 

amber stop UAG codon (Gln: CAG, Lys: AAG, Glu: GAG), and they each cause similar 

mass shifts (Gln: 8818.03 Da, Lys: 8818.07 Da, Glu: 8819.02 Da). We therefore concluded 

that the expression of acUbK48 with 5 mM acK was significantly contaminated by 

mistranslated protein product.  
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Figure 2.1. 5 mM supplemented acetyl-lysine yields heterogeneous acUbK48. 
(A) acUbK48 was prepared as indicated in the Materials and methods and the purification 
process was monitored by SDS-PAGE. Lanes are as follows: S- highspeed supernatant, 
FT- flowthrough from initial Ni2+-NTA affinity purification, CLV- TEV-cleaved protein, 
1-6- fractions collected after second Ni2+-NTA column (FP-final protein). Proteins are 
identified to the right of the gel, and the band marked † corresponds to a contaminant 
protein commonly observed in Ni2+-NTA affinity purification. (B) The final protein was 
sent for mass identification specifically between 8-9 kDa. The major species are identified. 

 

To obtain pure acUbK48, we first tried keeping the expression conditions the same (5 mM 

acK) and changed the purification protocol. Because acetylation neutralizes the positive 

lysine side chain, the calculated pI of acUbK48 is 1.5 pH units lower than that of Ub. For 

this reason, anion exchange chromatography was used at pH 9.0 with a 0 to 1 M NaCl 

gradient to try to separate acUbK48 from the mistranslated protein. A single peak in the 

chromatogram (Fig. 2.2A) eluted from the anion exchange column in buffer containing 260 

mM NaCl. The fractions collected over the peak were observed on SDS-PAGE and sent 

for full length mass determination using mass spectrometry. Analytical liquid 

chromatography-mass spectrometry (LC-MS) was used to separate protein components 

from buffer. Two species with retention times of 20.3 and 20.4 min eluted from the LC 

column (Fig. 2.2B) and were automatically subjected to Quadrupole Time-of-Flight 

(QToF) full length mass spectrometry. The most abundant mass from the peaks at 20.3 and 

20.4 min were 8817.8 Da and 8859.7 Da, respectively (Fig. 2.2C, D). Together, these 
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results indicated that anion exchange chromatography was not a sufficient final step in 

separating acUbK48 from mistranslated Ub. 

 
Figure 2.2. Anion exchange chromatography does not separate acUbK48 and Ub. 
(A) Protein prepped from a 5 mM acK expression of acUbK48 was injected onto a HiTrap 
Q XL column and protein was eluted using a 0-1 M (0-100%) NaCl gradient (green line). 
Elution was monitored using UV absorbance at 280 nm (blue line). (B) Prior to mass 
identification, protein from the HiTrap Q column was separated using liquid 
chromatography and shown is the UV absorbance profile at 280 nm. QToF mass 
identification for species contained in the peaks at (C) 20.3 min and at (D) 20.4 min. 

 

The success of the LC column in separating the acetylated and mistranslated protein on an 

analytical scale prompted the use of a reverse phase-high performance liquid 

chromatography (RP-HPLC) column to separate preparative amounts of acUbK48 from 

mistranslated Ub. In comparison to the analytical sample shown in Figure 2.2B, the 

chromatogram for the larger preparative amount of protein showed an elution profile 

containing 3 peaks (Fig. 2.3A). Immediately after the column had finished running, the 

collected fractions were injected into the QToF mass spectrometer to identify the mass of 

protein species contained in each fraction. We found that mistranslated Ub eluted from the 

LC column with a shorter retention time than acUbK48, and that cross contamination of 

samples could be avoided by manually collecting fractions for each new peak. The first 

fraction collected at 35.5 min corresponded to a protein with a mass of 8818.2 Da (Fig. 

2.3B), and the middle fraction collected at 36.4 min showed a mass of 8818.1 Da (Fig. 

2.3C). These two fractions correspond to mistranslated Ub, and although the sequence of 

the mistranslated products was not confirmed, the ability to resolve the species on RP-
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HPLC indicates they contain two different sequences. The last fraction (36.9 min) showed 

a major component with a mass of 8860.0 Da and a smaller contaminant at 8818.3 Da, 

indicating acUbK48 made up over 90% of the protein collected in the last fraction (Fig. 

2.3D). We therefore concluded that despite the relatively small amount of mistranslated 

Ub present in the last RP-HPLC fraction, the acUbK48 protein could be effectively purified 

using two nickel columns to remove untagged bacterial proteins followed by RP-HPLC to 

separate the mistranslated Ub. This protocol could then be applied to purify the other six 

acUb proteins. 

 
Figure 2.3. RP-HPLC separates acUbK48 from mistranslated Ub. 
Following the double Ni2+-NTA affinity purifications, protein was subjected to preparative 
RP-HPLC to separate the major components. (A) The UV absorbance (280 nm) 
chromatogram from the RP-HPLC column showed three peaks, and the masses were 
identified using QToF mass spectrometry. Masses corresponding to proteins contained in 
the peaks at (B) 35.5 min, (C) 36.4 min, and (D) 36.9 min are identified. 
 

2.3.2 Optimization of bacterial growth conditions for acUb expression 

Although acUbK48 could successfully be separated from mistranslated protein using 

preparative RP-HPLC, the process was time consuming and cost ineffective. Further, the 

large proportion of mistranslated side product separated out was not usable and discarded, 

leaving poor yield of the final acUbK48. Therefore, we decided to try to optimize the 

protein expression conditions during bacterial growth and protein induction to minimize 

the proportion of mistranslated side product at the onset of protein translation. We chose 

to test a range of acK concentrations in the expression medium while keeping the 

concentration of IPTG constant. Since the initial expressions with maximum 5 mM acK 

proved ineffective, we chose to increase amounts up to 100 mM acK in separate small-
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scale growths. These small-scale expressions were subsequently followed by measuring 

the amounts of acUbK48 and mistranslated product using mass spectrometry. We noted a 

clear dose dependence between the amount of acK added and the incorporation of acK into  

 
Figure 2.4. Homogeneous acUbK48 translation depends on the concentration of acK.  
Full length mass identification for protein species purified from an expression of acUbK48 
with (A) 3 mM acK, (B) 50 mM acK, and (C) 75 mM acK supplemented in growth media. 
Signals labeled † correspond to minor oxidation artifacts of acUbK48. (D) The proportion 
of mistranslated Ub and acUb proteins is shown for expression of acUbK48 over a range 
of acK concentrations added to the media. The relative amounts of mistranslated Ub (black) 
compared to acUb (blue) were determined by measuring their appropriate signals in QToF 
mass spectra and calculating the relative abundance as a fraction of the total combined 
signal. A dashed line at 3% intensity indicates the detection limit of the mass spectrometer. 
At 75 mM acK and above, the amount of mistranslated Ub falls under the detection limit 
of the instrument (*). Truncated products were not considered in this analysis. 

 

the acUbK48 protein. Below 5 mM acK, there was approximately 55% acUbK48 and 45% 

mistranslated protein (Fig. 2.4A). Increasing the acK to 50 mM resulted in a dramatic 

decrease in the amount of mistranslated product. The signal for acUbK48 (8859.7 Da) 

increased to 91% leaving the signal for mistranslated product (8818.2 Da) at 9% of the 

total protein (Fig. 2.4B). At 75 mM acK, the mass spectrometry signal for mistranslated 

product was detected at 3% of the signal for acUbK48, was indistinguishable from the 

noise, and fell below the detection limit of the instrument (Fig. 2.4C). Figure 2.4D shows 

the concentration dependent increase in acUbK48 expression at the tested acK 

concentrations. As the detection limit of the mass spectrometer is constant, concentrations 

of acK higher than 75 mM proved to be ineffective at significantly reducing the 3% 
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mistranslated product. We therefore concluded that 75 mM was the optimal amount of acK 

to add to the expression medium to produce homogeneous acUbK48 and could be applied 

to the other six acUb variants.  

2.3.3 Acetylation modifies bacterial growth and protein expression  

The determination that acUbK48 requires 75 mM acK for homogeneous protein expression 

initiated small test expressions for the other six acetylation sites in Ub. Small growths (100 

mL) for each of the seven acUb proteins and Ub were done in parallel to study the effects 

of the acetylation plasmid and the addition of acK on bacterial growth. Figure 2.5A shows 

the bacterial growth curves associated with the 100-mL growths. Noticeably, the growth  

 

 
Figure 2.5. Genetic code expansion for acetyl-lysine incorporation modifies cell 
growth and protein expression.  
(A) Growth curves for E. coli BL21(DE3) cells transformed with plasmids for Ub (black) 
and each acUb variant; acUbK6 (orange), acUbK11 (red), acUbK27 (purple), acUbK29 
(yellow), acUbK33 (pink), acUbK48 (blue), and acUbK63 (green) are shown based on 
OD600 measurements. Data shown are an average of two experiments. In these experiments, 
75 mM acetyl-lysine was added at OD600= 0.4. (B) Expression levels of Ub and acUb 
proteins following initial Ni2+-NTA affinity purification and cleavage with TEV protease. 
Proteins were separated on SDS-PAGE and stained with Coomassie dye. Ub1-x denotes 
truncation products of the orthogonal translation system. Ub* refers to the band containing 
both Ub and acUb. The positions of specific acetylated residues are indicated along the top 
of the gel. (C) The final purified proteins from an optimized expression of each construct 
were examined via SDS-PAGE and Coomassie staining (top) in parallel with anti-acK 
immunoblotting (bottom) as described in Materials and methods. The positions of specific 
acetylated residues are indicated along the top of each panel. 

 



35 

 

 

for Ub was 30% faster compared to the growths containing the acetylation system 

evidenced by the faster doubling time (black vs. coloured curves). Cell densities for the 

acUb growths reached 80-90% of wild-type Ub based on final OD600 values. There was no 

difference between growths for the expression between any of the acUb proteins: The 

curves were right-shifted to a similar degree. 

To visualize and compare total protein expression, each 100-mL growth was harvested and 

lysed as indicated in the Materials and methods. The soluble fractions were incubated with 

TEV protease to cleave the His-tag to ensure all Ub or acUb protein was at the correct 

molecular weight. The protein solutions were then concentrated to a 1-mL final volume 

and analyzed by SDS-PAGE (Fig. 2.5B). These experiments consistently showed the acUb 

variants had lower protein expression levels than wild-type Ub, ranging from about 10% 

(acUbK27) to 40% (acUbK6, acUbK11, acUbK63) of that for Ub. Further, all acUb 

variants had different quantities of protein truncated at the acK position, which is a side 

product of the orthogonal translation system. This was most evident for acUbK63, which 

consistently showed at least 50% of the protein was truncated. In comparison, the 

expression of truncated products from other acK variants such as acUbK33 and acUbK48 

appeared at lower levels than the full-length product. Truncation products for acUbK6, 

acUbK11, acUbK27, and acUbK29 were too small to observe by this method.  

To confirm the incorporation of the acK residue, final purified protein samples were 

subjected to SDS-PAGE followed by immunoblotting with an anti-acK antibody and a 

fluorescent secondary antibody (Fig. 2.5C). Most of the acUb proteins were detected by 

this method; just those closest to the N-terminus showed poor reactivity (acUbK6, 

acUbK11). We attributed this to steric hindrance in the Ub structure or sequence variation 

from the original acK epitope.  

To further confirm position-specific incorporation of acK, each purified acUb protein was 

subjected to a trypsin enzymatic digest followed by LC-ESI-MS/MS and subsequent 

peptide identification. For example, acUbK48 showed a monoisotopic residue mass of 

170.1 Da, corresponding to lysine (128.09 Da) plus 42.01 Da, at position 48 of the protein, 
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which is a positive identification of acetyl-lysine (Fig. 2.6). Similar mass spectrometric 

identification was used to confirm site-specific acetylation for the other six acUb proteins. 

 

 

 
Figure 2.6. Identification of position-specific acetyl-lysine incorporation in purified 
acUb. 
Purified acUbK48 protein from an optimized expression and purification experiment was 
analyzed via LC-ESI-MS/MS to confirm sequence-specific acetyl-lysine incorporation at 
position 48. Lowercase ‘k’ denotes modified lysine; in this case, the monoisotopic residue 
mass of 170.1 Da indicates acetyl-lysine. Data were analyzed using PEAKS X software 
and a complete list of observed ions is provided in Table 2.1. 
 
 

 

Table 2.1. Complete list of y and b ions for an acK48-containing peptide. 
ESI-MS/MS data corresponding to acUbK48 demonstrates a monoisotopic mass of 170.1 
Da at position 48. 

 
 
 
 

# Immonium b b-H2O b-NH3 b (2+) Seq y y-H2O y-NH3 y (2+) # 
1 86.0969 114.0919 96.0813 97.0649 57.5459 L     12 
2 86.0969 227.1400 209.4820 210.8150 114.0880 I 1275.6290 1258.0830 1258.0830 638.4370 11 
3 120.0812 374.1720 356.3140 357.2173 187.6222 F 1162.5500 1144.5640 1145.5581 581.9950 10 
4 44.0499 445.3000 427.3370 428.3580 223.1407 A 1015.4920 997.5150 998.4897 508.4450 9 
5 30.0343 502.3220 484.1310 485.3100 251.5020 G 944.4980 926.4460 927.4526 472.9320 8 
6 143.1183 672.5100 654.4230 655.3815 336.7042 k(+42.01) 887.4950 869.4475 870.4311 444.3930 7 
7 101.0714 800.4170 782.4860 783.4401 401.1990 Q 717.3650 699.3730 700.3550 359.3130 6 
8 86.0969 913.4670 895.5450 896.5241 457.2690 L 589.2940 571.3720 573.0090 295.1470 5 
9 102.0554 1042.5420 1024.6360 1025.5667 522.1040 E 476.2130 458.2750 459.1829 239.2750 4 
10 88.0398 1157.5310 1139.5010 1140.5936 578.9390 D 347.1990 329.2270 330.1404 174.0837 3 
11 30.0343 1214.5060 1196.3600 1197.0350 607.8210 G 232.1530 214.1450 215.2010 116.5702 2 
12 129.1139     R 175.1189 157.1084 158.0919 88.0595 1 
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2.3.4 Acetylated Ub proteins generate unique ubiquitination patterns 

To study the effects of different acUb variants along parts of the ubiquitination cascade, 

we chose to use human UBA1 and a subset of E2 and E3 enzymes. For E2 enzymes, we 

purified three E2 enzymes: UBE2D1 (ubcH5a), a promiscuous E2 known to interact with 

various E3 enzymes to build multiple types of Ub signals; UBE2L3 (ubcH7), a Cys-

specific E2 that interacts with E3 enzymes of the HECT and RBR type; and 

UBE2N:UBE2V2 (ubc13:mms2), a Lys-specific E2 that synthesizes K63-linked polyUb 

in the presence of a RING E3 protein. For the E3 step in the mechanism, we focused on 

the C-terminal catalytic region of IPAH3 (residues 270-571), a bacterial HECT-like E3 

protein established to synthesize primarily K48-linked polyUb in the presence of UBE2D1 

[127], and the RING domain of RNF8 (residues 345-485) that builds K63-linked 

polyubiquitin chains using UBE2N:UBE2V2 [81]. Figure 2.7 shows SDS-PAGE 

corresponding to the purification of each of the mentioned proteins. In all cases, final 

protein yield was sufficient for enzyme assays and purity was excellent at working 

concentrations.   

 

 

 

 

 

 



38 

 

 

 
Figure 2.7. Purification of ubiquitination proteins. 
SDS-PAGE illustrating the final step(s) in purification for (A) acUbK48, (B) UBA1, (C) 
UBE2N, (D) UBE2V2, (E) UBE2N/UBE2V2, (F) UBE2L3, (G) UBE2D1, (H) RNF8, and 
(I) IpaH3 are shown. Lanes labeled with numbers correspond to fractions collected during 
purification, or in the case of (G) a cleavage time course. All other lanes are as follows: S- 
highspeed supernatant, FT- flowthrough, W1- wash with 10 mM imidazole, W2- wash with 
35 mM imidazole, E- elution from affinity column, CLV- TEV or PreSc cleaved protein, 
FP-final protein. Proteins of interest are labeled to the right of each gel, and the bands 
labeled † correspond to a contaminant protein commonly observed in Ni2+-NTA affinity 
purification. 
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Initial experiments did not use UBE2L3 as we chose to only focus on two well established 

E2:E3 pairs in the HECT and RING ubiquitination mechanisms. We hypothesized that 

acUbK48 would prevent polyubiquitination for IPAH3, while K63 chain building would 

be eliminated for RNF8 using acUbK63. For IPAH3, the wild-type Ub protein exhibited a 

robust ubiquitination pattern at 10 min based on the depletion of Ub and the appearance of 

higher molecular weight bands observed by SDS-PAGE (Fig. 2.8). As expected, the E2:E3 

pair of UBE2D1:IPAH3 demonstrates poorer ubiquitination using acUbK48 showing little 

depletion of the initial acUbK48 pool (Ub* band in the gels) and decreased intensities for 

many of the higher molecular weight bands. In contrast, acUb proteins (acUbK6, acUbK11, 

acUbK29, and acUbK33) appear to have strong ubiquitination patterns similar to Ub (Fig. 

2.8A), indicating that K48 ubiquitination is minimally altered by these acetylated variants.  

 

 
Figure 2.8. Acetylated ubiquitin proteins can alter ubiquitination patterns. 
Ubiquitination assays for (A) IPAH3 and (B) RNF8 with their respective E2 enzymes. 
Wild-type and acUb variants were used in each assay. Experiments used 0.2 µM UBA1 
(E1), 8 µM Ub or specific acUb, 1 µM UBE2D1 or UBE2N:UBE2V2 (E2), 2 µM IPAH3 
or RNF8 (E3), 5 mM MgATP, and 50 mM HEPES at pH 7.4. Ubiquitination occurred for 
10 min prior to analysis by SDS-PAGE. Other details are provided in the Materials and 
methods. Bands marked Ub* correspond either to Ub or to one of the acUb proteins 
indicated at the top of each gel. 
 

Similarly, ubiquitination assays using RNF8 along with its preferred E2 UBE2N:UBE2V2 

show a strong ubiquitination pattern with Ub (Fig. 2.8B). The acUb variants acUbK6, 
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acUbK11, acUbK29, acUbK33, and acUbK48 appear to have similar ubiquitin depletion 

levels and show the appearance of high molecular weight species. Remarkably, acUbK63 

demonstrates an obvious ubiquitination pattern with UBE2N:UBE2V2 and RNF8. Since 

this acUb species is unable to build K63-linked polyubiquitin chains, it may be possible 

that another lysine in Ub becomes more active for chain building or the acUbK63 protein 

multiply mono-ubiquitinates either the E2 or E3 enzyme. Interestingly, acetylation at K27 

appears to reduce the overall ubiquitination in both experiments, which might be indicative 

of a problem unique to acUbK27. These experiments suggests that acetylation at some 

positions in Ub may alter the types of polyubiquitin chains built by a given E2:E3 

combination.  

 

2.4 Discussion 
The characterization of acUb and its regulation are poorly understood. The identification 

of acUb peptides from mass spectrometry has become more sensitive with the development 

of detection and enrichment equipment. However, current approaches are limited by the 

fact that ubiquitination is a PTM as well; that is, many datasets either examine 

ubiquitination or acetylation, but not both. As a result, these datasets can be quite 

incomplete. The best way to determine the full extent of acetylation on ubiquitin lysine 

residues would be to enrich for acetyl-lysine in all peptides, without exclusion.  

While many of the datasets available in the PRIDE database [128] 

(wwwdev.ebi.ac.uk/pride) do not include Ub peptides, they do manage to cover other 

proteins involved in ubiquitination. Enzymes involved in every step of the ubiquitination 

cascade have been observed to be acetylated or phosphorylated. The E1- activating enzyme 

UBA1, the E2-conjugating enzymes UBE2L3 and UBE2N, and a vast majority of 

deubiquitinating enzymes are highly acetylated following DNA damage [112]. Further, 

many RING and HECT E3 ligases undergo acetylation as a result of DNA damage. 

Acetylation of E2 enzymes and E3 Ub ligases is also abundant as a result of rapamycin-

induced autophagy [111], indicating that cell stress-induced acetylation may act as a means 

of ubiquitination regulation. Other than the notion that K11- and K48- branched chains 
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function better at targeting substrates to the proteasome [129], there is little evidence in the 

literature about branched polyubiquitin that might be guided by acetylation. It could be that 

cells simply need an external signal such as an acetylated lysine so that E2/E3 pairs are 

able to discriminatively build various polyubiquitin linkages.  

Recent studies of the phosphorylation of Ub and its necessity for the functioning of the E3 

ligase parkin have identified PINK1 as the requisite protein kinase [130,131]. Purified 

versions of this kinase have been successfully used to enzymatically phosphorylate purified 

ubiquitin [123,132]. However, other serine residues have been observed to be 

phosphorylated in Ub and are only reachable using orthogonal methods until the 

corresponding kinase proteins have been identified. In the case of acetylation, the upstream 

KATs are widely uncharacterized and unmatched to specific acetylation events. In Ub even 

though six of the seven possible lysine residues have been observed to be acetylated under 

different cellular conditions, the KATs that specifically give rise to these variants are 

unknown. This being said, we have successfully used genetic code expansion with tRNAPyl-

opt and acKRS, which are orthogonal to those pairs found naturally in E. coli, to synthesize 

all possible acK variants of Ub. Few studies have used this system to produce acetylated 

proteins. However, from these studies it appears that efficient incorporation of acetyl-lysine 

is strongly dependent on exogenous acetyl-lysine addition; thus, the need to assay acetyl-

lysine concentrations becomes system-dependent. For example, only 1 mM acetyl-lysine 

was required to synthesize acetylated myoglobin [117], but other reports required 2.5–50 

mM acetyl-lysine for various other proteins [118,119]. In the current work, the higher 

expression of Ub by the E. coli system likely results in a higher concentration of acetyl-

lysine.  

Here, we have successfully used genetic code expansion to synthesize all possible 

acetylated lysine variants for Ub and developed protocols to eliminate mistranslated 

products allowing for the purification of position-specific, stoichiometrically acetylated Ub 

proteins. We have also provided evidence that these acUb proteins may direct unique 

ubiquitination patterns with HECT or RING E3 ligases. Our approach should pave the way 

for future biochemical experiments that focus on the impact of acetylation in 

ubiquitination.  
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3  

Acetylation of Ub modulates UBA1 
transthiolation to E2 proteins† 
 

 

3.1 Introduction 
The qualitative nature of the experiments used to study ubiquitination often show long 

timepoints (minutes to hours) that indicate a reaction end point. These types of 

experiments, while great at demonstrating ubiquitination patterns and overall function, 

neglect the small differences and preferences of the system that might only be visible in 

the initial stages of the reaction. Various techniques to quantitatively monitor 

ubiquitination like SDS-PAGE with band densitometry or autoradiography require discrete 

timepoints to be collected. Traditional gel-based techniques are often still useful in 

complicated multi-protein systems like full ubiquitination experiments. However, these 

methods are more limited for rapid time point collection. The development of high-

throughput methods including Förster resonance energy transfer (FRET) experiments or 

fluorescence polarization now allow the monitoring of ubiquitination reactions to occur in 

real-time using many (ie. 96-well plates) samples. 

To examine how acetylation of Ub alters the transthiolation between the E1 UBA1 and E2 

proteins, we synthesized all seven acetylated forms of Ub and examined the kinetics of 

 
†  Data presented in this chapter has been published and is reproduced here with permission from: 

Lacoursiere, R.E., and Shaw, G.S. (2021). Acetylated ubiquitin modulates the catalytic activity of the E1 
enzyme Uba1. Biochemistry. 60(16). 1276-85.  
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formation for the E2∼Ub conjugate with the E2 proteins UBE2D1 and UBE2L3. We used 

kinetics approaches to unmask small differences in rates that sometimes can be hidden in 

steady-state experiments. To do so, we utilized FRET experiments that provide a robust 

method for quantifying Ub and Ub-like protein−protein interactions [133,134]. Our 

experiments show that acetylation of Ub can have a significant effect on the rate of 

transthiolation between UBA1 and an E2 protein. Overall, these experiments provide 

insights into the general impact of protein acetylation on the Ub pathway.  

3.2 Materials and methods 
3.2.1 Plasmids and cloning 

pET28 plasmids containing UbCyPet or YPetUBE2D1 were a kind gift from J. Liao 

(University of California, Riverside, CA). Site-directed mutagenesis was used to insert an 

amber stop codon at the desired position in the ubiquitin sequence to generate acUbKxCyPet 

(where x denotes the acetylated residue) constructs. Restriction-free (RF) cloning was used 

to swap the UBE2D1 gene for that of UBE2L3 to create pET28-YPetUBE2L3. Successful 

polymerase chain reaction products were confirmed with DNA sequencing. The pTech 

plasmid was prepared as indicated in section 2.2.1. 

3.2.2  Protein expression and purification 

pET28-His-UbCyPet and pET28-His-YPetUBE2D1, pET28-His-YPetUBE2L3 constructs were 

expressed and purified as previously reported [133]. Acetylated Ub (acUb) constructs were 

generated from a fresh cotransformation of pET28-His-acUbKxCyPet with pTech into E. coli 

BL21(DE3). Acetylated ubiquitin acUbK63CyPet was expressed in E. coli BW25141(λDE3) 

as previously established [135]. All acetylated ubiquitin proteins were expressed like His-

TEV constructs prepared previously [136]. Briefly, after a fresh cotransformation of the 

orthogonal translation system and the acUbKxCyPet construct of interest, a colony was 

transferred into selective Luria broth (LB) (30 μg/mL kanamycin, 34 μg/mL 

chloramphenicol, and 0.2% glucose) and grown at 37 °C overnight. This culture was then 

inoculated into a larger culture of selective LB, and bacteria grew until the OD600 reached 

0.4. The cells were pelleted and resuspended in selective LB without glucose. To express 
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acetylated proteins, 75 mM acetyl-lysine (acK) and 10 mM nicotinamide (NAM) were 

added to the medium and the cells were grown at 37 °C until the OD600 reached 0.8. Protein 

expression was induced with 0.2 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) 

overnight at 25 °C. His-acUbKxCyPet proteins were purified by Ni2+-affinity 

chromatography using 50 mM Tris pH 8.0, 500 mM NaCl, and 250 μM tris(2-

carboxyethyl)- phosphine (TCEP) with either 10 mM imidazole and 15 mM NAM (lysis 

and binding buffer), 35 mM imidazole (wash buffer), or 250 mM imidazole (elution 

buffer). Purified proteins were dialyzed into 25 mM Tris pH 8.0, 250 mM NaCl, and 250 

μM TCEP for storage. The yield of acUbKxCyPet proteins was significantly lower than that 

of UbCyPet arising from the insolubility of some side products. The acetylated ubiquitin 

proteins were validated by mass spectrometry and SDS-PAGE.  

3.2.3 Measurement of E2∼Ub conjugation by FRET 

UBE2D1 and UBE2L3 loading assays were conducted in triplicate using 5 μM UbCyPet or 

5 μM acUbCyPet, 0.1 μM UBA1, 1−25 μM YPetE2, 5 mM MgATP, and 50 mM Hepes (pH 

7.4). Samples were measured using black 96-well plates placed in a Synergy H1 microplate 

reader controlled by Gen5 software (Biotek). Each sample well was measured discretely 

using a 100 ms delay following plate movement. The system was temperature controlled 

to 30 °C, and the instrument was set to fluorescence end-point mode with an excitation 

wavelength of 420 nm using a xenon flash lamp. Fluorescence was monitored at 528 nm 

using read heights of 4.50 mm for the equilibration kinetic loop (90 μL volume) and 4.75 

mm for the conjugation loop (100 μL volume). A system gain of 50 was used for all 

measurements. Two kinetic loops were used for data collection: (1) 10-s time points for 30 

min (equilibration) and (2) 10-s time points for 90 min (conjugation). MgATP was added 

manually with a multi-channel pipette immediately before the start of the second loop.  

3.2.4 Data Analysis 

Data were processed initially using Microsoft Excel to subtract background fluorescence 

attained during the equilibration loop. Fluorescence data were then converted to product 

formed in GraphPad Prism 8, and linear regression was used to determine initial rates. 

Three independent replicates were performed that were globally fit to determine the 
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average initial rates of E2∼Ub conjugate formation. The resulting rates [average ± the 

standard error of the mean (SEM)] were then evaluated as a function of YPetE2 

concentration in a separate sheet. Sixteen rates were used to derive the initial 

Michaelis−Menten plot, and 15 of these rates were used to finalize the plots. The three 

highest YPetE2 concentrations exhibited apparent rates resulting from the inner filter effect. 

As described previously, the inner filter effect has a significant influence on a system when 

the concentration of the detected fluorophore nears 20 μM [137]. The highest concentration 

of YPetE2 was eliminated from KM, kcat, and catalytic efficiency (kcat/KM) calculations due 

to the strong influence this data point had on the errors of calculated parameters.  

Statistical analysis was performed in GraphPad Prism 8 using the Student’s t test to 

compare the average ± SEM for KM and kcat between each acUb and Ub. In all cases, 

statistical significance was assigned if the adjusted p value was 0.05 > p ≥ 0.0005 (one 

asterisk) and p < 0.0005 (two asterisks). 

3.3 Results 
UBE2D1 is a promiscuous E2 enzyme that has been observed to interact and function with 

RING, HECT, and RBR subclasses of E3 ligases. Accordingly, UBE2D1 has been 

observed to build numerous unspecific types of lysine-linked poly-Ub chains with an array 

of interacting partners [45]. For example, UBE2D1 in complex with CHIP E3 ligase shows 

little preference for lysine position [138], but polyubiquitination with APC/C preferentially 

builds K6-, K11-, K48-, or K63-linked chains [94]. We chose to study UBE2D1 to provide 

insight as to how Ub acetylation alters the loading of the promiscuous UBE2D family of 

proteins. Conversely, as a well-accepted cysteine-preferring E2 enzyme, UBE2L3 

functions with numerous HECT E3 ligases like E6AP or ITCH and RBR type E3 ligases 

such as parkin or HHARI [139–141] and has little influence on lysine preference for 

polyubiquitination. The two chosen E2 proteins provide contrast to study the effects of Ub 

acetylation on promiscuous and specific ubiquitin conjugating enzymes. Genetic code 

expansion was used to incorporate acetyl-lysine into each of the seven lysine positions in 

Ub [136].  
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3.3.1 Design and validation of FRET experiments 

Each acetylated Ub and wild-type Ub was tagged at its N-terminus with the CyPet 

fluorophore (UbCyPet) and used in combination with an E2 protein tagged with the YPet 

fluorophore at its N-terminus (YPetE2; YPetUBE2D1 or YPetUBE2L3). Acetylated UbCyPet 

proteins were expressed and purified from E. coli BL21(DE3) or BW25141(λDE3) cells 

and analyzed with quadrupole time-of-flight (QToF) mass spectrometry to ensure the final 

purified protein solutions did not contain substitutions or truncations. The FRET system 

was designed so that UbCyPet acts as the donor an YPetE2 acts as the acceptor [133,134] (Fig. 

3.1A). To determine the best wavelengths for excitation and emission, absorbance and 

fluorescence spectra were evaluated. UbCyPet exhibited a strong absorbance centered at 430 

nm that overlapped with the absorbance profile for the YPetE2 proteins between 450 and 

475 nm. To minimize indirect excitation of the YPet fluorophore, the UbCyPet excitation 

wavelength was set at 420 nm where minimal absorbance of YPetE2 occurs. Characteristic  

 

 

Figure 3.1. FRET characteristics of an E2 loading assay.  
(A) Schematic diagram showing the E1-mediated reaction of UbCyPet with a YPetE2 to form 
the YPetE2∼UbCyPet conjugate. The excitation (λex) and emission (λem) wavelengths for each 
protein are shown. (B) Spectral profiles of CyPet (blue) and YPet (yellow) contained in 
UbCyPet and YPetUBE2D1. Absorbance curves are shown as solid lines, and emission 
profiles as dashed lines. Each spectrum was normalized internally to the highest intensity. 
(C) Spectral scans of a real-time E2 loading assay involving a 1:1 UbCyPet:YPetUBE2D1 
ratio. The black curve indicates the measured fluorescence at t= 0 min, and the arrows 
represent the changes in the spectra over a 10 min time period. Spectra were measured 
using an excitation wavelength of 420 nm and show a FRET maximum near 528 nm. (D) 
Time dependent increase in fluorescence at 528 nm during a full E2 loading assay 
involving a 1:1 UbCyPet:YPetUBE2D1 ratio (black), a 1:1 UbCyPet:YPetUBE2D1 ratio without 
ATP or UBA1 (grey), and reaction buffer (red). 
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of FRET, the emission profile of UbCyPet efficiently overlaps with the absorbance curve for 
YPetE2 enzymes. For example, the emission maximum for YPetUBE2D1 (528 nm) 

corresponds to a low background fluorescence of UbCyPet (Fig. 3.1B). The selection of 

optimal wavelengths for excitation of UbCyPet and emission of YPetUBE2D1 enabled 

excellent spectra to be acquired where a strong FRET signal from the CyPet/YPet 

fluorophores occurs in the E2∼Ub conjugate due to an expected distance of <50 Å [142]. 

Thus, the FRET signal obtained from the excitation of UbCyPet and fluorescence of YPetE2 

in the presence of UBA1 and ATP provides a direct measure of UbCyPet conjugation to 
YPetE2 that can be measured in a time-dependent manner. E2∼Ub formation was marked 

by a decrease in emission for UbCyPet (λ = 475 nm) and a concomitant increase in 

fluorescence for YPetE2 at 528 nm, as demonstrated for YPetUBE2D1 (Fig. 3.1C), expected 

for the real-time formation of the YPetUBE2D1∼UbCyPet covalent conjugate. Monitoring the 

formation of the E2∼Ub conjugate at 528 nm over time demonstrated a robust signal 

increase dependent on UBA1 and ATP addition (Fig. 3.1D). The full reaction (black) 

demonstrated a fluorescence signal double the magnitude of the reaction without UBA1 

and ATP (grey curve). The constant fluorescence signal obtained in the reaction without 

UBA1 and ATP indicates the background signal from the two fluorophores being in 

solution together. For reference, the red curve demonstrates the fluorescence signal in a 

reaction containing only 50 mM Hepes pH 7.4. From this initial experiment, we concluded 

that our experimental design had high sensitivity for the formation of the E2∼Ub species. 

To verify that the FRET signal was derived from the formation of the E2∼Ub conjugate 

and to quantify this reaction, a series of parallel experiments were used to detect the E2∼Ub 

conjugate by fluorescence and SDS-PAGE. Figure 3.2 shows the time-dependent increase 

in the intensity of the FRET signal for a reaction using equal amounts of YPetUBE2D1 and 

UbCyPet where the background fluorescence has been subtracted. In the initial phases of the 

reaction (0−600 sec), the curve was nearly linear, demonstrating the time-dependent 

accumulation of the E2∼Ub conjugate. At longer time points, the slope decreased, and 

beyond 30 min, the curve plateaued, indicating conjugation was complete and a maximum 

amount of the E2∼Ub conjugate had formed. End-point samples were removed at 37 min 

and examined by SDS-PAGE using thioester-preserving conditions. The data show the  
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Figure 3.2. Real-time measurement of E2~Ub conjugation using FRET. 
(A) FRET fluorescence measured at 528 nm generated with equimolar concentrations of 
UbCyPet and YPetUBE2D1. Samples were equilibrated to light and temperature for 15 min 
prior to the addition of MgATP. Following the addition of MgATP, the fluorescence was 
measured every 10 s until the curve began to plateau. (B) End-point samples from panel A 
were quenched with 3× SDS sample buffer and separated via 10% Bis-Tris SDS-PAGE in 
MES running buffer [50 mM MES, 50 mM Tris, 0.1% SDS, and 1 mM EDTA (pH 7.4)]: 
lane 1, UbCyPet only; lane 2, YPetUBE2D1 only; lane 3, E1, UbCyPet, and YPetUBE2D1 without 
MgATP; lane 4, end-point sample from panel A showing full E2 loading (acidified with 
0.001% Trifluoroacetic acid); lane 5, E2 loading (reduced with 50 mM DTT). (C) FRET 
fluorescence measured at 528 nm similar to panel A, but with a longer time frame showing 
the decrease in fluorescence due to minor hydrolysis of the YPetUBE2D1∼UbCyPet thioester. 

 

appearance of an intense band above the 75 kDa marker, consistent with the expected size 

of the E2∼Ub conjugate (84.2 kDa) carrying both YPet and CyPet fluorophores. Also 

noticeable are two much less intense bands for YPetUBE2D1 and UbCyPet, indicating these 

proteins were nearly completely consumed during thioester formation. In addition, the 

thioester formed was easily reduced with the addition of DTT to yield the initial reactants. 

At extended times beyond the plateau region, we frequently observed a decrease in FRET 

intensity. We attributed this to hydrolysis of a small portion of the E2∼Ub conjugate, 

previously observed for ubc1 and ubc13 [143,144]. Alternatively, it is possible that some 

back transfer of Ub to UBA1 occurs once UbCyPet is exhausted in reactions with limiting 

UbCyPet. The intensity changes at extended periods of time accounted for <5% of the total 

change in FRET intensity. Overall, these data show that the FRET signal at saturation 

corresponds to maximum formation of the E2∼Ub conjugate in a reaction.  
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3.3.2 Real-time formation of E2∼Ub conjugates using acetylated Ub 
variants 

Using these approaches, a series of experiments were completed to quantify the formation 

of the UBE2D1∼Ub and UBE2L3∼Ub conjugates using Ub and the seven acetylated Ub 

variants. The first data point was collected <5 s after MgATP addition, and subsequent data 

points were collected in 10-s intervals. The kinetic loop used to monitor conjugation lasted 

90 min, and 541 individual data points were collected during this time. Multiple 

experiments were completed by varying the concentration of the YPetE2 proteins (1−25 μM) 

using the different acetylated UbCyPet proteins. Together, these experiments showed the 

magnitude of the FRET signal was dependent on the concentration of the YPetE2 for both 

UBE2D1 and UBE2L3 using either Ub (Fig. 3.3A, D) or acetylated Ub (Fig. 3.3B, E). For 

example, reactions using 5 μM YPetUBE2D1 and UbCyPet (Fig. 3.3A) or acUbK6CyPet (Fig. 

3.3B) yielded FRET signals following maximal E2∼Ub conjugation (plateau region) that 

were 2.3−2.5-fold larger than those of similar reactions using 2 μM YPetUBE2D1. When 

the maximum FRET signal (ΔFRET) was plotted as a function of UBE2D1 concentration, 

a nearly linear correlation was observed for the formation of the UBE2D1∼Ub conjugate 

(Fig. 3.3C). In addition, the slopes using acetylated Ub derivatives were very similar to that 

for Ub. As an example, the slopes of the correlations for UbCyPet and acUbK6CyPet were 11.7 

± 1.1 and 11.0 ± 0.8, respectively. This indicates that the acetylation of Ub did not impact 

the absolute FRET signal observed for the different UBE2D1∼Ub conjugates. The 

similarity in response with respect to UBE2D1 concentration allowed a common 

conversion of ΔFRET to UBE2D1∼Ub conjugate concentration (nanomolar) to be used for 

all reactions.  

Similarly, reactions using 5 µM YPetUBE2L3 and UbCyPet (Fig. 3.3D) or acUbK6CyPet (Fig. 

3.3E) demonstrated FRET signals at maximal E2∼Ub conjugation that were between 2.0-

2.5-fold larger than the signals obtained from reactions with 2 µM YPetUBE2L3. Consistent 

across all concentrations of YPetUBE2L3, we noticed a striking decrease in the FRET signal 

after maximum E2∼Ub formation. We attributed this difference from UBE2D1 

experiments to the identity of the E2 protein and the subtle differences that might occur 

during E2∼Ub formation by UBA1. Further, the decrease in intensity could result from the  
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Figure 3.3. YPetE2 concentration influences fluorescence signal. 
After the addition of MgATP, YPetUBE2D1∼UbCyPet (top panels) or YPetUBE2L3∼UbCyPet 
(bottom panels) conjugate formation was monitored via a kinetic loop that measured 
fluorescence at 528 nm every 10 s. Data were corrected by subtracting the background 
fluorescence obtained during the equilibration period and then referencing the data set 
minimum as zero. Shown are three different concentrations of YPetE2 (2, 3, and 5 μM; 
corresponding to the bottom, middle, and top curves, respectively, in panels A, B, D, and 
E). YPetE2 loading for the indicated E2 protein with (A, D) UbCyPet and (B, E) acUbK6CyPet. 
(C, F) Visualization of the FRET signal as a function of YPetE2 concentration. The 
maximum FRET signal observed at each concentration was plotted for UbCyPet (black) and 
acUbK6CyPet (orange). The insignificant variation in the slopes (indicated in the bottom 
right of the panels, slope ± SEM) enabled a common factor to be used for UbCyPet and 
acUbCyPet proteins for each YPetE2 system. 

 

hydrolysis of the YPetUBE2L3~UbCyPet conjugate, as this E2 protein is susceptible to 

hydroxyl- and thiol-mediated reactions. Regardless, the ΔFRET to nanomolar conversion 

could be applied for these experiments as well (Fig. 3.3F). The slopes of the correlations 

using the acUb proteins were very similar to that for Ub and allowed a common conversion 

factor to be applied for all reactions using YPetUBE2L3. For example, the slopes for 
YPetUBE2L3 with UbCyPet or acUbK6CyPet were 8.0 ± 0.3 and 7.4 ± 0.6, respectively. 

Although the magnitude of the conversion factor for the YPetUBE2L3 experiments is 
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smaller than that for UBE2D1 experiments, the correlation is linear, indicating that Ub 

acetylation does not alter the total FRET signal in reactions with YPetUBE2L3. Therefore, 

these distinct conversion factors can be applied to their specific systems to effectively 

convert FRET signal to E2∼Ub concentration. 

To obtain kinetic curves, data from the first 20% of E2∼Ub conjugate formation were used. 

At the lowest concentrations of YPetE2, ≤12 min was required to reach 20% conjugation, 

while conjugation was 20% complete in as little as 1.5 min at the highest concentrations of 
YPetE2. In all cases, the first 20% of each reaction demonstrated a nearly linear response for 

the FRET signal. Some experiments, particularly those at the lowest concentrations of 
YPetE2, experienced a “lag time” immediately after the addition of MgATP. For this reason, 

we treated all experiments the same and began rate determination at 2 min (Fig. 3.4). This 

allowed between 20 and 50 individual data points to be used for each data set. Regardless 

of the E2 protein used and the Ub acetylation state, FRET data showing E2∼Ub conjugate 

formation were very reproducible with low fitting errors (< 2.5%). The data show that the 

rate of formation of the UBE2D1∼Ub conjugate is most rapid for wild-type Ub and is 

strongly dependent on ubiquitin acetylation (Fig. 3.4A-D). For example, YPetUBE2D1 

conjugation of UbCyPet occurs ∼1.25 times faster than that of acUbK6CyPet and 2.2 times 

faster than that of acUbK33CyPet. For YPetUBE2L3, UbCyPet conjugation occurred ∼1.36 

times faster than acUbK6CyPet and ∼1.43 times faster than acUbK33CyPet (Fig. 3.4E-H). 

Strikingly, the different acUb proteins did not exhibit the same alterations to loading 

between the two E2 proteins. This is most evident for acUbK33CyPet, where this acUb 

protein impairs UBE2D1 loading to a larger extent than it impairs UBE2L3 loading. These 

results indicate that Ub acetylation will influence E2∼Ub formation uniquely for each 

individual E2 protein. 
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Figure 3.4. The initial rate of E2~Ub conjugation varies for different acUb proteins. 
(A, E) UbCyPet, (B, F) acUbK6CyPet, (C, G) acUbK11CyPet, and (D, H) acUbK33CyPet were 
conjugated using equimolar amounts of YPetUBE2D1 (top) or YPetUBE2L3 (bottom) and 
monitored using fluorescence at 528 nm. The conversion of fluorescence data to the 
amount of product formed (nanomolar) allowed initial rates to be fit in the linear region. 
Data were fit globally for three replicates over the first 20% of each reaction to determine 
the slope ± SEM, shown in the bottom right of each panel. 

 

3.3.3 Acetylation modulates Ub loading by E2 proteins 

The observed initial rates for E2∼Ub conjugate formation were plotted as a function of 
YPetE2 concentration to derive Michaelis-Menten kinetic parameters using a nonlinear 

regression (eq. 1).  

 

In these systems, the YPetE2 protein acts as the substrate, and the enzyme UBA1 has formed 

its active complex with two Ub molecules. The Michaelis complex forms through 

noncovalent interactions between the E2 protein and the UBA1 active complex. For 

simplicity, the kinetic scheme is indicated below without the fluorophore tags on the Ub 

and the E2 proteins (reaction A).  

v0=	!!"#[#]%$&[#]
(1) kcat=	!!"#' %

(2) cateff=	(&"%%$
(3)
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To evaluate the effects that acUb has on UBE2D1 loading, kinetic curves were analyzed 

as a function of YPetUBE2D1 concentration and compared with those of Ub (Fig. 3.5 A, B). 

The KM values for most of the acUbCyPet constructs were similar within error to that of 

UbCyPet (Fig. 3.5C), indicating that the association of YPetUBE2D1 with the E1 loaded with 

each acUbCyPet is not altered by acetylation. In contrast, acUbK48CyPet exhibited an average  

 
Figure 3.5. Ubiquitin acetylation modifies kinetic curves for UBE2D1 and UBE2L3. 
Initial rates for E2∼Ub conjugate formation using 1−20 μM YPetUBE2D1 or YPetUBE2L3 
were plotted and fit. Individual data points represent the average initial rates of three 
individual replicates per concentration. Error bars are shown for each point (± SEM). 
Curves are coloured as follows: black for UbCyPet, (A, E) red for acUbK11CyPet, purple for 
acUbK27CyPet, and yellow for acUbK29CyPet, and (B, F) orange for acUbK6CyPet, pink for 
acUbK33CyPet, blue for acUbK48CyPet, and green for acUbK63CyPet. The curves were used 
to derive the Michaelis-Menten kinetic parameters (C, G) KM and (D, H) kcat for the 
transthiolation from UBA1 to the indicated E2 protein, and bars represent the average ± 
SEM of each parameter. A Student’s t test was used to determine which acUb constructs 
were significantly different from Ub: 0.05 > p  ≥ 0.0005 (one asterisk), and p < 0.0005 (two 
asterisks). 

 

⇌UBA1~Ub(t) : Ub(a) + E2 UBA1~Ub(t) : Ub(a) : E2 UBA1~Ub(t) : Ub(a) + E2~Ub (A)
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KM (3.31 μM) that was 70% lower than that of UbCyPet (11.11 μM), and the KM of 

acUbK33CyPet (43.02 μM) was nearly 300% higher, both suggesting that acetylation of Ub 

at these sites alters the interaction of UBE2D1 with Ub-loaded UBA1. The turnover 

number (kcat, eq. 2) obtained from the Michaelis-Menten curves demonstrated more 

variation between the acUb variants and Ub (Fig. 3.5D). Ubiquitin acetylated at K6 or K29 

demonstrated kcat values within 10% of Ub. The acUbK33CyPet protein was the only 

construct to have a higher turnover number (0.197 s-1). Four acUb variants showed 

significantly lower kcat values that ranged from 15% (acUbK27CyPet) to 70% (acUbK11CyPet 

and acUbK48CyPet) poorer than that of UbCyPet. These translated to catalytic efficiencies 

(kcat/KM, eq. 3) for four acetylated ubiquitin proteins (acUbK11CyPet, acUbK29CyPet, 

acUbK33CyPet, and acUbK63CyPet) that were significantly decreased compared to that of Ub. 

Surprisingly, the consistently lower KM and kcat values for acUbK48CyPet resulted in a 

catalytic efficiency that was indistinguishable from that of UbCyPet. 

The same methodology was used to compare the kinetics of E2∼Ub formation with 
YPetUBE2L3. Figure 3.5 E, F shows the Michaelis-Menten curves associated with the FRET 

experiments collected for the acetylated Ub proteins with UBE2L3. Intriguingly, the 

significant variation in the KM values (Fig. 3.5G) derived from these experiments indicate 

that ubiquitin acetylation influences the binding of YPetUBE2L3 to the active UBA1 

complex. While acUbK11CyPet and acUbK48CyPet reduce the KM between 50-75%, most 

other acUb proteins increase the KM. Numerically, acUbK29CyPet and acUbK63CyPet 

increase the KM between 150-165%, while acUbK27CyPet (230%) and acUbK33CyPet 

(350%) have a more drastic influence on YPetUBE2L3 binding. This variation demonstrates 

that the different acetylated lysine residues modify distinct regions or binding 

conformations in the UBA1 active complex that can either promote or deter YPetUBE2L3 

recruitment. Further, six of the seven acUb proteins impaired catalytic turnover evidenced 

by the reduction in kcat (Fig. 3.5H). Ub acetylated at K33 was the only protein that did not 

modify catalytic turnover with YPetUBE2L3. The other acUb proteins caused between a 

15% (acUbK29CyPet and acUbK63CyPet) to 64% (acUbK48CyPet) reduction in kcat. Together, 

the variation in KM and kcat correlated to significantly different kcat/KM values for all seven 

acUb proteins with YPetUBE2L3. Ub acetylated at K11 or K48 showed ∼1.15-fold higher 
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kcat/KM values, while the other acUb proteins ranged from 23% (acUbK27CyPet) to 64% 

(acUbK6CyPet) that of UbCyPet. 

3.4 Discussion 
In this work, we used programmed acetylation to express and purify all possible acetylated 

lysine variants in the post-translational modifier protein Ub (acUb). These proteins were 

used to identify whether acetylation of ubiquitin alters the ability of the E1-activating 

enzyme UBA1 to catalyze the formation of an E2∼Ub conjugate with UBE2D1, a 

promiscuous E2-conjugating enzyme, or UBE2L3, a cysteine specific E2-conjugating 

enzyme. For UBE2D1, our work shows that acetylation of most lysine residues yields KM 
values that are similar to that of Ub, indicating that acetylation of Ub does not significantly 

disrupt the interaction of the UBA1 ternary complex with UBE2D1 for these proteins. In 

contrast, acetylation of Ub appears to have a larger impact on kcat, showing that five acUb 

proteins (acUbK11, acUbK27, acUbK33, acUbK48, and acUbK63) have kcat values that 

are significantly different from that of Ub for the formation of the UBE2D1∼Ub 

conjugates. Overall, this results in four acUb proteins (acUbK11, acUbK29, acUbK33, and 

acUbK63) that have catalytic efficiencies that were ∼50% worse than that of Ub with 

UBE2D1. Conversely, our data indicates that ubiquitin acetylation impairs recruitment and 

binding of UBE2L3, as the KM values for all but acUbK6 were significantly different than 

the KM for Ub. A similar trend was observed with kcat values, where all acUb proteins 

except acUbK33 had significant influence on the turnover number of the UBA1-ternary 

complex with UBE2L3. These trends resulted in reduced catalytic efficiencies for the 

formation of UBE2L3∼Ub species with five out of the seven acUb proteins (ranging from 

37-77% poorer than Ub); acUbK11 and acUbK48 demonstrated a modest increase in 

catalytic efficiency. In general, the reduction in catalytic efficiency for the different acUb 

proteins is consistent regardless of E2 identity. That is, a given acUb protein reduces the 

parameter in both systems. One acUb protein, acUbK27, has contrasting effects on catalytic 

efficiency. Ub acetylated at K27 has no influence on the efficiency for UBE2D1 loading, 

but catalytic efficiency decreases for UBE2L3 loading by 77%. This variation is largely 

due to the differences in KM values for the two E2 proteins. Although the general trends 

for catalytic efficiency are the same, a similar contrast is evident with acUbK29 where the 
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kcat for UBE2D1 turnover is unchanged, while the turnover number for UBE2L3 has a 15% 

reduction. These trends likely reflect changes linked to E2 identity in addition to Ub 

acetylation. 

The absolute values for KM and kcat for the transthiolation of ubiquitin by UBA1 to 

UBE2D1 or UBE2L3 are larger than previously described [48,145,146]. This could be due 

to differences in the protein constructs or assays used. Our work utilized a C-terminal His-

tagged variant of UBA1, while previous studies used an N-terminal GST-tagged copy of 

the enzyme. On the basis of three-dimensional structures [37–41,47], neither of these 

modifications is expected to alter the fold of UBA1, the interactions of ubiquitin, or the 

recruitment of the E2 protein. Our work also demonstrated that the KM for UBE2D1 was 

larger than that for UBE2L3, which disagrees with other findings [146]. However, we did 

find that although the magnitude of our values for kcat for Ub with UBE2D1 or UBE2L3 

were smaller than previously described, the kcat for UBE2D1 was approximately 2.0-2.5-

times larger than the kcat for UBE2L3 in our work, a ratio that is similar to previous findings 

[145]. It is unclear why our experiments showed these differences in kinetic values. In our 

assays, we utilized N-terminal FRET tags attached to Ub and UBE2D1 or UBE2L3 [134]. 

It is possible that these large β-barrel fluorophores might cause some steric hindrance for 

E2 or ubiquitin binding that could alter the absolute values of KM and kcat. In most 

structures of UBA1 in complex with Ub, the N-terminus, where the FRET tag is located, 

faces the solvent. Any minimal effects are expected to contribute consistently for each 

acUb and still allow comparison of the different proteins. 

Three acetylated Ub proteins, acUbK6, acUbK33 and acUbK48, showed the same trend in 

terms of KM regardless of E2 identity. For both UBE2D1 and UBE2L3, acUbK6 did not 

alter the binding of the E2 protein, evidenced by the insignificant 10% increase in KM 

compared to that for Ub. Conversely, acUbK33 caused over a 300% increase in the KM for 

the binding of UBE2D1 and UBE2L3 in their separate systems, and acUbK48 reduced the 

KM for the binding of each individual E2 protein by 70%. The kcat of both E2 systems with 

acUbK48 was reduced 65%. These similarities likely reflect influences that these acUb 

proteins have on the UBA1-ternary complex, as they are not specific to a given E2 protein.  
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Many of the other acUb proteins had kinetic parameters that were modulated with varying 

magnitude along the same directionality between E2 systems. For example, acUbK11 

reduced the kcat 56% and 37% for UBE2D1 and UBE2L3, respectively, and reduced the 

KM 28% and 47% for UBE2D1 and UBE2L3, respectively. The differences in magnitude 

but the conserved directionality between systems with UBE2D1 and UBE2L3 indicate that 

these acUb proteins likely have influences on both the UBA1-ternary complex and the 

stability of the E2∼Ub product. 

Finally, two acUb proteins displayed kinetic parameters that had opposing directionality 

between the UBE2D1 and UBE2L3 systems. The kcat for acUbK29 was insignificantly 

increased with UBE2D1, but this Ub protein demonstrated a 15% reduction in the same 

parameter with UBE2L3. The inconsistent influence that acUbK29 has on the formation of 

E2∼Ub with different E2 proteins indicates that acetylation of K29, in addition to the E2 

identity, has a role in E2∼Ub formation. A more drastic difference between the UBE2D1 

and UBE2L3 systems was observed with acUbK27, where the KM values were 22% 

reduced and 230% increased, respectively. This major difference indicates that acetylation 

of Ub at K27 directly influences the binding of an E2 protein and could have further 

implications in E2∼acUbK27 product stability. 

We attempted to rationalize the modified catalytic activities of UBA1 with different acUb 

proteins using structures of UBA1. The E1 enzyme UBA1 contains five domains and a 

four-helix bundle that are utilized to load Ub onto an E2. Multiple three-dimensional 

structures [37,38,41,47] show that the initial adenylation of Ub results in a complex in 

which the adenylated Ub [Ub(a)] is bound near the juncture of the IAD (inactive 

adenylation), AAD (active adenylation), and FCCH (first catalytic cysteine half) domains 

(Fig. 3.6A). Formation of the E1 thioester-linked Ub species [Ub(t)] is accomplished by a 

large hinge-like motion of the second catalytic cysteine half (SCCH) domain that positions 

the catalytic cysteine (C593, Schizosaccharomyces pombe; C600, Saccharomyces 

cerevisiae) near the C-terminus of the adenylated Ub(a) to facilitate the transfer [39,147]. 

It has been shown that the fully activated E1 enzyme is loaded with both Ub(a) and Ub(t) 

molecules that continually cycle (Fig. 3.6A) and that this complex has maximal affinity for 

an E2 enzyme [92]. Structures show that E2 binding is accommodated by movement of the 
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UFD (Ub fold domain) to allow an E2 enzyme to bind the space between the UFD and the 

SCCH domain of UBA1 [38,47,148,149]. The positioning of the E2 by the UFD provides  

 
Figure 3.6. Specific interactions between UBA1 and two bound acUb molecules 
could cause variation in transthiolation rates. 
(A) Structure of UBA1 in complex with Ub(a) (red) and Ub(t) (dark grey) proteins 
crystallized as part of the asymmetric unit from [41] (PDB ID: 4NNJ). The domains of S. 
cerevisiae UBA1 are labeled as follows: UFD, ubiquitin fold domain (wheat); SCCH, 
second catalytic cysteine half domain (blue); FCCH, first catalytic cysteine half domain 
(pale pink); IAD, inactive adenylation domain (cyan); 4HB, four-helix bundle (magenta); 
AAD, active adenylation domain (pale green). (B) Interaction of K48 of Ub(t) with L233 
and P235 of the FCCH domain. K48 in Ub(t) sits across from K33 in Ub(a) (red) that is 
hydrogen bonded to the backbone carbonyl of T14 in Ub(a). (C) Interaction between K48 
in Ub and D899 of S. pombe UBA1 as demonstrated in the closed capture complex (PDB 
ID: 6O83). (D) Specific regions of interaction around K11 of Ub(t) (dark grey) with N703 
and E705 of the SCCH domain. The side chain of K11 is hydrogen-bonded to the 
carboxylate of E34 of Ub(t). Dashed lines represent polar contacts involving the lysine 
residue of Ub as per the indicated X-ray structure. 

 

some specificity that places Ub(t) near helix α2 of the E2 enzyme in a conformation that 

resembles the closed E2∼Ub conformation. It is possible that differences in kcat could 

reflect any of the Ub transfer states from Ub to Ub(a), the E1∼Ub(t) conjugate, and the 

E2∼Ub conjugate. To limit these possibilities, our experiments were performed using 

excess amounts of Ub and ATP relative to UBA1. We expect that the initial steps are 

masked in our experiments and kinetic differences would be most apparent in the stability 

of the fully loaded E1∼Ub(t):Ub(a) complex and in the formation of the E2∼Ub(t) 

conjugate. Further experiments will be needed to confirm this.  

Ub acetylated at position K48 shows the most significant decreases in kcat values compared 

to that of Ub, regardless of E2 identity. Among the seven lysines in Ub, this residue has 
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some of the most obvious interactions with UBA1 that could impede transfer to an E2 

enzyme. The side chain of K48 in Ub(t) lies near L233 and P235 of the hydrophobic 

β11−β12 loop (V232−F236) in the FCCH domain of UBA1 and across from the side chain 

of K33 of Ub(a) (Fig. 3.6B). While residues in the FCCH domain do not appear to have 

any charged interactions with K48 in Ub(t), the closed UBA1−Ub capture complex (PDB 

ID: 6O83) provides evidence for ionic interactions (<4 Å) between K48 in the covalently 

linked Ub and D899 (S. pombe; E910 in S. cerevisiae) in the AAD domain [38,39,41] that 

would be compromised upon acetylation of K48 (Fig. 3.6C). Thus, the diminished turnover 

(kcat) upon acetylation at K48 of Ub may result from possible enhanced hydrophobic 

interactions due to lysine side chain neutralization in Ub(t) or loss of charged interactions 

in the closed UBA1−Ub complex that could inhibit transfer to the catalytic cysteine in 

UBA1. 

Acetylation of five residues resulted in differences in kcat compared to that of Ub for 

E2∼Ub conjugate formation, where the magnitude of the difference was dependent on E2 

identity, but the overall directionality of the difference was conserved. In multiple 

structures, the side chains of two of these proteins, acUbK6 and acUbK63, are exposed to 

solvent in Ub(a) and Ub(t) [37–39,41,47]. For acUbK6, the influence that acetylation at 

this residue has on E2∼Ub formation is dependent on E2 identity, as there is insignificant 

variation in the kcat in the UBE2D1 system compared to Ub. Previous work has shown that 

modification at K6 with the fluorescent label Oregon green increases the KM and decreases 

the kcat for UBE2D1∼Ub formation [150]. Thus, it is likely that acUbK6 modifies kcat in 

an E2-dependent manner and does not have much influence on the UBA1-ternary complex 

itself. The side chains of K63 in Ub(a) and Ub(t) lie on the exterior of the UBA1 enzyme 

complex. In addition, multiple structures of E2∼Ub conjugates display K63 as a solvent-

facing residue regardless of the conformation [52,57,151,152] making it unclear how 

acetylation at this residue can alter UBE2D1∼Ub and UBE2L3∼Ub conjugate formation. 

It is possible that our observations, where acetylation at K63 impairs E2∼Ub conjugate 

formation, may result from differences earlier on in Ub activation that cannot be detected 

in our experiments. Acetylation at K11 in Ub reduced the kcat of UBE2D1∼Ub and 

UBE2L3∼Ub formation by 56% and 37%, respectively. The β1−β2 loop in Ub(t) is central 
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for interactions with the SCCH domain in UBA1, contacting the extended αH24−αH25 

loop C-terminal to crucial E2-binding residues [38]. Following the β1−β2 loop in Ub, K11 

in Ub(t) sits across from N703/E705 (S. cerevisiae, corresponding to T697/Q699 for S. 

pombe) of the SCCH domain (Fig. 3.6D), supporting the interaction [41]. As expected, 

substitutions in this region of UBA1 show decreased levels of E2∼Ub conjugate formation 

[38,39,47]. However, the largest alteration from acetylation at K11 would likely be the 

disruption of an intramolecular ionic interaction with the side chain of E34 in Ub(t) that is 

observed in nearly all Ub structures [153]. Acetylation at K11 would likely change the 

conformation of the β1−β2 loop in Ub(t), destabilizing this necessary interaction with the 

SCCH domain needed to facilitate transfer to the E2 enzyme. Previous experiments have 

indicated that neutralization or charge swapping at E34 of Ub inhibits diubiquitin formation 

and increases yeast sensitivity to DNA-damaging agents [36,154]. Ub acetylation at K27 

caused a more drastic decrease in the kcat for UBE2L3∼Ub formation compared to 

UBE2D1∼Ub formation (48% vs. 21% reduced). In the available structures, K27 and K33 

in Ub(a) or Ub(t) make little obvious contact with UBA1 [37–41,47]. Similar to K11 and 

E34 of Ub, the side chain of K27 is positioned for an intramolecular ionic interaction with 

D52 that acetylation would clearly disrupt. It is possible the loss of this ionic interaction in 

acUbK27 influences the small decrease (21%) in kcat for UBE2D1∼Ub formation with 

acUbK27. In contrast, the most reasonable explanation for the smaller turnover number for 

UBE2L3 is the much larger KM (230% higher than Ub in this system), indicating that the 

formation of a productive E1:E2 transthiolation complex is already impaired by worsened 

E2 binding. The side chain of K33 in Ub(a) is intramolecularly hydrogen bonded to the 

backbone carbonyl of T14. Although the side chain extends toward a primarily negatively 

charged pocket just below the β11−β12 loop in the FCCH, further hydrogen bonds are not 

evident. Curiously, this region is near the same pocket where K48 in Ub(t) sits (Figure 

3.6B). It is possible that acetylation at K33 in Ub(a) promotes the transfer of Ub to the 

Ub(t) position correlating to the increased turnover number (kcat) described here. The 

inconsistent magnitude change in kcat between E2 proteins likely reflects the interactions 

the SCCH domain uses to position helix α3 of the bound E2 protein that might be distal to 

the position of K11, K27, or K33. The composition of helix α3 is quite different between 

UBE2D1 and UBE2L3. Except for a few conserved aspartate residues, helix α3 in UBE2L3 
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contains more charged residues compared to helix α3 in UBE2D1. This variation provides 

evidence as to why the magnitude change of kcat could be dependent on E2 identity. 

Intriguingly, acetylation of K29 is the only residue that has not been observed in Ub, yet 

this species of Ub demonstrated the most obvious dependence of kcat on E2 identity. For 

UBE2D1, the kcat for transthiolation from UBA1 was an insignificant 3% higher than Ub, 

but for UBE2L3, the kcat was reduced 15%. In the available E1 structures [37–41,47], the 

sidechain of K29 extends into solvent and has no obvious interactions with any of the 

proteins in the complexes. Additionally, in sampled E2∼Ub structures, the sidechain of 

K29 extends outwards into solvent and makes no contact with the E2 protein 

[52,57,151,152]. Together, these structures indicate that K29 has no significant interaction 

with any of the proteins involved in catalytic complexes used in our studies. Further 

experiments with other E2 proteins may highlight a more defined involvement of K29 and 

could provide explanation as to how acetylation of this residue selectively impairs the 

formation of various E2∼Ub species. 

The available X-ray structures used to examine positioning of acetylated lysine residues 

capture multiple snapshots of UBA1, Ub, and an E2 protein. It is clear, however, that Ub 

transfer is a very dynamic process in solution. UBA1 mutagenesis experiments to 

complement structural work identify two main regions of UBA1 that are crucial for 

complex remodeling. The closed E1 structure required for E1∼Ub(t) conjugate formation 

demonstrates contacts between the FCCH and SCCH domains [39,40] while the open 

structure (which is favored in Ub adenylation and E2∼Ub conjugate formation) maintains 

contacts between the SCCH and AAD domains [37,38,41,47]. The remodeling events 

required for E2∼Ub conjugate formation rely heavily on the uninterrupted dynamics of the 

SCCH domain. We have used kinetic experiments to show that acetylated lysine residues 

in Ub(t) have the potential to impair the rearrangement necessary for E2∼Ub conjugate 

formation in our experiments, resulting in poorer catalysis. Although further experiments 

are required, we expect that the poorer catalysis for acUb variants observed here will have 

downstream effects on substrate ubiquitination. 
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4  

Ub acetylation affects E2~Ub conjugate 
conformation and alters HECT-mediated 
ubiquitination 
 

 

4.1 Introduction 
The previous chapters have provided evidence that Ub acetylation alters the transthiolation 

between the E1 protein UBA1 and the two E2 proteins UBE2D1 and UBE2L3. How 

acetylation modulates steps downstream of E2~Ub formation remains unevaluated, but it 

could be the result of multiple influences. Primarily, lysine acetylation of Ub blocks 

ubiquitination sites, thereby preventing the formation of polyUb chains by E2:E3 

ubiquitination pairs. Can E2:E3 pairs compensate for lysine acetylation at their preferred 

polyubiquitination site, or does acetylation limit the function of certain enzymes? 

Secondly, the conformation of the E2~Ub conjugate required by the different classes of E3 

ligases could be altered by Ub acetylation. To visualize the range of conformations that an 

E2~Ub conjugate can adopt, crystal structures of various E2 proteins with a Ub covalently 

attached to its catalytic cysteine have been solved. Further, some structures capture E2∼Ub 

species non-covalently bound to select E3 proteins where the extreme conformations 

become evident. For example, the open conformation of E2~Ub observed in the structure 

of UBE2D2~Ub bound to the HECT E3 ligase NEDD4-2 shows no non-covalent 

interaction between the Ub protein and UBE2D2 [56]. Conversely, in the closed 
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conformation observed with the RING E3 ligase RNF4, the Ub protein folds onto helix α2 

of UBE2D1 [59], an interaction that is mediated by the I44 hydrophobic patch of Ub. The 

other available structures show snapshots of E2∼Ub species populating conformations 

between these two extremes, indicating there is a large distribution of potential 

conformations. To understand solution properties of E2∼Ub conjugates, NMR 

spectroscopy and other biophysical techniques have been used [53,60]. Previous work has 

identified key residues such as K48 and Q49 in Ub that are diagnostic of particular E2∼Ub 

conformations that can be tracked in NMR experiments. 

Unfortunately, how acetylated Ub proteins alter E2∼Ub conformations remains unclear. 

Acetylation of K6 or K48, which lie in proximity to the I44 hydrophobic patch, are 

expected to have the largest influence on E2∼Ub conformation because they would extend 

the hydrophobic surface. Other acetylated residues such as K29 and K33 protrude into 

solution in all available structures and would be expected to have little impact on 

conformation. Here, we used traditional gel-based experiments to monitor E2 unloading 

with two catalytic cysteine-containing E3 proteins IPAH3 and HUWE1. We show that 

acetylation at the preferred polyubiquitination sites by these E3 proteins limits E2~Ub 

discharge. Further, we highlight how Ub acetylation at K6 or K33 might alter the 

conformation of the UBE2L3~Ub conjugate. Together, our findings indicate that certain 

acetylation sites influence the UBE2L3∼Ub conjugate to adopt a more closed structure and 

provides evidence that Ub acetylation impairs polyubiquitination by cysteine-dependent 

E3 ligases.   

4.2 Materials and methods 
4.2.1 Protein expression and purification 

All proteins were expressed and purified as indicated in sections 2.2.2.3 and 2.2.2.4 with 

the exception that LB medium was replaced with minimal medium (M9) for Ub and acUb 

expressions to be used in Nuclear Magnetic Resonance (NMR) experiments. To 

isotopically label Ub and acUb proteins, M9 medium was supplemented with 1 g 15NH4Cl 

with or without 2 g 13C-glucose. In growths without isotopically labeled glucose, 0.4% 

glucose was added to the medium. In labeled acUb growths, use of the orthogonal system 
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required unlabeled (14N) acetyl-lysine to be added to the medium, so the acetyl-lysine 

residue is not visible in NMR experiments. 

UBE2L3 C86K was purified using the same method described for UBE2L3. The HECT 

domain of HUWE1 (residues 4006-4374; herein referred to as HUWE1) was expressed in 

E. coli BL21(DE3) overnight at 16 °C with 1 mM IPTG. Cells were harvested and 

resuspended in 50 mM Tris pH 7.5, 500 mM NaCl, 10 mM imidazole, 10% glycerol (wash 

buffer). Cells were lysed and debris was removed using high speed ultracentrifugation. The 

cleared supernatant was applied to Ni2+-NTA resin and batch bound for 1 hour at 4 °C. The 

resin was washed with wash buffer and His-HUWE1 was eluted using 50 mM Tris pH 7.5, 

200 mM NaCl, 250 mM imidazole, 10% glycerol. Overnight dialysis was used to remove 

the imidazole and HUWE1 protein was aliquoted and frozen at -80 °C.  

4.2.2 Nucleophile discharge assays 

Discharges of the UBE2D1∼Ub conjugates in the presence of nucleophilic amino acids 

were conducted on preloaded UBE2D1 [155]. A 500 mM stock solution of L-lysine 

monohydrochloride and a 125 mM stock of L-cysteine were prepared in 50 mM Hepes (pH 

7.35 and 7.2, respectively). The E2∼Ub and E2∼acUb conjugates were formed for 50 min 

at 30 °C in reaction mixtures containing 1 μM UBA1, 10 μM UBE2D1, 90 μM Ub or acUb, 

and 5 mM MgATP in 50 mM Hepes (pH 7.4). The accumulation of the UBE2D1∼Ub 

conjugate was terminated by the addition of 5 mM N-ethylmaleimide for 10 min at 30 °C 

to alkylate the catalytic cysteines of UBA1 and any unconjugated UBE2D1. After 

incubation with N-ethylmaleimide, 50 mM L-lysine or 6 mM L-cysteine was added, and 

the reactions proceeded at 30 °C. Samples were taken at the indicated time points after 

nucleophile addition and quenched in 3x SDS sample buffer containing 20 mM EDTA. 

Protein species were resolved via Bis-Tris SDS-PAGE in MES running buffer (50 mM 

MES, 50 mM Tris, 0.1 % SDS, and 1 mM EDTA at pH 7.4) and Coomassie stained. A 

longer time course experiment was conducted with Ub to choose the appropriate time 

points. The methodology was repeated for UBE2L3 discharge experiments except that the 

concentrations of Ub and acUb proteins in the reactions was reduced to 15 µM, and the 

concentration of UBA1 was reduced to 0.7 µM.  
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4.2.3 E3-mediated E2 discharge 

Discharges of the UBE2D1∼Ub conjugates in the presence of the HECT-like E3 IPAH3 

were conducted on preloaded UBE2D1. Reaction mixtures containing 0.7 µM UBA1, 15 

µM Ub or acUb, 20 µM UBE2D1 and 5 mM MgATP in 50 mM Hepes (pH 7.4) were 

incubated at 30 °C for 50 minutes and immediately transferred into an ice bath (0 °C) for 

10 minutes for temperature equilibration. To find the optimal concentration of IPAH3, 

multiple tests were done with the Ub protein at 30 °C and 0 °C. The optimal concentration 

of IPAH3 was determined to be 0.75 µM. The IPAH3 protein was simultaneously pre-

equilibrated on ice prior to its addition to the UBE2D1~Ub or UBE2D1~acUb conjugate. 

To determine if IPAH3 induced discharge of the UBE2L3~Ub conjugate, we tested 

conditions identical to those optimized for UBE2D1~Ub. We then increased the 

concentration and temperature of the reaction as indicated. Reactions were sampled at the 

chosen timepoints over 5 minutes and separated on 15% Bis-Tris SDS-PAGE in MES 

running buffer. Gels were then stained with Coomassie, destained, and imaged using a 

BioRad ChemiDoc imaging system. 

HUWE1-mediated E2 discharge for both UBE2D1~Ub and UBE2L3~Ub conjugates were 

optimized similarly to the IPAH3 reaction. Briefly, the respective E2~Ub conjugates were 

pre-formed at 30°C for 1 hour prior to the addition of HUWE1. HUWE1 was pre-warmed 

to room temperature prior to its addition to the reaction. Initial reactions used various 

concentrations of HUWE1. The final experiments used 0.7 µM UBA1, 15 µM Ub or acUb, 

20 µM UBE2D1 or UBE2L3, 5 µM HUWE1, and 5 mM MgATP in 50 mM Hepes (pH 

7.4). Optimized unloading experiments were conducted at 30 °C for 10 minutes after 

accumulation of the E2~Ub conjugate. Samples were removed at the desired time points 

and protein species were resolved on 15% Bis-Tris SDS-PAGE in MES running buffer. 

Gels were stained, destained, and imaged as indicated above. 

4.2.4 Data analysis 

To determine the relative amounts of E2∼Ub throughout the discharge reactions, SDS-

PAGE for each Ub or acUb protein were Coomassie stained and destained as usual. Gels 

were imaged using a BioRad ChemiDoc system using the pre-set Coomassie Blue protein 
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gel filter. Image Lab software was used to manually select bands and band densitometry 

measurements were obtained using the Volume function. The data for each Ub protein were 

normalized internally to the volume of the band at t= 0 min representing 100% of the 

E2∼Ub conjugate. Data were fit using either a one-phase decay, logistic decay, or linear 

regression as indicated. Curves for E3-mediated discharge experiments represent the 

average for two individual reactions. 

4.2.5 Formation of thioester E2∼Ub species 

To examine the NMR spectra of 15N-Ub or 15N-acUb containing E2∼Ub complexes, a 

slight excess of E2 (UBE2L3) was reacted with 15N-Ub or 15N-acUb at 30 °C for 1 hour 

using 5 mM MgATP and 1 µM UBA1 in 50 mM Hepes pH 7.4. The 1-mL reaction volume 

was then injected onto a Superdex75 gel filtration column pre-equilibrated in 25 mM Hepes 

pH 7.0, 50 mM NaCl. The column was run at 0.3 mL/min to ensure separation of any 

remaining unconjugated 15N-Ub or 15N-acUb protein. SDS-PAGE was used to resolve 

protein species contained in each fraction, and those fractions containing primarily 

UBE2L3∼15N-Ub or UBE2L3∼15N-acUb were pooled and concentrated using a Millipore 

3K MWCO centrifugal device. The concentrated sample was used in NMR experiments 

immediately following preparation. 

4.2.6 Formation of a stable isopeptide linked E2–Ub species 

4.2.6.1. Isopeptide conjugation. To form a stable E2–Ub species, UBE2L3 C86K was 

purified using the methods established for the wild-type proteins described in section 

2.2.2.4. Prior to conjugation, all reaction components (UBA1, UBE2L3, 13C15N-His-Ub or 
13C15N-His-acUb) were dialyzed against 200 mL of 50 mM Ches pH 9.5, 150 mM NaCl, 

10 mM MgATP (Ches buffer) for two hours at room temperature. A second 200 mL of the 

buffer was pre-warmed to 37 °C during this time. After two hours, a slight excess of E2 

protein, as determined by SDS-PAGE and Coomassie staining, was mixed with the 13C15N-

His-Ub or 13C15N-His-acUb protein in a dialysis bag, and a final concentration of 50 µM 

UBA1 was added. Initially, only half of the UBA1 protein was added to the reaction; the 

other half was added in hourly increments for the first four hours. The reaction was left at 
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37 °C for 18 hours with slow shaking, and conjugation progress was monitored by SDS-

PAGE. 

4.2.6.2. Purification of the isopeptide-linked UBE2L3–13C15N-His-Ub species. Following 

conjugation, the reaction mixture was batch bound to Ni2+-NTA resin prewashed with 50 

mM Tris pH 8.0, 250 mM NaCl, 250 µM TCEP (UbW2 buffer). Binding occurred at 4 °C 

for 1 hour with constant mixing. The flowthrough (containing unconjugated E2 protein) 

was then removed, and the beads were washed extensively with UbW2 buffer. His-tag-

containing species (UBA1-His, UBE2L3–13C15N-His-Ub, and 13C15N-His-Ub) were eluted 

from the resin with UbE buffer (50 mM Tris pH 8.0, 250 mM NaCl, 250 µM TCEP, 250 

mM imidazole) in increments of 2 mL. All fractions were monitored by SDS-PAGE to 

determine protein composition. Fractions containing UBE2L3–13C15N-His-Ub were 

incubated with TEV protease (2.5 mg) to remove the His-tag and dialyzed overnight into 

UbW2 buffer at 4 °C. Following cleavage, the protein solution was passed through the 

Ni2+-NTA resin and the flowthrough was collected. Extensive washing with UbW2 buffer 

ensured all unbound proteins came off the column. The flowthrough and the wash fractions 

were pooled and concentrated to a 1-mL final volume and injected into a Superdex75 gel 

filtration column pre-equilibrated with 25 mM Hepes pH 7.0, 50 mM NaCl, 500 µM TCEP 

(NMR buffer). Separated species were visualized with SDS-PAGE and fractions 

containing UBE2L3–13C15N-Ub were pooled and concentrated for NMR. 

4.2.7 Nuclear Magnetic Resonance (NMR) spectroscopy 

4.2.7.1. Sample preparation. All protein samples were soluble in NMR buffer prior to 

sample preparation. The NMR samples were made up using 90% protein solution, 5% 1 

mM DSS in 99.9% D2O, and 5% of 99.9% D2O. Imidazole was used as an internal pH 

indicator at a final concentration of 3 mM. In all NMR spectra presented, the Ub or acUb 

molecule is the NMR visible component of the sample (either 15N-labeled or 13C15N-

labeled). 

4.2.7.2. Data collection, processing, and analysis. All NMR experiments were collected 

on a Varian Inova 600-MHz NMR spectrometer equipped with a triple-resonance probe 

temperature controlled to 25 °C. 1H15N-HSQC experiments were collected using either a 
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room temperature or cryogenic probe depending on instrument availability. All 1H15N-

HSQC experiments were no longer than 1.5 hours in length, and the pH was measured 

between 6.95-7.05 for each sample. For signal assignments, the HNCA experiment [156] 

was collected using the cryogenic probe for the free Ub proteins Ub and acUbK27, and 

UBE2L3–Ub conjugates containing Ub, acUbK6, and acUbK33. For most experiments, 

the 1H spectral window was set at 7000 Hz centered around 4.77 ppm and the 15N spectral 

window was 1944 Hz centered around 120.15 ppm. For triple-resonance HNCA 

experiments, the 1H spectral window was 7000 Hz centered around 4.77 ppm, the 15N 

spectral window was 1632 Hz centered around 118.15 ppm, and the 13C spectral window 

was 4524 Hz centered around 56.12 ppm. All samples were referenced internally to DSS. 

All data were processed using NMRPipe [157] and analyzed using NMRViewJ [158]. In 
1H15N-HSQC experiments used to evaluate the conformation of the UBE2L3–Ub 

isopeptide conjugates expected to be in fast exchange, the proportion closed was calculated 

using fclosed = (δobs – δopen)/(δclosed – δopen), where fclosed is the fraction occupying the closed 

conformation and δobs, δopen, and δclosed refer to the chemical shifts of the observed, open, 

and closed signals, respectively. In 1H15N-HSQC experiments used to evaluate the 

conformation of the UBE2L3~Ub conjugates expected to be in slow exchange, the 

proportion closed was calculated using signal intensity where fclosed = Vclosed/(Vclosed + 

Vopen), where Vclosed and Vopen represent the volume of the closed and open signals, 

respectively. 

4.2.8 Analytical ultracentrifugation 

A Beckman XL-A analytical ultracentrifuge equipped with an An60-Ti rotor and double 

sector cells (1.2 cm) with quartz windows were used for sedimentation velocity 

experiments. Samples were prepared in NMR buffer and referenced appropriately. All data 

were collected in 25 mM Hepes pH 7.0, 50 mM NaCl, 0.5 mM TCEP at 25 °C. All velocity 

experiments were performed at 55,000 rpm (236,000 × g), and protein absorbance was 

measured at 280 nm scanned 30 times over 6 hours. Scans were acquired in duplicate. 

SEDFIT [159] was used to generate c(s) distribution data using a partial specific volume 

(vbar) of 0.73 mL/g, buffer density (ρ) of 1.0064 g/mL, and viscosity of 0.0103 P. 
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Qualitative observations for acUbK48 were made by comparing distribution data to that of 

Ub. 

Sedimentation equilibrium data were collected using the same instrument using the An60-

Ti rotor set up with six-channel Epon-charcoal centerpieces. Protein samples were prepared 

in NMR buffer and absorbance data were recorded at 280 nm. Experiments were run at 25 

°C using rotor speeds of 20 000, 24 000, 28 000, 32 000, and 45 000 RPM. Analyses were 

done using the data collected at 24 000, 32 000, and 45 000 RPM, and the data were fit 

using a single ideal species model [160]. 

4.2.9 Size Exclusion Chromatography- Multi-Angle Light Scattering 
(SEC-MALS) 

A Superdex75 gel filtration column was used with an AKTA FPLC (GE Healthcare) to 

evaluate protein samples for Ub and acUbK48. The AKTA was connected to a Dawn 

Heleos light scattering instrument, and both instruments were stored and operated at 10 °C. 

The systems were controlled using AKTA and ASTRA 7.1.4 software for UV and light 

scattering data collection. Protein samples were injected onto the Superdex75 at 600 µM 

for Ub and 220 µM for acUbK48 in degassed NMR buffer. For data processing, the 

refractive index 1.331 was used. 

4.2.10 X-ray crystallography 

The acUbK48 protein was expressed and purified as described in section 2.2.2.3 to a stock 

concentration of 10 mg/mL in 25 mM Tris pH 8.0, 250 mM NaCl, 250 µM TCEP. 

Crystallization trays were set up using the HR2-133 screen (Hampton Research) using a 

1:1 mixture of reservoir to protein solution. Crystals were obtained in 0.18 M ammonium 

sulfate, 0.09 M sodium acetate trihydrate pH 4.6, 27% PEG MME 2000, 10% glycerol. 

Crystals were fished without cryoprotectant and sent to the Canadian Light Source (CLS) 

for data collection. Diffraction data were collected on a beamline rotating 0.2° every 3 sec 

to cover 180° total. The data were processed using iMosflm in the CCP4 suite, and 

molecular replacement with Ub (PDB: 1UBQ) in Phenix [161] was used to fit the electron 

density. The acetyl-lysine at position 48 (code ALY) was manually added in Coot [162]. 
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4.3 Results 
4.3.1 Ub acetylation increases UBE2D1∼Ub conjugate sensitivity to 

nucleophilic cysteine 

To assess changes downstream of E2∼Ub conjugate formation that might arise due to an 

acetylated Ub molecule, we used nucleophile reactivity assays [155]. UBE2D1∼Ub and 

each UBE2D1∼acUb conjugates were assembled at 30 °C using limiting amounts of 

UBE2D1 and the appropriate Ub protein. After conjugation for 50 min, the forward 

reaction was inhibited using N-ethylmaleimide to alkylate the catalytic cysteines of the 

UBA1 and any unconjugated E2. Initially, a 1 h time course was used to monitor the 

disappearance of the E2∼Ub conjugate band to ensure a steady decrease in the amount of 

conjugate at the chosen nucleophile concentrations (Fig. 4.1A) and to choose appropriate 

time points to monitor UBE2D1 unloading of acUb proteins. Under these steady-state 

conditions, reactions showed that all UBE2D1∼Ub conjugates were formed at 

approximately the same level (Fig. 4.1B, C). Following treatment with N-ethylmaleimide, 

UBE2D1 unloading was initiated with the addition of 50 mM L-lysine or 6 mM L- cysteine 

at 30 °C and monitored via SDS-PAGE. Figure 4.1B shows that the lysine-mediated  

 

Figure 4.1. Ub acetylation alters the unloading of UBE2D1∼Ub conjugates.  
Reaction mixtures containing 1 μM UBA1, 10 μM UBE2D1, and 90 μM Ub or acUb in the 
presence of 5 mM MgATP and 50 mM Hepes (pH 7.4) were used to form the UBE2D1∼Ub 
or UBE2D1∼acUb conjugates. (A) A 1 h time course was used to observe the steady 
decrease in the level of the UBE2D1∼Ub conjugate over time using 50 mM L-lysine (left) 
or 6 mM L-cysteine (right) at 30 °C. Appropriate time points for the unloading of acUb 
from UBE2D1 in the presence of (B) 50 mM L-lysine or (C) 6 mM L-cysteine were chosen. 
Proteins were resolved via non-reducing Bis-Tris SDS-PAGE for all reactions. 



71 

 

 

disappearance of the UBE2D1 conjugate with all acetylated Ub proteins occurs over the 

first 10 min of the reaction. Visually, there is little difference between the intensities of 

bands for UBE2D1 for the aminolysis of the UBE2D1∼Ub conjugate compared to any of 

the UBE2D1∼acUb variant conjugates, indicating that acetylation of Ub does not impair 

nucleophilic lysine discharge in these experiments. Conversely, cysteine discharge 

experiments with UBE2D1~Ub conjugates were influenced by the acetyl modification of 

Ub (Fig. 4.1C). Band densitometry analysis of the gels in Figure 4.1B, C was used to 

confirm the qualitative findings (Fig. 4.2). Our data show that acetylation at K11, K29, 

K33, or K48 increases the reactivity of the UBE2D1∼acUb conjugates to nucleophilic 

cysteine by 30-50% (Fig. 4.2C, D). These findings may indicate that acetylation of certain 

Ub residues may play a role in thioester reactivity in the various steps of ubiquitination. 

 
Figure 4.2. Band densitometry of nucleophile induced UBE2D1~Ub unloading details 
modifications due to acUb proteins. 
The intensities of the bands from gels presented in Figure 4.1 were evaluated using BioRad 
ImageLab software. Each reaction was normalized internally to the intensity of the band at 
the t= 0 min timepoint for (A, B) 50 mM L-lysine reactions, and (C, D) 6 mM L-cysteine 
reactions. In all cases, curves were fit with a one-phase decay with a plateau of zero E2~Ub 
using GraphPad Prism 9.0. Colours throughout the panels are as follows: black- Ub, 
orange- acUbK6, red- acUbK11, purple- acUbK27, yellow- acUbK29, pink- acUbK33, 
blue- acUbK48, and green- acUbK63. Curves shown here represent a single experiment 
for each of the Ub proteins. 

 

4.3.2 Ub acetylation does not alter UBE2L3∼Ub conjugate sensitivity to 
amino acid nucleophiles 

To understand the downstream effects of Ub acetylation on another E2 protein, UBE2L3, 

nucleophile reactivity assays were also used. The UBE2L3~Ub conjugate and each 
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UBE2L3~acUb species were pre-made similar to the UBE2D1~Ub conjugates. An hour-

long time course was initially done using either 6 mM L-cysteine or 50 mM L-lysine to 

determine the appropriate timepoints (Fig. 4.3A). In the presence of 6 mM L-cysteine, the 

UBE2L3~Ub conjugate was completely unloaded after 60 minutes. As expected, the 

UBE2L3~Ub conjugate did not unload in the presence of 50 mM L-lysine at timepoints up  

 
Figure 4.3. Acetylation of Ub has little influence on UBE2L3~Ub small nucleophile-
mediated discharge. 
The UBE2L3~Ub and indicated UBE2L3~acUb conjugates were pre-formed using 0.7 µM 
UBA1, 10 µM UBE2L3, 15 µM Ub or acUb, 5 mM MgATP in 50 mM Hepes pH 7.4. (A) 
Initially, a 1 h time course at 30 °C was used to confirm no reactivity towards 50 mM L-
lysine (left) and reactivity towards 6 mM L-cysteine (right). Timepoints were selected from 
these time courses and the unloading of UBE2L3~Ub conjugates with each of the acUb 
proteins was observed for (B) 50 mM L-lysine and (C) 6 mM L-cysteine. Protein species 
were resolved on 15% Bis-Tris SDS-PAGE in MES running buffer and visualized using 
Coomassie staining. 

 

to 1 hour. For this reason, the timepoints from the cysteine reaction were used for lysine-

mediated unloading of UBE2L3~acUb conjugates (Fig. 4.3B). For each UBE2L3~acUb 

conjugate, there was approximately an equal amount of conjugate formed in each reaction, 

indicated by the intensity of the band at the zero timepoints. The UBE2L3~acUbK63 

conjugate appeared less intense due to the large amount of truncated Ub1-62 that was present 

in the acUbK63 preparation. As expected, we observed no unloading in the presence of 

nucleophilic lysine regardless of Ub species, indicating that acetylation of Ub does not 

prompt UBE2L3 discharge onto lysine (Fig. 4.3B). In cysteine-mediated discharge 

experiments, there visually appeared to be little influence on UBE2L3 unloading due to Ub 
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acetylation (Fig. 4.3C). These qualitative findings were corroborated using band 

densitometry analysis. In the presence of lysine, the UBE2L3~Ub conjugates with Ub or 

each acUb remained over 80% intact (Fig. 4.4A, B). In cysteine experiments, the discharge 

of the UBE2L3~Ub conjugate was stimulated nearly 2-fold faster with acUbK11 achieving 

over 90% discharge compared to the approximately 75% discharge of the UBE2L3~Ub 

conjugate (Fig. 4.4C). Surprisingly, acUbK27, acUbK33, and acUbK63 (Fig. 4.4C, D) only 

reached 60% unloading, evidenced by the larger proportion of E2~Ub present at the final 

timepoint. Overall, these data suggest that selected acUb proteins have a minor influence 

on UBE2L3~Ub unloading with small nucleophiles. 

 
Figure 4.4. Band densitometry accentuates minor differences in cysteine-mediated 
unloading of UBE2L3~acUb conjugates. 
BioRad ImageLab software was used to determine the intensities of the bands from gels 
presented in Figure 4.3. Each reaction was normalized internally to the intensity of the band 
at the t= 0 min timepoint for (A, B) 50 mM L-lysine reactions, and (C, D) 6 mM L-cysteine 
reactions. For lysine-mediated reactions, curves were fit with a linear regression, and 
curves for the cysteine reactions were fit with a one-phase decay with a plateau of zero 
E2~Ub using GraphPad Prism 9.0. Colours throughout the panels are as follows: black- 
Ub, orange- acUbK6, red- acUbK11, purple- acUbK27, yellow- acUbK29, pink- acUbK33, 
blue- acUbK48, and green- acUbK63. Curves shown here represent a single experiment 
for each of the Ub proteins. 
 
 

4.3.3 UBE2L3~Ub conjugates are not reactive with bacterial HECT-like 
E3 IPAH3 

To determine how acetylated Ub influences events downstream of E2~Ub formation with 

either UBE2D1 or UBE2L3, we examined the discharge of the conjugate in the presence 

of an E3 ligase. The HECT-like IPAH3 is a bacterial effector protein that utilizes the 

UBE2D family of E2 proteins to synthesize K48-linked polyUb chains via the formation 
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of an IPAH3~Ub intermediate [127]. The UBE2D1~Ub conjugate was pre-formed at 30°C 

for 1 hour. Initially, unloading experiments were conducted at 30°C, but the activity of 

IPAH3 in the presence of the UBE2D1~Ub conjugate was extremely high, as indicated by 

the complete loss of UBE2D1~Ub within 15 seconds (Fig. 4.5A). We then chose to 

decrease the temperature (0 °C) but still observed a fast decrease in UBE2D1~Ub (Fig. 

4.5B). Accordingly, we reduced the amount of IPAH3 in the solution to 20-times less than 

that of the UBE2D1~Ub conjugate and kept the reaction at 0 °C (Fig. 4.5C). For 

experiments conducted at 0 °C, we introduced a 10-min equilibration period to drop the 

temperature of the reaction from 30 °C (for conjugation) to 0 °C (for unloading). At 0 °C, 

high activity was still observed in the unloading of the UBE2D1~Ub conjugate, evidenced 

by the complete disappearance  

 
Figure 4.5. IPAH3 is competent with UBE2D1 but not UBE2L3. 
Optimization of the IPAH3-mediated unloading of the E2~Ub conjugates was 
accomplished through modifying the concentration of IPAH3 and temperature of the 
reaction. In panels A-C, the UBE2D1 protein was 20 µM and the Ub was 15 µM for (A) 
7.5 µM IPAH3 at 30 °C, (B) 7.5 µM IPAH3 at 0 °C, and (C) 0.75 µM IPAH3 at 0 °C. For 
panels D and E, 20 µM UBE2L3 was used with 15 µM Ub for (D) 0.75 µM IPAH3 at 0 
°C, and (E) 5 µM IPAH3 at 30 °C. For each reaction, the E2~Ub conjugate was pre-formed 
at 30 °C and unloaded for the indicated timepoints. Protein species were resolved on 15% 
Bis-Tris SDS-PAGE with MES running buffer. Bands were visualized using Coomassie 
staining and the gels were imaged using a BioRad ChemiDoc system. Lanes labeled “E2” 
were included to show where the unconjugated UBE2D1 or UBE2L3 protein runs. 

 

of the UBE2D1~Ub band after 5 minutes (Fig. 4.5C). We observed a steady decrease in 

UBE2D1~Ub intensity over the full experiment instead of the sudden unloading observed 

at 30 °C. We then repeated IPAH3-mediated unloading experiments with UBE2L3~Ub. 

However, we observed no reaction between UEB2L3~Ub and IPAH3 at the appropriate 
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conditions described for UBE2D1 (Fig. 4.5D). As UBE2L3 is a cysteine specific E2 protein 

that reacts with both HECT and RBR E3 ligases [139], we decided to increase the 

temperature to 30 °C and the concentration of IPAH3 to 5 µM to mimic the initial 

conditions tested for UBE2D1. Intriguingly, these modifications had no effect on the 

discharge of the UBE2L3~Ub conjugate in the presence of IPAH3 (Fig. 4.5E), providing 

further evidence that UBE2L3:IPAH3 is not a competent E2:E3 pair in ubiquitination 

[127]. 

4.3.4 K11, K27, or K48 acetylation in Ub impairs UBE2D1 unloading 
with IPAH3 

The bacterial E3 protein IPAH3 has been studied with E2 proteins from the UBE2D family. 

We chose to use UBE2D1 as the cognate E2 protein in IPAH3-mediated unloading 

experiments to evaluate how acetylation might influence this step in ubiquitination. 

Experiments were optimized for Ub with the following final reaction conditions: 50-minute 

UBE2D1~Ub pre-formation at 30 °C under limiting Ub, 10-min equilibration to 0 °C, 

followed by addition of IPAH3 at 0 °C. The reaction progress was monitored by SDS-

PAGE and following the UBE2D1~Ub conjugate band over time. Figures 4.6A-C show 

exemplary gels from the reactions with Ub and two acUb proteins (acUbK27, acUbK48). 

The UBE2D1~Ub conjugate band had completely disappeared by 5 minutes, indicating the 

reaction was complete. The time courses for acUbK27 and acUbK48 show reduced 

disappearance of the UBE2D1~acUb conjugate band, indicating a slower reaction between 

UBE2D1~acUb and IPAH3. Band densitometry and subsequent fitting using a one-phase 

decay showed that most of the acUb proteins discharged similarly to Ub in the presence of 

IPAH3, evident by curves that resemble the overall shape of the Ub curve (Fig. 4.6D). Most 

acUb proteins achieved over 90% completion, demonstrated by the <10% UBE2D1~acUb 

conjugate band remaining at 5 minutes. However, acetylation at K11, K27, or K48 caused 

impaired unloading of the UBE2D1~acUb conjugate. While acUbK11 and acUbK27 

ultimately achieved 50% discharge, there was no significant discharge of the 

UBE2D1~acUbK48 conjugate, and over 80% of the acUbK48 protein remained conjugated 

to UBE2D1. These findings suggest that acetylation at K11, K27, or K48 impair the 

transthiolation step between UBE2D1 and the HECT-like protein IPAH3. 
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Figure 4.6. Acetylation at K11, K27, or K48 impairs the IPAH3-induced unloading of 
UBE2D1~Ub. 
Reactions containing 20 µM UBE2D1, 15 µM Ub or acUb, 0.7 µM UBA1 were incubated 
with 5 mM MgATP in 50 mM Hepes pH 7.4 at 30 °C to pre-form saturating amounts of 
the UBE2D1~Ub or UBE2D1~acUb conjugate. Mixtures were then incubated in an ice 
bath for 10 minutes prior to the addition of 0.75 µM IPAH3. Unloading was monitored at 
the indicated time points and protein species were resolved on SDS-PAGE. Exemplary gels 
for (A) Ub, (B) acUbK27, and (C) acUbK48 are shown. The “E2” lane shows UBE2D1 
only. (D) Band densitometry measurements were taken using BioRad ImageLab software 
and each reaction was referenced internally to the intensity of the UBE2D1~Ub conjugate 
band present at the t= 0 min time point: This band corresponds to the whole fraction (100%) 
of UBE2D1~Ub or acUb conjugate. One-phase decay curves were used to fit the data and 
represent experiments collected in duplicate (n=2). Colours are as follows: black- Ub, 
orange- acUbK6, red- acUbK11, purple- acUbK27, yellow- acUbK29, pink- acUbK33, 
blue- acUbK48, and green- acUbK63. 

 

4.3.5 Ub acetylated at K6 or K11 impairs UBE2D1 unloading with 
HUWE1 

Next, to determine how the acUb proteins might influence HECT-mediated discharge of 

UBE2D1 with a human HECT E3 protein, we turned to mitochondrial ligase HUWE1 that 

has established interactions with the UBE2D family of E2 proteins [163]. The end reaction 

conditions were: 60-minute pre-conjugation of UBE2D1~Ub with limiting Ub at 30 °C, 

followed by the addition of HUWE1 for 10 minutes at 30 °C. As done for the UBE2D1~Ub 
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and IPAH3 reactions, SDS-PAGE was used to monitor reaction progress. We found that 

the UBE2D1~Ub conjugate was completely unloaded at 8 minutes (Fig. 4.7A). Figure 

4.7B, C show two examples of reactions for acUb proteins (acUbK6 and acUbK29). The 

reactions with acUbK6 demonstrated impaired UBE2D1 discharge, shown by the intense 

band corresponding to UBE2D1~acUbK6 at the 10-minute timepoint (Fig. 4.7B). 

Conversely, the reaction with acUbK29, while slow to get started, reached completion 

around the 6-minute timepoint (Fig. 4.7C). The reasonable conditions (high temperature 

and fast reaction) prompted us to attempt to utilize our FRET system (YPetUBE2D1, 

UbCyPet) with the optimized UBE2D1:HUWE1 reaction to monitor unloading; however, we 

observed no change in FRET up to an hour after HUWE1 addition (data not shown). SDS-

PAGE of these reactions provided evidence that the YPetUBE2D1~UbCyPet had not 

unloaded. As we had used reaction conditions identical to those optimized for the gel-based 

experiments, we attributed the lack of UBE2D1 unloading to the N-terminal YPet on 

UBE2D1 that would be expected to alter UBE2D1~Ub conjugate recruitment and binding 

by HUWE1. 

To quantify the HUWE1-mediated discharge of UBE2D1~Ub or acUb conjugates, we 

instead used band densitometry (Fig. 4.7D). Surprisingly, these reactions did not appear to 

follow a one-phase decay model like the UBE2D1:IPAH3 reactions did. Instead, a logistic 

decay (sigmoidal curve) was used to fit the data due to the slow reaction at the beginning 

and end of the time course and accelerated rate in the 3–6-minute range. We observed that 

Ub acetylated at K29, K33, or K48 all showed complete turnover of the UBE2D1~acUb 

conjugate, evident by 0% of the conjugate band at the final time points. Acetylation at K27 

or K63 showed moderately impaired turnover, reaching levels between 85-90% of the 

UBE2D1~acUb discharged; albeit, slower than the Ub reaction. Finally, acetylation at K6 

or K11 severely impaired the reaction between UBE2D1~Ub and HUWE1, evidenced by 

50% of the conjugate remaining at 10 minutes. Together, these results show that the 

UBE2D1:HUWE1 reaction is impaired by Ub acetylation at K6 or K11, and to a lesser 

extent, K27 and K63.  

 



78 

 

 

 
Figure 4.7. Acetylation of Ub modulates the unloading of UBE2D1~Ub with HUWE1. 
Reactions containing 20 µM UBE2D1, 15 µM Ub or acUb, 0.7 µM UBA1 were incubated 
with 5 mM MgATP in 50 mM Hepes pH 7.4 at 30 °C to pre-form saturating amounts of 
the UBE2D1~Ub or UBE2D1~acUb conjugate. The unloading part of the experiment was 
initiated after one hour by the addition of 5 µM HUWE1. Unloading was monitored at the 
indicated time points and protein species were resolved on SDS-PAGE. Exemplary gels 
for (A) Ub, (B) acUbK6, and (C) acUbK29 are shown. The lane labeled “E2” shows where 
UBE2D1 runs when unconjugated. (D) Band densitometry measurements were taken using 
BioRad ImageLab software and each reaction was referenced internally to the intensity of 
the UBE2D1~Ub conjugate band present at the t= 0 min time point: This band corresponds 
to the whole fraction (100%) of UBE2D1~Ub or acUb conjugate. Data were fit to a logistic 
decay curve and represents experiments collected in duplicate (n=2). Colours are as 
follows: black- Ub, orange- acUbK6, red- acUbK11, purple- acUbK27, yellow- acUbK29, 
pink- acUbK33, blue- acUbK48, and green- acUbK63. 

 

4.3.6 Ub acetylation modulates UBE2L3 unloading with HUWE1 

To study how the acUb proteins alter HUWE1-mediated discharge of the E2 protein with 

a different E2, we used UBE2L3. The UBE2L3:HUWE1 ubiquitination pair has been well 

used in the literature in vitro and the interaction between these two proteins has been 

observed in cells [68,163]. Reactions containing UBE2L3 in place of UBE2D1 were set up 

identically to those described above: 60 minutes pre-conjugation and 10 minutes 

unloading, all at 30 °C. Visually, we observed a steady decrease in the amount of 

UBE2L3~Ub conjugate over the 10-minute period (Fig. 4.8A). The reaction conditions 
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were then replicated for the acUb reactions using the indicated acUb substituted for the Ub 

protein. Figure 4.8B, C show examples of the SDS-PAGE from monitoring the reactions 

containing acUb proteins. We observed that the intensity of the UBE2L3~acUbK11 

conjugate decreased less drastically than the reactions for the Ub protein. Further, the 

UBE2L3~acUbK33 conjugate initially appeared visually similar to the Ub protein; 

however, at the longest timepoints (8 and 10 minutes), the band corresponding to the 

UBE2L3~acUbK33 conjugate is less intense than the corresponding band in the Ub 

reaction.  

 
Figure 4.8. Acetylation of Ub modulates the unloading of UBE2L3~Ub with HUWE1. 
Reactions were conducted identically to those described for UBE2D1 except that UBE2L3 
was used as the E2 protein in these experiments. The UBE2L3~Ub and UBE2L3~acUb 
conjugates were pre-formed at 30 °C and the unloading part of the experiment began with 
the addition of 5 µM HUWE1 to the reaction. Exemplary gels show the unloading of the 
UBE2L3~Ub conjugate for (A) Ub, (B) acUbK11, and (C) acUbK33. Lanes labeled “E2” 
show where unconjugated UBE2L3 migrates. (D) Band densitometry was used to quantify 
the unloading reaction by referencing the UBE2L3~Ub or UBE2L3~acUb conjugate band 
intensity at t= 0 min as 100% conjugate. Data were fit to logistic decay curves, and in all 
cases, best fits represent experiments collected in duplicate (n=2). Colours are as follows: 
black- Ub, orange- acUbK6, red- acUbK11, purple- acUbK27, yellow- acUbK29, pink- 
acUbK33, blue- acUbK48, and green- acUbK63. 

We then quantified the bands using band densitometry to follow the proportion of 

UBE2L3~Ub or acUb over time (Fig. 4.8D). We again noticed that the curves could not be 
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fit with a one-phase decay and were instead fit with a logistic decay. Most of the data in 

the short timepoints (less than 2 minutes) were clustered around each other, indicating that 

acetylation does not appear to immediately alter the rate of UBE2L3 discharge. There 

appears to be more variation in the rates further into the time course where the curves start 

to disperse. Reactions with acUbK27, acUbK29, or acUbK33 all have parts of their 

discharge profiles that are faster than the Ub reaction. Ub acetylated at the other four 

residues (K6, K11, K48, or K63) all show impaired turnover of the UBE2L3~Ub conjugate 

ranging from 40% (acUbK48) to 80% (acUbK6) conjugate still remaining at the 10-minute 

timepoint. Our results indicate that Ub acetylated at K27, K29, or K33 improve the 

discharge of the UBE2L3~Ub conjugate in the presence of HUWE1, while acetylation at 

K6, K11, or K63 most severely compromise HUWE1-mediated UBE2L3~Ub discharge. 

4.3.7 Most acUb proteins are structurally similar to Ub 

Our finding that various acUb proteins alter the rates of transthiolation to and from the E2 

proteins UBE2D1 and UBE2L3 suggest there might be some structural influence due to 

the unique acetylation sites. We previously discussed how Ub acetylation could modify 

interactions with the E1 protein UBA1 to alter the rate of E2~Ub conjugate formation. In 

addition to protein-protein interactions, Ub acetylation could alter the fold or stability of 

Ub itself, resulting in a species that might be handled sub-optimally by ubiquitination 

enzymes. To gain insight into the effects of acetylation on Ub structure, we used Nuclear 

Magnetic Resonance (NMR) spectroscopy. Individually acetylated proteins were 

isotopically labeled using 15NH4Cl with or without 13C-glucose as described in section 

4.2.1. Use of the orthogonal translation machinery to incorporate acetyl-lysine at the 

position of interest resulted in a single residue that was unlabeled and therefore, NMR 

invisible (Fig. 4.9).  
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Figure 4.9. 1H15N-HSQC of acUb variants.  
The two-dimensional NMR spectrum for 15N-Ub is shown in black (center) with the 
location of the signals for the seven lysine residues outlined in coloured boxes and labeled. 
The smaller panels show regions of the spectra collected for each of the 15N-acUb proteins 
where the colours of the spectra match the labels in the center panel. Black boxes outline 
the expected location of the lysine residue and other residues that overlap with those found 
in the 15N-Ub spectrum are labeled. The signal for each acetylated residue is not visible 
due to unlabeled (14N) acetyl-lysine used in the labeling technique. Signals labeled with a 
question mark (?) are unassigned and only present in samples containing large amounts of 
truncated 15N-Ub1-62. 

 

In all acUb 1H15N-HSQC spectra, there were a significant number of signals that 

overlapped with signals from the spectrum for Ub. Figure 4.9 demonstrates regions 

surrounding the acetyl-lysine residue of interest and shows nearby signals that overlap with 

those from the 15N-Ub spectrum. Initial NMR experiments used samples that contained a 

proportion of the truncated products from each acUb protein: These 1H15N-HSQC spectra 

showed a mix of folded acUb protein (signals that overlapped with those of Ub) and 

unfolded acUb protein (signals that had collapsed to the center of the spectrum). We 
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noticed that the unfolded signals were more obvious in acetylation sites closer to the C-

terminus of the protein. These correlated to the acetylated residues that yielded the highest 

level of truncated product, namely acUbK63. Subsequent preparations of acUb samples for 

NMR required slow-run size exclusion chromatography to remove as much truncated 

product as possible. We also detected some slight modifications to the fold of acUbK27 in 

the 1H15N-HSQC spectrum. While many of the signals in the 1H15N-HSQC spectrum for 

acUbK27 overlap with those in Ub, there were several signals that had shifted position 

(Fig. 4.10). Lysine 27 is contained in helix α1 of Ub: We observed signals corresponding 

to others in the helix (I23-S28) had shifted position due to acetylation at K27. We also  

 
Figure 4.10. The 1H15N-HSQC spectra for 15N-acUbK27 and 15N-Ub differ. 
1H15N-HSQC spectra were acquired, processed, and are shown for Ub (black) and 
acUbK27 (purple). Signals were assigned using triple-resonance HNCA experiments 
collected at the same time as each 1H15N-HSQC. Signals that are labeled are assigned with 
high confidence in both spectra and includes signals in conserved positions and those that 
have moved in the acUbK27 protein. The red box outlines signals difficult to assign for 
15N-acUbK27 but expected to include regions of the C-terminal tail (L71-R74) and the loop 
containing E51-L56 based on assignments for 15N-Ub. 
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observed changes in structurally nearby residues including those in β3 (R42-F45). Finally, 

we were unable to confidently assign a few residues (primarily E51-L56 and L71-R74) due 

to the large distance between their signal in the 15N-Ub spectrum and the positions of the 

remaining signals in the 15N-acUbK27 spectrum. Although interesting, we did not explore 

this further. 

4.3.8 Evidence for acUbK48 dimerization 

In addition to NMR spectroscopy, we attempted to crystallize the individual acUb proteins. 

Protein crystals were obtained for both acUbK11 and acUbK48; however, only acUbK48 

crystals gave excellent diffraction data. The diffraction data (summarized in Table 4.1) for 

acUbK48 suggested a structure with two acUbK48 monomers packed together, burying 

their I44 hydrophobic patches against each other (Fig. 4.11). The interface observed in our 

diffraction data is  

 
Figure 4.11. acUbK48 crystals bury the I44 hydrophobic patch. 
Purified acUbK48 was crystallized as indicated in the Materials and methods. Diffraction 
data was collected at the Canadian Light Source with resolution to 1.3 Å. Molecular 
replacement was done using the PDB coordinates for Ub (1UBQ) and the structure was 
refined using Refmac 5.8. Shown are two monomers (each grey) of acUbK48 from the 
asymmetric unit. The acetylated K48 residue is shown in blue, and residues comprising the 
I44 hydrophobic patch are shown in red. Labels corresponding to monomer 1 (left) are 
indicated in italics, and those corresponding to monomer 2 (right) are regular font. 
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Table 4.1. Crystallographic data for acUbK48. 

 

similar to interfaces found in various other structures including closed E2~Ub conjugates 

[52,59], compact polyUb chains [164], and compact K48-linked diUb [89]. We 

hypothesized that the dimer structure we observed could either have biological implications 

or could be an artifact of crystallization. To determine if the dimeric structure we observed 

was biologically relevant, we used in solution experiments to study acUbK48 at lower 

concentrations (< 500 µM). Sedimentation velocity analytical ultracentrifugation showed 

similar c(s) curves between Ub and acUbK48, indicating that acUbK48 behaves similar to 

Ub in solution (Fig. 4.12A). Further, size exclusion chromatography coupled to multi-angle 

light scattering (SEC-MALS) revealed similar retention volumes for Ub and acUbK48 

(13.735 mL and 13.666 mL, respectively) (Fig. 4.12B). This experiment provided evidence 

that the molecular weights of the protein species from the single peaks were 8.59 ± 2%  

Diffraction data 
Space group P 1 21 1 

Resolution range (Å) 44.85-1.17 
Cell dimensions 

a,b,c (Å) 
α, β, γ (˚) 

 
29.48, 55.39, 44.98 
90, 99.574, 90 

Total reflections 100054 

Unique reflections 27518 

Multiplicity  3.6 
Completeness (%) 99 

Rmeans 6.3 

Mosaicity 0.38 

I/!(I) 13.8 

CC half (%) 99.8 

Refinement data 
Resolution range (Å) 29.09-1.39  

Completeness (%) 96.9 

Number of reflections 25418 

Rwork/Rfree 0.19745/0.22487 

RMS deviations 
Bonds 
Angles 

 
0.0115 
1.916 

Ramachandran favoured (%) 99.3 
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Figure 4.12. Solution experiments show no sign of acUbK48 dimerization. 
(A) Normalized c(s) distribution curves from sedimentation velocity analytical 
ultracentrifugation experiments for Ub (black) and acUbK48 (cyan). (B) Ub and acUbK48 
proteins were purified and further subjected to SEC-MALS experiments. Elution profiles 
are shown for Ub (black) and acUbK48 (cyan). (C) Sedimentation equilibrium data 
(bottom) and residuals (top) for acUbK48 are shown in triplicate. Data was collected at the 
indicated speeds and fit to a global single ideal species model. Each of these experiments 
described were collected with a minimum of two different preparations of material; results 
shown here were similar across each preparation. 

 

kDa and 8.82 ± 6% kDa for the Ub and acUbk48 samples, respectively. These results 

indicate that acUbK48 behaves as a monomer in solution. Sedimentation equilibrium 

experiments confirmed these findings: Figure 4.12C shows the data and residuals for 

acUbK48. Using the indicated speeds for both Ub and acUbK48, a global single ideal fit 

was used to determine the molecular weight of each species. The calculated molecular 

weights were 9213 ± 152.1 Da and 9250 ± 129.5 Da for Ub and acUbK48, respectively, 

corresponding to a monomer (MWexpected 8818 Da (Ub) and 8860 Da (acUbK48)). Finally, 

to confirm that various NMR samples of acUbK48 were monomeric, a series of dilution 

NMR experiments were set up. Three different concentrations of 15N-acUbK48 were 

prepared through serial dilution at measured concentrations of 370 µM, 230 µM, and 100 
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µM. A 40-minute 1H15N-HSQC spectrum was collected for each sample (Fig. 4.13). As 

expected, the intensity of the signals decreased with decreasing concentration, but they  

 
Figure 4.13. Dilution NMR of 15N-acUbK48 shows no sign of dimerization. 
15N-acUbK48 was expressed and purified as described in section 4.2.1. The protein sample 
was concentrated to the smallest volume possible for NMR experiments and a two-
dimensional 1H15N-HSQC spectrum was acquired (black spectrum). The sample was 
removed, diluted 1:2 with NMR buffer, and a second 1H15N-HSQC spectrum was collected 
(dark blue spectrum). This process was repeated to collect a third spectrum with a total 
dilution of 1:4 (cyan spectrum). The measured working concentrations of the samples are 
indicated. Data were processed using NMRPipe and visualized using NMRViewJ.  

 

remained in the same position. The most concentrated sample of acUbK48 showed less 

than 10 extra signals. Comparison of these signals to a spectrum collected for the mix of 

truncated Ub1-47 and acUbK48 confirmed that these extra signals corresponded to some 

unfolded protein product that might have been too weak to observe in the more dilute 

samples. Therefore, various in solution techniques on multiple preparations of acUbK48 

provide evidence that the dimer interface observed in our diffraction data was an artifact 

of crystallization, and that acUbK48 exists as a predominantly monomeric species in 

solution. 
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4.3.9 Acetylation of Ub alters the conformation of UBE2L3~Ub 
conjugates 

To study the influences that an acUb protein has on the conformation of a UBE2L3~Ub 

conjugate, we utilized NMR spectroscopy and chemical shift tracking for reporter residues 

described previously. The UBE2L3~Ub conjugate adopts a variety of conformations 

ranging from an open conformation (with little noncovalent interaction between Ub and 

UBE2L3) to a closed conformation (with extended contact between Ub and UBE2L3 

through the I44 hydrophobic patch and crossover helix α2, respectively) (Fig. 1.6). 

Previous work has elegantly described how reporter residues in Ub, namely K48 and Q49 

in addition to residues towards the C-terminus of Ub, can be monitored via NMR 

spectroscopy to provide insight onto the conformation of the UBE2L3~Ub conjugate [53]. 

Briefly, in the open conformation, the signal for the reporter would be in the same position 

as it is found in unconjugated Ub. In the closed conformation, the reporter signal shifts in 

a predictable direction to occupy a new position in the 1H15N-HSQC spectrum (Fig. 4.14).  

 
Figure 4.14. Ub signals in 1H15N-HSQC spectra report on E2~Ub conjugate 
conformations. 
Various reporter residues (for example, Q49) in the Ub or acUb protein report on 
conformation of Ub in an E2~Ub conjugate. The signal for Q49 in the unconjugated Ub 
protein occupies a distinct position (black). Conjugation to an E2 protein like UBE2L3 
produces the E2~Ub conjugate that adopts an array of conformations. The two extreme 
conformations are shown. In the open state (blue), there is no non-covalent interaction 
between the Ub and E2 protein. Conversely, in the closed state (green), the Ub folds back 
against the E2 protein, forming significant non-covalent interaction using the I44 
hydrophobic patch (shown in yellow). Notably, an equilibrium exists between these two 
states and the signals reflect on the population in each state. 
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To generate a baseline to compare the acUb conjugates to, the wild-type UBE2L3~Ub 

conjugate was studied. 15N-Ub was conjugated to UBE2L3 at 30 °C in a heat block using 

UBA1 and ATP with limiting Ub. The UBE2L3~15N-Ub conjugate was separated from the 

remaining components using a Superdex75 size exclusion chromatography column pre-

equilibrated in NMR buffer without TCEP (25 mM Hepes pH 7.0, 50 mM NaCl). Fractions 

were evaluated by SDS-PAGE and those containing the UBE2L3~15N-Ub species were 

pooled and concentrated for an NMR sample. Upon conjugation to UBE2L3, we observed 

significant overlap with the free 15N-Ub spectrum for many signals (Fig. 4.15A). The same 

finding was observed for many UBE2L3~15N-acUb conjugates. Figure 4.15B shows the 

full spectra for 15N-acUbK6 before and after conjugation to UBE2L3, for example. In the 

UBE2L3~15N-Ub conjugate, there were <10 signals present that moved due to conjugation.  

 
Figure 4.15. Conjugation of Ub or acUb to UBE2L3 modifies the 1H15N-HSQC 
spectrum of the Ub protein. 
15N-Ub or 15N-acUb was expressed and purified to homogeneity as described in the 
Materials and methods. A two-dimensional 1H15N-HSQC spectrum was acquired before 
and after conjugation to UBE2L3 for each of the Ub proteins. The Ub proteins were 
conjugated to UBE2L3 in a heat block and separated from unconjugated protein using a 
Superdex75 gel filtration column. In each panel, the black spectrum corresponds to the 
unconjugated 15N-Ub or 15N-acUb protein, and the non-black spectrum corresponds to the 
UBE2L3~15N-Ub or UBE2L3~15N-acUb conjugate for (A) Ub, and (B) acUbK6. Red 
boxes highlight the reporter residues I13, K48, and Q49, and other discussed residues are 
labeled. 
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Some of these signals likely correlate to new locations due to the closed UBE2L3~Ub 

conformation, resulting in multiple signals for a given residue (G47, K48, Q49) (Figure 

4.16). We also observed signal broadening that could result from the higher molecular 

weight of the E2~Ub species compared to Ub alone. Interestingly, some of the broadened 

residues would be buried against the UBE2L3 protein (I13, I44, V70, for example) in the 

closed conformation. The presence of both dual signals and signal broadening provides 

evidence for both slow and fast exchange between the open and closed conformation. 

Interestingly, the signal that corresponds to the open conformation of Q49 is more intense 

than that of the closed conformation, but the signal for the closed conformation of K48 is 

more intense than that of the open conformation (Figure 4.16). To determine the population 

distribution between the open and closed states, we used the signal intensities in the slow 

exchange formula fclosed = Vclosed/(Vclosed + Vopen). Together, these results indicate that the 

UBE2L3~Ub conjugate exists in an equilibrium between open and closed conformation, 

and the Ub-containing conjugate is approximately 60% closed.  

 
Figure 4.16. The UBE2L3~15N-Ub conjugate is 60% closed. 
Two dimensional 1H15N-HSQC NMR spectra were acquired for 15N-Ub (black) and 
UBE2L3~15N-Ub (grey) and analyzed using NMRViewJ. Shown are regions of the spectra 
for reporter residues I13, G47, K48, and Q49. Arrows represent the direction of shift upon 
conjugation to UBE2L3. 

 

Similar to the UBE2L3~Ub conjugate, the acUb-containing conjugates were pre-formed 

and purified using size exclusion chromatography prior to the collection of an 1H15N-

HSQC spectrum. Figure 4.15B shows the full NMR spectrum for UBE2L3~15N-acUbK6. 

In the UBE2L3~15N-acUbK6 spectrum, we again observed dual signals for some of the 

residues (I13, G47, K48, Q49) corresponding to the open and closed states (Fig. 4.17). 
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Additionally, the signals for some residues (L43, I44, V70) appear broader than other 

signals in the spectrum, while others are almost completely broadened or disappeared (L69,  

 
Figure 4.17. Acetylation at K6 causes the UBE2L3~Ub conjugate to populate a more 
closed state. 
1H15N-HSQC spectra were collected for 15N-acUbK6 before (black) and after (orange) 
conjugation to UBE2L3. Signals for the reporter residues I13, G47, K48, and Q49 are 
shown, and arrows show direction of shift due to the formation of the UBE2L3~15N-
acUbK6 conjugate. 

 

R72, L73, R74). For the residues that exhibit two signals, the signal corresponding to the 

closed conformation was stronger in each case, indicating the UBE2L3~15N-acUbK6 

conjugate favours the closed conformation. Using the intensities of the signals, we 

approximated that >90% of the acUbK6-containing conjugate occupies a closed 

conformation. Similar observations were seen for the UBE2L3~15N-acUbK33 conjugate. 

Here, there appear to be no obvious dual signals corresponding to two different 

conformations of conjugate. Most of the reporter residues described previously as 

containing two resonance signals (I13, G47, K48) display a single, strong signal, which 

corresponds to the closed conformation of UBE2L3~15N-acUbK33 conjugate (Fig. 4.18).  

 
Figure 4.18. Ub acetylation at K33 promotes the closed conformation of UBE2L3~Ub. 
Reporter residues I13, G47, K48, and Q49 are shown for the 15N-acUbK33 (black) and 
UBE2L3~15N-acUbK33 conjugate (pink) 1H15N-HSQC NMR spectra. Arrows represent 
the path of shift for signals in the UBE2L3~15N-acUbK33 conjugate. 
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Curiously, in this spectrum, the signal for Q49 has disappeared from its position in free Ub 

and does not reappear in its predicted position in the closed conformation of UBE2L3~15N-

acUbK33, likely indicating this signal has broadened completely and cannot be 

distinguished above the noise of the instrument. The appearance of a single signal for these 

reporter residues indicates that acetylation at K33 stabilizes the UBE2L3~15N-acUbK33 

conjugate in a closed conformation. The graphs shown in Figure 4.19 quantify the 

UBE2L3~Ub populations for conjugates containing Ub, acUbK6, and acUbK33. 

Quantification using the intensities of the signals demonstrates that both acUb proteins 

promote the closed conformation of UBE2L3~Ub conjugate, where the Ub conjugate is 

60% closed, but the acUbK6 and acUbK33 conjugates are 90% and 100% closed, 

respectively. 

 

 
Figure 4.19. Ub acetylation at K6 or K33 influences the conformation of the 
UBE2L3~Ub conjugate. 
The signal intensities were obtained from the non-black spectra in Figures 4.16, 4.17, and 
4.18 using NMRViewJ for the reporter residues (A) I13, (B) G47, (C) K48, and (D) Q49. 
The proportion of UBE2L3~Ub that populates the closed state (grey bars) was calculated 
using the equation fclosed = Vclosed/(Vclosed + Vopen), where Vclosed and Vopen represent the 
volume of the closed and open signals, respectively. The proportion occupying the open 
state (black bars) was then calculated using fopen = 1 – fclosed. N.D. represents no data due 
to signals not being in their expected location. (E) The data from panels A-D were averaged 
and are shown with error bars representing the standard error of the mean (SEM). 

 

Of all acUb proteins, UBE2L3 conjugates containing acUbK48 showed 1H15N-HSQC 

spectra that were nearly identical to that of unconjugated 15N-acUbK48. As expected, the 
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signal for acK48 is NMR invisible and therefore, cannot be used as a reporter residue for 

UBE2L3~acUbK48 conjugate conformation. However, the signals for G47 and Q49 have 

both shifted in the direction of the expected signals for the closed conformation (Fig. 4.20). 

The G47 signal also exhibits a weak signal for the open conformation, and the only signal 

for I13 represents the open conformation. Since these reporter residues (aside from I13) lie 

on either side of the acetylated residue at K48, it is possible that the inconsistent signals 

correlate to variations due to the acetylation directly. This possibility seems unlikely due 

to the presence of the signals for G47 and Q49 in their expected positions in the 

unconjugated 15N-acUbK48 spectrum when compared to unconjugated 15N-Ub spectrum. 

Interestingly, out of all the acUb proteins, the signal for Q49 in the acUbK48-containing 

UBE2L3 conjugate is the closest to its position in the open conformation, indicating that 

acetylation at K48 might not influence UBE2L3~Ub conformation to the same extent as 

other acetylation sites. Due to the missing signal for the K48 reporter (due to acetylation 

in the acUbK48 protein) and the inconsistent changes in the I13, G47, and Q49 signals, 

more experiments would be required to confirm exact proportions in the closed vs. open 

state. Together, these results indicate that each acetylation site in Ub has different 

influences on the conformation of the UBE2L3~Ub conjugate. 

 
Figure 4.20. Acetylation at K48 has minor influences on the UBE2L3~Ub conjugate 
conformation. 
1H15N-HSQC spectra were collected as described in the Materials and methods. The 
reporter residues I13, G47, and Q49 are shown for 15N-acUbK48 (black) and 
UBE2L3~15N-acUbK48 (blue). Arrows represent direction of shift for signals in the 
UBE2L3~15N-acUbK48 spectrum. 
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4.3.10 Formation of a stable UBE2L3–Ub isopeptide conjugate for NMR 
assignments 

In studying E2~Ub conjugates, many groups use the isopeptide linkage as a surrogate for 

the thioester due to its increased stability permitting longer experiments [50,54,152]. An 

assumption made is that the type of linkage has no impact on the relationship between the 

E2 and Ub in the conjugate. We used the isopeptide linkage to create stable UBE2L3–15N-

Ub and UBE2L3–15N-acUb species to be able to assign signals in the 1H15N-HSQC spectra 

of various UBE2L3~15N-acUb conjugates. Here, the em dash (–) is used to denote the 

isopeptide linkage. In these conjugates, the catalytic cysteine of UBE2L3 (C86) is 

substituted for a lysine residue (C86K), and Ub can be covalently attached using the UBA1 

protein and ATP. This modified version of the E2~Ub conjugate is required to prevent 

hydrolysis of the E2~Ub bond during the longer 3D NMR experiments required to assign 

signals. While we attempted these experiments for all acUb proteins, the reaction produced 

a limited quantity of UBE2L3–Ub for many of the acUb proteins. We attributed this to two 

factors: 1) the initial yield of many acUb proteins as described in section 2.3.3 was 

significantly less than that of Ub, and 2) many of the acUb proteins showed impaired 

UBE2L3~Ub conjugate formation as noted in section 3.3.3. Despite this, we were able to 

make NMR-quality samples of UBE2L3–Ub, UBE2L3–acUbK6, and UBE2L3–acUbK33 

to provide insight as to how acetylation, in addition to the modified linkage, might alter 

conjugate conformation. Figure 4.21 shows SDS-PAGE throughout the formation and 

purification of the UBE2L3–13C15N-acUbK33 conjugate. Since Ub and acUb are small 

proteins, measuring the concentration using conventional methods can be challenging. 

Instead, SDS-PAGE with Coomassie staining was used to determine the relative 

concentrations of UBE2L3 C86K and 13C15N-His-acUbK33 (Fig. 4.21A). Aiming for a 

slight excess of the UBE2L3 C86K protein, we chose to use 50% 13C15N-His-acUbK33 

protein, and 25% UBE2L3 C86K (In a final volume of 1 mL, the acUbK33 protein was 

500 µL and the UBE2L3 protein was 250 µL). We used 50 µM UBA1 in this reaction, but 

knowing the exact concentration was not required for the preparative formation of 

UBE2L3–13C15N-acUbK33. Prior to conjugation, individual protein samples were 

prepared as indicated in section 4.2.6.1. Briefly, all proteins were dialyzed into 50 mM 

Ches, 150 mM NaCl, 10 mM MgATP pH 9.5 for 2 hours at room temperature. The proteins  
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Figure 4.21. Formation of a stable UBE2L3–13C15N-acUbK33 conjugate. 
Individual UBE2L3 C86K, 13C15N-His-acUbK33, and UBA1 proteins were expressed and 
purified as indicated. (A) SDS-PAGE was used to determine the relative starting 
concentrations of UBE2L3 C86K and the specified 13C15N-acUb proteins. Numbers along 
the top of the gel correlate to the proportions of protein used (ie. 50 corresponds to 50% or 
a 1:2 dilution of the stock). The stock concentration of UBE2L3 C86K was 550 µM. 
Unlabeled bands correspond to impurities from the initial purifications of reaction 
components. (B) Time course for the formation of UBE2L3–13C15N-His-acUbK33 with 
time points along the top of the gel. Reaction components were pre-equilibrated in 
conjugation buffer containing 50 mM Ches, 150 mM NaCl, 10 mM MgATP pH 9.5. 
Components were mixed using a 1:2 ratio of UBE2L3:acUbK33 based on the gel from (A). 
(C) Purification of the UBE2L3–13C15N-His-acUbK33 conjugate was accomplished as 
described in section 4.2.6.2. Fractions were collected as indicated at the top of the gel where 
FT corresponds to the flowthrough collected after batch binding. (D) The appropriate 
fractions from (C) were pooled and cleaved with TEV protease, and the solution was again 
passed through the Ni2+-NTA resin. The flowthrough was collected, concentrated and 
injected onto a Superdex75 column sizing column pre-equilibrated in NMR buffer. 
Fractions from the sizing column are provided along the top of the gel, and LD refers to 
the concentrated, loaded sample. The band marked † appeared after TEV cleavage and is 
a contaminant from the TEV aliquot. In all panels, 16.5% Tris-tricine gels were used to 
resolve protein species, and the protein species are labeled to the right of each gel. 

 

were then mixed in a dialysis bag at the appropriate proportions and left overnight shaking 

slowly at 37°C. Timepoints were taken throughout the reaction and protein components 
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were resolved on SDS-PAGE (Fig. 4.21B). We found there was fast turnover of the 

UBE2L3 C86K protein, and the UBE2L3–13C15N-His-acUbK33 species began to 

accumulate after 30 minutes. For some other reactions, we noticed that the reaction 

progression was slower, requiring between 2-4 hours to make the same amount shown at 

30 minutes for acUbK33 (data not shown). Interestingly, in the reactions that produced the 

highest yield of UBE2L3–acUb, we observed heavy precipitation in the solution after 

overnight conjugation. Most often this precipitation was the UBA1 protein in addition to 

some unconjugated UBE2L3 or acUb protein. In all cases, the precipitate was removed, 

and the protein solution was applied to Ni2+-NTA resin to separate the UBE2L3–13C15N-

His-acUbK33 from remaining UBE2L3 C86K. The purification was done using UbW2 and 

UbE buffers described in section 4.2.6.2. As expected, all UBE2L3–13C15N-His-acUbK33 

came off in the elution, and only a small amount of Ub1-32 did not bind to the column, 

evidenced by the weak band present in the flow through lane (Fig. 4.21C). For this reaction, 

fractions 1-3 were pooled and incubated with 2.5 mg of TEV protease to cleave the His-

tag from the acUbK33 protein. Overnight dialysis into UbW2 was used to remove 

imidazole from the solution prior to re-application to the Ni2+-NTA resin. This time, the 

flowthrough was collected, concentrated, and injected onto a preparatory Superdex75 gel 

filtration column pre-equilibrated in NMR buffer. The Superdex75 column gave good 

resolution between the UBE2L3–13C15N-acUbK33 and unconjugated 13C15N-acUbK33 

proteins (Fig. 4.21D). Despite the minor amount of contamination in fractions 6 and 7, they 

were pooled and concentrated to make an NMR sample. Therefore, UBE2L3 C86K and 
13C15N-acUb proteins can be conjugated to form a stable UBE2L3–acUb conjugate 

required for longer NMR experiments.  

4.3.11 The UBE2L3–Ub conjugate has different properties than the 
UBE2L3~Ub conjugate 

We used the stable UBE2L3–Ub or UBE2L3–acUb conjugates to assign 1H, 15N signals 

for Ub or acUb in their respective two-dimensional 1H15N-HSQC spectra. This was 

accomplished by collecting HNCA experiments for UBE2L3–Ub, UBE2L3–acUbK6, and 

UBE2L3–acUbK33 to specifically assign the reporter resonances as described in section 

4.2.7.2.  
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As expected, most of the Ub signals in the UBE2L3–Ub 1H15N-HSQC spectrum 

overlapped with those found in the Ub and UBE2L3~Ub spectra, indicating that the 

formation of the isopeptide linkage did not drastically alter the conformations of the E2~Ub 

conjugates. Interestingly however, we found that the reporter residues I13, K48, and Q49 

did not shift as far as the expected signals for the closed UBE2L3~Ub conjugate (Fig. 4.22).  

 
Figure 4.22. The stable UBE2L3–Ub conjugate displays a 1H15N-HSQC spectrum 
unique from the UBE2L3~Ub spectrum. 
The 1H15N-HSQC spectra are shown for the unconjugated Ub protein, the thioester 
UBE2L3~Ub conjugate, and the isopeptide UBE2L3–Ub conjugate for Ub. The black 
spectrum corresponds to the unconjugated 15N-Ub, and the dark purple spectrum 
corresponds to the isopeptide-linked UBE2L3–13C15N-Ub. The grey spectrum represents 
the UBE2L3~15N-Ub spectrum from Figures 4.15 and 4.16 and is shown here again for 
clarity. Expanded regions around reporter residues I13, K48, and Q49 are highlighted on 
the right side of the figure and correspond to the red boxes in the full spectrum. 

 

Instead, we observed signals somewhere in the middle of the open and expected closed 

states detected in the thioester-linked conjugate. For the I13 signal in the UBE2L3–Ub 

spectrum, we detected a wider signal with a peak approximately 57% closed, based on 

location between the open and closed signals in the UBE2L3~Ub spectrum. For the K48 

and Q49 signals, we again noticed two signals; one corresponding to the open conformation 

and the other approximately 50% closed. For both residues, the two signals were not the 
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same intensity, providing evidence that the UBE2L3–Ub conjugate populates two distinct 

conformations. 

A similar observation was noted for the UBE2L3–acUbK6 spectrum: Most signals 

overlapped with the unconjugated acUbK6 and UBE2L3~acUbK6 conjugate spectra, and 

the I13 signal was approximately 59% of the way to the closed signal (Fig. 4.23). In the 

UBE2L3–acUbK6 spectrum, however, the signals for K48 and Q49 no longer have two 

locations. Instead, the single peak for each residue lies approximately 51% of the way 

between the open and expected closed signals observed in the UBE2L3~acUbK6 spectrum.  

 
Figure 4.23. The UBE2L3–acUbK6 conjugate spectrum differs from the 
UBE2L3~acUbK6 spectrum. 
1H15N-HSQC experiments were collected and are shown for 15N-acUbK6 (black), 
UBE2L3~15N-acUbK6 (orange), and UBE2L3–13C15N-acUbK6 (dark purple). The 
UBE2L3~15N-acUbK6 spectrum is identical to the one shown in Figures 4.15 and 4.17 and 
is shown here for clarity. Regions around the reporter residues I13, K48, and Q49 are boxed 
in red and are expanded. 

 

The presence of the single peaks for K48 and Q49 could indicate that the combination of 

isopeptide linkage and acetylation at K6 promotes flexibility in the UBE2L3–Ub conjugate 

to enable the transition from slow exchange (observed in the UBE2L3~acUbK6 conjugate) 

to fast exchange in terms of conjugate conformation. The fact that the single peaks for I13, 

K48, and Q49 do not overlap with the positions observed in the free acUbK6 spectrum 
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provides further evidence that Ub acetylation at K6 favours the closed conformation of 

UBE2L3~Ub conjugate.  

For the UBE2L3–acUbK33 conjugate, we observed more variation throughout the 

spectrum (Fig. 4.24). As observed for the other two isopeptide conjugates, the I13 

resonance occupies a position that is more closed than open (66%). For the K48 and Q49 

residues, we again only observed a single signal. Using the signal for the open 

conformation and that of the expected closed conformation, the signal for K48 was located 

55% of the way to the closed position. Unfortunately, we were unable to observe a signal  

 
Figure 4.24. The UBE2L3–acUbK33 spectrum is dissimilar to the UBE2L3~acUbK33 
spectrum. 
Two-dimensional 1H15N-HSQC experiments for 15N-acUbK33 (black), UBE2L3~15N-
acUbK33 (pink), and UBE2L3~13C15N-acUbK33 (dark purple) are shown. The reporter 
residues I13, K48, and Q49 are shown in red boxes in the full spectrum and are expanded 
to the side. The thioester-bound UBE2L3~15N-acUbK33 spectrum is identical to that 
shown in Figure 4.18 and is shown here for clarity. 

 

that would obviously correspond to Q49 in the closed conformation in the 

UBE2L3~acUbK33 spectrum. However, in the UBE2L3–acUbK33 spectrum, we observed 

a signal much weaker than the others in the spectrum that was quite close to the position 

observed for the Q49 signal in the UBE2L3–Ub spectrum. These results further confirm 

that the isopeptide linkage influences the dynamics of the UBE2L3–Ub conjugate, 
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resulting in a species that is in faster exchange than the UBE2L3~Ub conjugates. The 

appearance of single resonances for I13, K48, and Q49 that do not occupy the position 

observed in unconjugated acUbK33 supports the idea that acetylation at K33 promotes a 

closed conformation of UBE2L3~Ub conjugate. 

 

4.4 Discussion 
Here, we used Ub proteins site-specifically modified with acetyl-lysine to create a library 

of seven uniquely acetylated Ub (acUb) molecules. We have previously shown that 

acetylation alters the rate of E2~Ub conjugate formation with the E2 proteins UBE2D1 

[165] and UBE2L3. We used similar methodology to study the next step in ubiquitination: 

discharge of the E2~Ub conjugate. Our experiments provided evidence that cysteine-

mediated reactions are more influenced by Ub acetylation than their lysine-mediated 

counterparts. For this reason, we examined HECT-mediated unloading of the UBE2D1~Ub 

and UBE2L3~Ub conjugates with acUb. We found that of the two E3 proteins used, neither 

of them was affected identically by the same acUb protein; in other words, there was no 

single acUb molecule that impaired E3-mediated turnover for both ligases tested. These 

findings provide insight on how Ub acetylation at a given site might influence only a small 

set of E3 ligases.  

Invasion plasmid antigen H3 (IPAH3) is a bacterial E3 ligase characterized as forming 

K48-linked chains and hijacking host ubiquitination machinery to degrade host proteins 

[127]. It was expected that acetylation at K48 might impair this reaction by preventing the 

formation of polyUb chains at K48. We found that less than 20% of the total 

UBE2D1~acUbK48 was able to discharge in the presence of IPAH3 in the timeframe 

studied, supporting this expectation. Interestingly however, we also noted impaired 

turnover with acUbK11 and acUbK27, though not to the same extent as acUbK48. K11 

and K27 in Ub are involved in two intermolecular salt bridges (with E34 and D52, 

respectively) observed in structures of Ub [153]. It could be that a modified Ub fold due to 

acetylation of K11 or K27 impairs the transthiolation between UBE2D1 and IPAH3.  
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Acetylation of K27 in Ub also moderately impaired the transthiolation between UBE2D1 

and HUWE1, a mitochondrial E3 ligase involved in mitophagy through the formation of 

K6-linked polyubiquitin, though other cellular involvements and linkage types are 

prevalent [166–168]. Since HUWE1 builds K6-linked polyUb chains, acetylation at K6 

severely impaired turnover of the UBE2D1~Ub conjugate in the presence of HUWE1. 

Acetylation of K11 impaired catalysis to almost the same extent as K6. This could be a 

result of the loss of the K11-E34 salt bridge, or it could reflect more localized changes in 

the β1-β2 part of Ub that houses both K6 and K11. 

Similar results were obtained for acUbK6 and acUbK11 in the UBE2L3:HUWE1 system 

where both proteins severely impaired turnover (maximum 25% discharge). This similarity 

suggests that the influence that acUbK6 and acUbK11 have on these systems is HUWE1 

dependent and less reflects roles by either UBE2D1 or UBE2L3. Interestingly, in the 

UBE2L3:HUWE1 system, there appeared to be better turnover of the E2~Ub with 

acUbK27, acUbK29, and acUbK33 where all proteins reached near complete turnover 

compared to Ub. Acetylation at K63 impaired UBE2L3~Ub discharge with HUWE1 to the 

same extent as K11 but did not alter UBE2D1:HUWE1 to the same extent. These findings 

suggest that acUbK63 might have more of a role in altering interactions specifically within 

the UBE2L3:HUWE1 complex that might not be conserved with UBE2D1:HUWE1. 

Acetylation at K48 in Ub did not appear to impair HUWE1 mediated discharge of either 

UBE2D1 or UBE2L3, despite the enzyme being known to synthesize K48-linked polyUb. 

It is possible that K48-linkages are not the preferred linkage type for HUWE1 

autoubiquitination and would mean acetylation at K48 would not block catalysis in our 

experiments. Also surprising was the finding that E2 unloading experiments with HUWE1 

could not be fit with a one-phase decay, but instead fit a sigmoidal curve. Experiments 

conducted by others frequently only monitor a single time point to determine functionality 

[68,88,163,169] and do not show faster time points in the reaction. Therefore, by not 

collecting these fast timepoints, it would be possible that a similar lag is masked in these 

experiments. The lag we observe in the initial stages of the unloading of UBE2D1~Ub or 

UBE2L3~Ub conjugates with HUWE1 could be attributed to the multiple products formed 

as a result of this reaction. In other words, the initial unloading by some E2~Ub could auto-
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ubiquitinate HUWE1 in monoUb or polyUb forms that might be altered due to an 

acetylated Ub protein. Additionally, allosteric regulation of HUWE1 function through its 

auto-ubiquitination could account for the lag observed, where the first round of unloaded 

Ub positively modulates HUWE1 catalysis. Finally, the initial lag time observed in our 

studies could be due to the presence of residues in our construct that would be contained 

in the canonical helix α1 of the HUWE1 HECT domain (E4006-D4009). This helix has 

been established to alter stability and impair catalysis by the HECT domain of HUWE1 

[170]. Other HECT E3 ligases like ITCH [171] and E6AP [172,173] undergo allosteric 

modulation of activity either directly through the HECT domain or through other regions 

of the protein. Further experiments would need to confirm the possible allosteric 

modulation of HUWE1 through ubiquitination. 

In addition to impairing E2~Ub turnover due to the innate preference in polyUb linkage 

type by the E3 ligase, acetylation of Ub could impair unloading by promoting 

conformations of the E2~Ub conjugate that are less competent in certain ubiquitination 

pathways. Various works have described the necessity for closed conformations of E2~Ub 

in RING pathways [50,59,60], while HECT and RBR pathways require an open 

conformation of E2~Ub [53–56]. Our NMR experiments suggest that certain acUb proteins 

like K6 or K33 promote the UBE2L3~Ub conjugate to populate more closed states 

compared to Ub. In various E2~Ub conjugate structures, the sidechain of K33 extends into 

solution, distal to the E2:Ub non-covalent interface [52,57,151,152]; yet, our NMR data 

indicate that acUbK33 favours the closed conformation of UBE2L3~Ub more than Ub. 

This is evident by the two signals for the reporter residue K48 in the UBE2L3~Ub 

spectrum, but one signal in the UBE2L3~acUbK33 spectrum. Here, the spectra likely 

reflect slow exchange between open and closed states as the lone signal for K48 in the 

UBE2L3~acUbK33 spectrum has a similar position to that of the closed state in the 

UBE2L3~Ub spectrum. The presence of the single signal for K48 via slow exchange in the 

UBE2L3~acUbK33 spectrum indicates the conformation is 100% closed. This structural 

insight could explain why the discharge of UBE2L3~acUbK33 with HUWE1 was slow 

initially but ultimately reached a faster rate of discharge than the UBE2L3~Ub conjugate. 

It would be expected that the slow start might reflect the need for the UBE2L3~acUbK33 
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conjugate to open in the presence of HUWE1, where a complex with the closed 

UBE2L3~acUbK33 conjugate would limit catalysis. 

Interestingly, in the UBE2L3~acUbK6 conjugate, acK6 lies in proximity to crossover helix 

α2 of UBE2L3 that is involved in non-covalent coordination of the Ub fold through the 

hydrophobic I44 patch of Ub. Our NMR data suggest that acetylation of K6 promotes a 

closed conformation of UBE2L3~Ub. Compared to the UBE2L3~Ub spectrum that has 

two signals relatively equal in intensity for K48 and Q49, the UBE2L3~acUbK6 spectrum 

shows two signals of largely different intensities for both reporters. Again, this likely 

reflects slow exchange between open and closed states, where the closed state accounts for 

more than 90% of the conformation. The posterior side of helix α2 in UBE2L3 packs 

against β1-β3 forming an extensive hydrophobic core with helix α1. To stabilize the closed 

conformation of UBE2L3~Ub, it would be expected that the longer, more non-polar 

sidechain of acetyl lysine at position 6 could extend past crossover helix α2 into the 

predominantly hydrophobic core of UBE2L3. The preference for the closed conformation 

displayed by the UBE2L3~acUbK6 conjugate could also explain why discharge of this 

conjugate with HUWE1 was impaired. 

Our results also provide evidence that use of a stable, isopeptide-linked UBE2L3–Ub 

species does not accurately reflect what happens in the innate UBE2L3~Ub conjugate. In 

each of the UBE2L3–Ub, UBE2L3–acUbK6, and UBE2L3–acUbK33 spectra, the signal 

corresponding to the closed conformation of the reporter residues occupies a position that 

is approximately 50% of the way between the open and closed signals in the respective 

thioester spectra. This difference likely reflects the shift from slow exchange to fast 

exchange that would be possible with the longer, more flexible isopeptide bond between 

the C-terminus of Ub and the catalytic site (residue 86) of UBE2L3. 

Overall, our data indicate that the influence of acUb on HECT-mediated ubiquitination 

systems is binary: 1) Ub acetylation at the preferred polyUb chain building site of the E3 

ligase results in worse turnover of the E2~Ub conjugate, and 2) some acetylation sites 

appear to favour a more closed E2~Ub conformation that would impair HECT-type 

cascades. For some systems like acUbK6/UBE2L3:HUWE1 described here, there would 
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likely be influences from both directions. The outcome of these impaired reactions would 

be expected to alter the various processes regulated by Ub. For acUbK6/UBE2L3:HUWE1, 

the impaired ability to form the K6-linked polyUb with an acUbK6 molecule could be a 

useful signal in the termination of mitophagy. Further experiments would be required to 

examine the fullest extent of Ub acetylation on various Ub processes and the cooperativity 

of acUb and Ub together, but our data provides evidence that the conformation of the 

UBE2L3~Ub conjugate and transfer from an E2 protein to a HECT ligase is altered by Ub 

acetylation. 
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5  

Perspectives and Significance 
 

 

5.1 Ub modifications 
The various modifications to Ub detected in mass spectrometry experiments provide 

evidence that ubiquitination is even more tightly regulated than previously thought. In 

recent years, there have been several studies showing how phosphorylation at S65 is crucial 

for the activity of E3 ligase parkin, where the regulation of parkin activity through pUbS65 

arises from allosteric binding and domain rearrangement of parkin. Further, 

phosphorylation at Thr12 (pUbT12) has been shown to be important in mediating the DNA 

damage response [105], and phosphorylation at Ser57 (pUbS57) might play roles in the 

oxidative stress response [174]. In terms of roles for Ub acetylation, acUbK6 and acUbK48 

were observed to inhibit the extension of various polyUb linkages in vitro [119]. However, 

experiments involving the acUb proteins in vivo are still difficult and pose significant 

challenges to fully understanding Ub acetylation. 

Acetylation competes with ubiquitination: These two PTMs at a given site on Ub are 

mutually exclusive. One might expect that E2:E3 systems that have preference for a certain 

chain topology might be unable to pass a specific acUb molecule through the Ub cascade. 

Through our work, we did observe impairment in certain cascades that prefer distinct chain 

topologies (UBE2D1:IPAH3/acUbK48, UBE2L3 or UBE2D1:HUWE1/acUbK6). In the 

event of Shigella flexneri infection, the effector protein IPAH3 hijacks host ubiquitination 
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and synthesizes K48-linked chains to degrade host proteins [127]. Intuitively, we observed 

that acetylation of Ub at K48 prevents the function of IPAH3. This finding would likely 

correlate to impaired degradation of host protein and limited S. flexneri infection, but these 

expectations would need to be examined. We also observed that although acUbK6 behaves 

the most like Ub throughout the E1 and E2 steps in ubiquitination, when it comes to 

HUWE1-mediated ubiquitination, acUbK6 severely impairs this process. The impairment 

likely stems from the preference for K6-linkages by HUWE1, whereby acetylation at K6 

in Ub blocks the formation of K6-polyUb. Interestingly, we also observed that at least one 

specific system (UBE2N:UBE2V2:RNF8/acUbK63) can accommodate for the acetylation 

site and synthesize polyUb elsewhere in Ub. The synthesis of K63-linked chains has been 

observed in immune signaling events as well as in the nucleus at DNA. Perhaps acetylation 

at K63 in these systems promotes a less abundant chain topology involved in these 

processes, without being completely detrimental to the system.  

5.2 Modifications to E2 and E3 proteins 
In addition to Ub, the other proteins involved in ubiquitination are post-translationally 

modified to regulate their function. Many of these include E2 conjugating enzymes and E3 

ligases. One of the better studied E3 proteins that is post-translationally modified is parkin, 

where S65 phosphorylation by PINK1 is crucial for activation [99,100]. However, other 

sites in parkin including S9 and Y143 have been observed to be phosphorylated and have 

pS65-independent regulatory roles [175,176]. Further, other E3 ligases such as ITCH or 

BRCA1 require phosphorylation to promote their nuclear localization and roles in 

chromatin regulation [64,177].  

Unfortunately, the matching of acetyltransferases to acetylation sites on proteins remains 

largely uncharacterized. The mass spectrometry experiments evaluated for Ub peptides 

demonstrate that various E2 conjugating enzymes and E3 ligases are also acetylated during 

periods of cell stress [111,112]. Some of these include the E2 proteins UBE2L3, UBE2K, 

and UBE2N and the E3 ligases HUWE1, TRIM33, and NEDD4. Other datasets collected 

with deacetylase inhibition or knockout detect a larger number of acetylation sites, 

emphasizing the tight regulation of acetylation throughout the natural lifecycle of the cell 
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[107,108]. These experiments show acetylation sites in the UBE2D family of E2 proteins 

and additional sites not detected in cell stress experiments in other proteins such as 

UBE2L3 and HUWE1. 

The acetylation sites detected in E2 conjugating enzymes frequently occur in the conserved 

UBC domain responsible for conjugating a Ub protein and forming non-covalent 

interactions with UBA1 and E3 ligases to facilitate various steps in ubiquitination [45]. 

Conversely, the E3 ligases are generally larger enzymes with multiple accessory domains 

that have roles outside of ubiquitination, and acetylation has frequently been observed 

outside of the ubiquitination-active domain (ie. RING or HECT domain). It would 

therefore be expected that acetylation of E2 enzymes might regulate ubiquitination more 

directly than acetylation of their ligase counterparts, possibly providing specificity along 

the way. 

5.3 Possible roles for Ub acetylation 
There has yet to be described a localized cellular event that increases the concentration of 

acUb in the cell. Regardless, the likelihood of cells containing only a given acUb protein 

is very low. It would be expected that a localized pool of acUb forms due to some external 

stimulus, but even then, the acUb protein would not be at 100% total available Ub. 

Additionally, it is still unclear when in the ubiquitination cascade the Ub molecule is 

acetylated: 1) Does the acetyltransferase modify the free pool of mono-Ub, 2) Are the 

various covalent E1~Ub, E2~Ub, or E3~Ub molecules the target, or 3) Does Ub acetylation 

occur once the Ub has been incorporated into a chain? Although our work here mainly 

assumes question 1 by using 100% acUb, we also provide some insight into question 3 

being true as well. Conversely, question 2 is likely not true: The instability or transient 

nature of the various E1~Ub, E2~Ub, or E3~Ub conjugates would be expected to dissuade 

for PTMs at these points in the Ub cascade. We observed that certain acUb proteins are 

less competent in E3-mediated steps in ubiquitination. As the termination of the function 

of the E3 ligase would likely cause other problems in the cells, it seems unlikely that cells 

would need to rely completely on a pool of pre-acetylated ubiquitin. Rather, a single 

acetylation in a pre-established polyUb chain or passage of a mono-acUb through the 
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ubiquitination machinery might be enough of a signal for the E3 ligase to terminate or 

modify its activity. Our experiments show that the E1 protein UBA1 is still able to activate 

a pool of acUb at each of the seven sites, and these pools of acUb are competent with two 

common E2 proteins UBE2D1 and UBE2L3. 

It is tempting to speculate on the roles of Ub acetylation in a broader context in cells. 

Although our experiments show that certain acUb proteins hinder the activity of E3 ligases 

in vitro, the cellular relevance of this finding is difficult to identify. Primarily, multiple 

E2:E3 pairs build the same topologies of polyUb chains: Would a specific acUb protein 

impair these pathways to the same extent? Second, the formation of branched or mixed 

chains of polyUb are becoming more prevalent in the literature: Does acetylation have a 

role in guiding the formation of these chains? Finally, many E3 proteins have a distinct 

hierarchy in their preference for polyUb chain building sites: Can acetylation at their 

preferred site induce the formation of lesser preferred topologies? Of course, these 

experiments would need to be done, but with the current limits that cannot pin acetylation 

sites to specific compartments or topologies in cells, these questions remain difficult to 

address. 

5.4 Chemical biology tools for studying 
ubiquitination 

The use of chemical biology tools has rapidly expanded the study of various steps in 

ubiquitination. From using crosslinkers to capture transient structural intermediates [39], 

to the development of activity-based probes [178,179] to study the covalent E3~Ub or 

Deubiquitinase~Ub intermediates, to the use of fluorescent molecules to study 

conformation and function, the development of new techniques is astounding. Other recent 

advancements include the use of proteolysis targeting chimeras (PROTACs) to specifically 

target and degrade a protein of interest through crosslinking [180]. PROTACs have 

generated much interest and are being extensively studied for therapeutic uses like cancer 

treatments [181]. 
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Further, genetic code expansion using an orthogonal tRNA and tRNA synthetase derived 

from species of methanoarchaea has been widely used to incorporate post-translationally 

modified amino acids into proteins during bacterial translation. In this work, we used 

genetic code expansion to site specifically incorporate acetyl-lysine at the position of 

interest in Ub [136]. This method has also been used to incorporate phosphoserine into Ub 

[182], and the optimization of other tRNA synthetases that allow for other PTMs such as 

phospho-tyrosine or phospho-threonine will advance the study of E3 ligases harboring 

these PTMs. Additionally, use of an orthogonal system can be used to incorporate amino 

acids harboring photo-crosslinking reagents to provide insight on protein conformations 

[183,184]. In recent years, similar chemical biology tools have been used to permit the 

addition of full Ub molecules at various positions in substrate proteins [185], and to 

chemically form specific topologies of polyUb chains [186,187].  

Finally, the replacement of autoradiography approaches to studying ubiquitination are 

becoming more and more prevalent [145,188,189]. Various techniques such as western 

blotting or the use of small fluorescently labeled Ub or ubiquitination enzymes have 

replaced this older methodology. In addition to visualizing proteins on gels or blots, 

fluorescent molecules can be used with a plate-reader to optimize and mass examine 

different reactions. These experiments include Förster Resonance Energy Transfer (FRET) 

experiments and fluorescence polarization assays. In our work, we used fluorescently 

tagged Ub and E2 proteins to study the kinetics of E2~Ub formation using FRET [165], 

but there are many other applications and combinations of fluorescent molecules 

[133,134,190,191]. 

The list of chemical biology tools used in ubiquitination is continually growing. The rapid 

and ongoing advancements of these tools will aid tremendously in the study of 

ubiquitination proteins with the hope of understanding the full molecular mechanism of 

autoimmune diseases, neurodegenerative diseases, and cancers. 

5.5 Significance 
The Ub system is heavily implicated in many human diseases that remain difficult to treat. 

Determining the underlying molecular mechanisms and how ubiquitin pathways are 
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implicated in such mechanisms will provide new avenues for therapeutic targeting. In 

several disease states, post-translational modifications such as ubiquitination, acetylation, 

or phosphorylation of proteins hold the key to the underlying pathogeneses [3,10,13,15]. 

Recently discovered Ub peptides that have been modified themselves provide an additional 

complication to understanding disease pathogenesis. Prior to this thesis, there were a 

handful of studies on Ub phosphorylation, but only one publication that showed how 

acetylation at K6 or K48 impairs certain types of ubiquitination [119]. A comprehensive 

study on the various acetylation sites was lacking. This thesis provides a robust analysis of 

the different acUb proteins (acUbK6, acUbK11, acUbK27, acUbK29, acUbK33, 

acUbK48, and acUbK63) and their interactions with a subset of the E2 conjugating 

enzymes and functional E3 counterparts. While the work done in this thesis will not directly 

cure cancer, autoimmune disorders, or Parkinson’s disease, it provides substantial 

information about how Ub acetylation influences the different steps in ubiquitination, and 

it would be expected to promote the study of other acetylated proteins in ubiquitination. 
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MS/MS data for acUb peptides 
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Figure A.1. MS/MS spectra for Ub peptides containing position specific acetyl-lysine. 
Singly acetylated Ub variants were purified as described in section 2.2.2.3 and tryptic 
digested. Peptides were analyzed using LC-ESI-MS/MS to confirm site-specific 
incorporation of acetyl-lysine. Shown are peptides that correspond to each of the remaining 
6 lysine constructs (acUbK6, acUbK11, acUbK27, acUbK29, acUbK33, and acUbK63). In 
each case, lowercase ‘k’ indicates modified lysine; here, the monoisotopic mass of 170.1 
Da indicates acetyl-lysine. Data were analyzed using PEAKS X software. 
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