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Ubiquitin is a 76-amino acid, well-folded and highly stable protein that is highly 

conserved across all eukaryotes. It is a post-translational modifier of other proteins through its 



  

attachment via an isopeptide bond to a substrate lysine sidechain. Multiple ubiquitin units can be 

stacked to form a polyubiquitin chain, with chain topologies and cellular outcomes varying based 

on which of ubiquitin’s lysine residues they are attached to. The most common and well-studied 

outcome of polyubiquitin attachment is degradation by the proteasome, a massive barrel-shaped 

protease complex responsible for general protein quality control as well as cell cycle progression. 

 Proteasomes have been discovered in archaea and bacteria, and are controlled by the 

small archaeal modifier protein (SAMP) and the disordered prokaryotic ubiquitin-like protein 

(Pup), respectively. Recently, a second bacterial proteasome operon was discovered with a new 

putative signaling protein, ubiquitin bacterial (UBact). 

Here, the first investigation of the UBact proteasomal operon is presented. Using nuclear 

magnetic resonance (NMR) spectroscopy and a variety of biophysical techniques, UBact is 

demonstrated to be disordered in solution and interact with its putative proteasomal receptor. 

This sets the groundwork for further studies of the UBact system. 

Additionally, NMR is used to explore the activity and directionality of various 

deubiquitinase enzymes responsible for breaking down polyubiquitin chains, and for exploring 

small molecule binding to ubiquitin chains themselves. This likewise provides a groundwork for 

further studies of the ubiquitin system, whose dysregulation is responsible for many diseases and 

is an area of intense therapeutic development. 
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Chapter 1: Introduction 

1.1: The Proteasome: Nature’s Protein Recycling System 

 The production of new proteins and the recycling of old proteins is a vital part 

of intracellular homeostasis. Cells need a method to carry out controlled protein 

degradation to remove proteins that are no longer needed, clear away damaged or 

misfolded proteins, and recycle the amino acids from those proteins for future protein 

synthesis. Such a system must be both highly specific, to prevent random destruction 

of all proteins, as well as fairly promiscuous, to be able to degrade a variety of 

proteins. 

 The essential macromolecular machine responsible for balancing this need for 

selectivity and promiscuity in eukaryotes is the 26S proteasome, a massive 2 MDa 

protein complex. The 26S proteasome (named for its sedimentation coefficient) 

consists of two parts, the 20S core particle (CP) and the 19S regulatory particle (RP). 

The CP is the site of proteolytic cleavage, while the RP serves to specifically 

recognize substrates and unfold them (Figure 1)1.  

1.1a The 20S Core Particle 

 The CP is a 28-mer barrel-shaped complex made from four stacked 

heteroheptameric rings. The outer rings are made up of α-subunits 1-7, and the inner 

rings are made up of β-subunits 1-7 and form the proteolytic active site of the entire 

proteasome complex. Despite having seven theoretically possible active sites in each 

of the β-rings, only three such sites are functional in each, giving the eukaryotic CP 
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six total active sites. Wilk and Orlowski showed in 1983 that the CP exhibits three 

distinct proteolytic activities, chymotrypsin-like (cleavage on the C-terminal side of 

an aromatic residue), trypsin-like (cleavage on the C-terminal side of a basic residue), 

and caspase-like (cleavage on the C-terminal side of a glutamate residue) cleavages2. 

Each of these activities could be specifically inhibited without necessarily inhibiting 

the other activities, suggesting that the differing activities are not due to one highly 

Figure 1-Structure of the 26S proteasome, subdivided into its component parts. The 

19S RP docks to either end of the 20S CP, creating a symmetrical structural. Ub 

receptor proteins Rpn1, Rpn10, and Rpn13 facilitate recognition of ubiquitin-tagged 

substrate proteins, while Rpn11 is able to remove ubiquitin units. Removing Ub 

allows the Rpt proteins in the base of the RP to participate in ATP-dependent 

substrate unfolding and passing the unfolded substrate protein down a channel 

between the Rpt proteins and into the CP for degradation by the active sites in the β-

subunits. Figure from Saeki et al1. Used with permission. 
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promiscuous active site2. It is worth noting that these are not strict specificities in 

peptide bond recognition but represent broad trends. Proteosomes have been shown to 

cleave after essentially every amino acid3, 4. The presence of these differential 

cleavage abilities satisfies the requirement of promiscuity, allowing for the 

degradation of many different proteins by the CP, and thus facilitating recycling of 

amino acids for reuse in new protein synthesis. 

 The outer α-subunits form a cap to the CP barrel. These form a gate structure 

that prevents nonspecific entry of substrates into the active site further down the 

barrel. This gate is formed from loops on the N-termini of several of the individual α-

subunits5, which stabilize a closed structure. The closed gate prevents folded proteins 

from randomly entering the proteolytic cavity and being degraded, but disordered or 

unfolded proteins are sometimes able to bypass the closed gate mechanism and enter 

the active site for degradation6, 7, though the process is not very efficient. Mutagenic 

removal of these loops creates so-called “open gate” proteasomes8, which can fairly 

efficiently degrade unfolded proteins. The gate formed by the α-subunits serves as 

just one part of the required specificity of the proteasome, with more specific 

recognition provided by the 19S RP. 

1.1b The 19S Regulatory Particle 

 The 19S RP serves as the point of substrate recognition for tagged substrates 

(more on substrate tagging by ubiquitin in the next section). The RP itself is made of 

19 subunits, divided into a lid and a base. The lid is made up of nine non-ATPase 

proteins, Rpn3, Rpn5-9, Rpn11, Rpn12, and Sem1. The lid primarily serves as the 

recognition site for proteins to be degraded. The base, made of the Rpt 1-6 AAA 
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ATPases9, Rpn1, Rpn2, Rpn10, and Rpn13, serves as the immediate contact point to 

the CP, and facilitates substrate entry into the CP. 

 Currently, the lid proteins are not well characterized, though it is thought that 

it serves as a scaffolding system. Rpn11 is a metalloprotease responsible for 

removing ubiquitin (a deubiquitinase, or DUB) and polyUb moieties10 that sits 

directly above a pore leading into the base of the RP11. On the base, Rpn112-14, 

Rpn1015, and Rpn1316 are receptors for ubiquitin and ubiquitin-like (UBL) proteins, 

and the Rpt proteins serve to assist in CP gate opening and pass substrates into the CP 

for final degradation17. 

1.2 Ubiquitin-Mediated Protein Degradation by the 26S Proteasome 

1.2a Ubiquitin and Polyubiquitin 

Ubiquitin (Ub) is a 76-amino acid, extraordinarily stable18, highly structured β-grasp 

protein19. Ub is present in all eukaryotes, from yeast to humans, and is highly 

conserved across evolutionary space20. Most interactions involving Ub are facilitated 

by the highly conserved hydrophobic patch, L8/I44/V7021, located across the β-sheets 

of the protein. Ub also features a highly flexible tail and ends with a C-terminal Gly-

Gly motif. 

 Ubiquitin serves as a post-translational modifier (PTM) of other proteins. Ub 

is attached to a substrate lysine ε-amine by a three-enzyme cascade (more below) 

through its C-terminal glycine, forming an isopeptide bond in a process called 
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ubiquitination. Ub itself has seven lysine residues (K6, K11, K27, K29, K33, K48, 

and K63) and its N-terminal amine and can therefore be ubiquitinated22 (Figure 2)23. 

Ubiquitination of Ub forms polymeric Ub (polyUb) chains, with connections 

through the different lysine residues encoding for differential trafficking and 

signaling pathways. Different linkages and lengths produce chains of varying 

topology and dynamics, which helps explain the diverse interactions and outcomes 

involving ubiquitin and ubiquitin chains24. PolyUb chains of all linkages have been 

discovered, indicating physiological relevance for all of these chains25. Beyond 

simple homotypic polyUb linkages, different linkages can be utilized at the same 

time, resulting in mixed-linkage polyUb. Ubiquitin is also subject to a range of other 

Figure 2-Structure of human ubiquitin (PDB 1D3Z), with semi-transparent surface 

shown. Residues available for conjugation are shown as blue ball and stick models. 

The highly flexible C-terminal tail extends out from the rest of the structure. All the 

conjugation-capable amine groups are solvent exposed, except that of K27, which is 

buried inside the core of the protein. Despite being buried, K27 is involved in chain 

formation. 
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PTMs, such as acetylation26, phosphorylation27, and recently even carbamylation28, 29, 

that can impact both receptor binding and protein dynamics. 

1.2b Enzymatic Attachment of Ubiquitin to Substrates 

As mentioned above, Ub is covalently attached to substrate lysine residues by a three-

enzyme cascade. First, ubiquitin is activated by E1 (ubiquitin-activating enzyme), a 

large enzyme with two active sites that serves to prepare ubiquitin by forming a 

thioester bond with the C-terminal glycine carboxylic acid in an ATP-dependent 

manner. A single E1 enzyme is responsible for Ub activation. E1 then passes off the 

activated ubiquitin to an E2 (ubiquitin-conjugating enzyme), again through a thioester 

bond at the C-terminus of Ub. Finally, an E3 (ubiquitin-ligating enzyme) facilitates 

transfer of ubiquitin to the ε-amine of a substrate lysine sidechain. There are several 

dozen E2 enzymes (some E2s can function without an associated E3), and several 

hundred E3 enzymes. Different combinations of E2/E3 enzymes account for the huge 

diversity of tagged substrates, including the formation of the many polyUb chains. 

For example, K48-linked polyUb chains are formed first by activation of G76 of Ub 

with E1, then passing the activated Ub to E2-25K (an aptly named 25 kDa E2 

Figure 3-Diagram of ubiquitination by the E1/E2/E3 enzyme cascade. E1 first 

hydrolyzes ATP, adenylating Ub and releasing pyrophosphate. Adenylated Ub is then 

passed to the second active site and forms a C-terminal thioester with the active site 

cysteine on E1. Ub is then passed to E2 and forms another thioester, and a 

corresponding E3 coordinates selection and positioning of a substrate for isopeptide 

bond formation. Figure adapted from Pickart and Eddins31. Used with permission. 
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enzyme), which then facilitates the nucleophilic attack of a Ub K48 ε-amine on the 

E2-25K:Ub thioester, and the formation of the isopeptide bond30(Figure 3)31. 

Following attachment of a single Ub to a substrate, more Ub moieties can be added to 

create a polyUb chain. 

 The most recently discovered polyUb chains are linear (M1-linked) ubiquitin 

chains, the only polyUb chains that do not contain an isopeptide bond between 

ubiquitin units; rather, they are attached via a regular peptide bond, with the ubiquitin 

units assembled head-to-tail. Though the UBB and UBC genes encode several head-

to-tail ubiquitin units, these are co-translationally disassembled by the DUBs IsoT32 

and OTULIN33 to give free ubiquitin. M1-linked polyubiquitin chains are assembled 

by an E3 complex called LUBAC (linear ubiquitin assembly complex), which both 

attaches the chain to substrates via an isopeptide bond and extends the chain via 

backbone peptide bonds34. M1-linked polyUb chains adopt an open conformation35, 

and this flexibility imparts substrate specificity. M1-polyUb is involved in a variety 

of cellular processes, the most studied of which is interaction with NEMO (NF-κB 

Essential Modifier). M1-polyUb interaction with NEMO through its coiled-coil 

domain facilitates activation of the nearby IκB kinase complex, which in turn 

activates the NF-κB pathway36. Disruption of M1-polyUb chain synthesis and 

disassembly is associated with a number of pathologies37, including disrupted 

embryonic development in mice38, ectodermal dysplasia39, increased susceptibility to 

bacterial infections40, dermatitis41, 42, and general inflammation38. 

 K6-linked polyUb chains are assembled in solution by the E3 enzyme 

HUWE143, and appear to be involved in numerous signaling pathways. The chains 
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have been implicated in regulation of mitophagy, the processing of damaged 

mitochondria. The E3 enzyme Parkin auto-ubiquitinates itself and builds K6-polyUb 

chains, the formation of which slows down Parkin’s recruitment to a damaged 

mitochondrion. Removal of the K6-polyUb moieties by Usp8 allowed for more 

efficient recruitment, and therefore autophagy44. There is evidence that K6-polyUb 

serves as a signal for protein degradation, as inhibition of the proteasome leads to 

accumulation of K6-polyuiquitinated substrates as detected by Western blot43, 45. 

Conversely, there are also scenarios in which ubiquitination with K6-linked chains 

stabilizes proteins46 and might be used to out-compete attachment of other chains that 

might signal for substrate destruction47. These chains are also involved in DNA 

binding, insofar as their attachment to IFN regulatory factor 3 is required for DNA 

binding and subsequent gene induction48. The role of K6-polyUb signaling is a hot 

area of study, and new roles continue to be discovered. 

 K11-linked polyubiquitin chains are commonly involved in trafficking to the 

proteasome ending in substrate degradation49, 50. While K11-linked chains are 

sufficient for recruitment to the proteasome, branched K11/K48-linked chains are 

common, and enhance affinity for the proteasomal receptor Rpn151. Additionally, 

K11-polyUb chains appear to be involved in innate immunity by assisting in 

autophagy regulation. Ligation of K11-polyUb to the MITA/STING protein prevents 

attachment of K48-linked chains, and therefore prevents its proteasomal degradation 

and therefore regulates type I IFN expression52. Type I IFN production is also 

abrogated upon K11-polyUb removal from Beclin-153. Enhancement of K11-poyUb 

removal by upregulation of the DUB Cezanne is associated with increases levels of 
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hypoxia-induced factors 1α and 2α in several cancers, leading to studies about K11-

poyUb applications in cancer research54. 

 Lysine 27 is buried in the core of ubiquitin, and the CH2 groups of the 

sidechain form significant hydrophobic contacts, and the ε-amine forms a stabilizing 

salt bridge with Q41 and D52, dramatically shaping the overall dynamics of the 

ubiquitin backbone55. Chains linked through K27 are involved in histone modification 

to facilitate DNA binding and signal for DNA damage56 Formation and attachment of 

K27-linked polyUb chains has been implicated in resistance to viral infection. 

Attachment of K27-polyUb to NS4B of classical swine fever virus57 and Nsp12 of 

porcine reproductive and respiratory syndrome virus58 encoded for their destruction 

by the proteasome. K27-polyUb chains are also involved in IRF3 signaling, as 

conjugation with the chains promotes destruction of IRF3 in zebrafish59 and 

humans60. K27-polyUb may also play a role in protection from neurodegenerative 

disease by helping (along with K29-linked polyUb) to encode for aggregation of 

leucine-rich repeat kinase 261 , DJ-1, and α-synuclein in Parkinson’s Disease62 and 

mutant huntingtin in Huntington’s Disease63. 

 K29-polyUb has been implicated in neurodegenerative diseases as described 

above. In addition, K29-polyUb decorates the E3 enzyme responsible for K27- and 

K29 ubiquitination of huntingtin protein64. K29-polyubiquitination is also involved in 

autophagy regulation by signaling for degradation of ULK1, which prevents the 

initiation of the phosphorylation pathway responsible for triggering autophagosome 

formation65. These chains are also attached to axin, which disrupts its interaction with 

LRP5/6, which in turn disrupts downstream phosphorylation events and triggers β-
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catenin degradation, halting the Wnt signaling pathway66 and giving rise to many 

cancer pathologies and neurodegenerative disease67. Interestingly, K29-polyUb is also 

utilized to inhibit the proteasome by conjugation to Rpn13, which precludes 

interaction with ubiquitinated proteins68. 

 K33-linked chains are the least-well characterized polyubiquitin species. The 

chains are thought to generally be non-degrative, as the abundance of the chain does 

not increase upon proteasomal inhibition69. The chains are somehow involved in 

innate immune modulation. Removal of K33-polyUb chains from TBK1 in the 

interferon signaling pathway allows for degradation of TBK1 (following addition of 

K48-polyUb chains), and thus K33 chains serve to stabilize the protein70. Addition of 

K33-polyUb to the DNA-binding domain of STAT1 facilitated dissociation of 

STAT1 from DNA, thus blocking interferon-stimulated gene transcription71, and 

addition to IRF3 disrupts interactions with nuclear transport receptors, thus 

suppressing subsequent gene transcription72. K33-polyUb linkages have been 

identified in autophagy pathways, alone and in concert with mixed-linkage chains, 

though their specific roles or importance has not been described73, 74. Additionally, 

attachment of K33-polyUb plays a role in degradation of leucine zipper-like 

transcriptional regulator 1 either by directly signaling for degradation or by enhancing 

attachment of K48-polyUb to the protein75. Many of these studies revealed K33-

polyUb chains coexist with other linkage types either as mixed-linkage chains or as 

separate monotypic chains attached to the same substrate, though the relevance of this 

occurrence has not been described. Further studies are required to fully explore the 
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significance of the K33 linkage in conjunction with other linkages and as a standalone 

chain. 

 Polyubiquitin chains connected through lysine 48 are the most common type 

of linkage seen in  vivo25. Labeling of substrates with K48-polyUb initiates transport 

to and degradation by the 26S proteasome76, with a minimum of four ubiquitin units 

forming the basis of selectivity77. Proteasomal degradation is responsible for protein 

quality control in eukaryotic cells (reviewed extensively in Pohl and Dikic78) and in 

the mitrochondria79. Decoration with K48-polyUb as a degradation signal is utilized 

in immune signaling to both propagate signaling pathways and to shut them down80. 

K48-polyUb-mediated degradation of the Sic1 inhibitor protein is vital for 

advancement from G1 to S phase in mitosis81, 82. Enhanced proteasome-mediated 

advancement of the cell cycle is implicated in a variety of cancers83, 84. Tau is 

monoubiquitinated as well as tagged with K48-polyUb85, and post-translational 

modification of tau is associated with its potentially pathological liquid/liquid phase 

separation86. Additionally, aggregated proteins in neurons such as α-synuclein87, 88 

and huntingtin89-91 are often ubiquitinated with K48-chains up to three units92, below 

the threshold for efficient proteasomal degradation. Aggregation of these proteins 

additionally prevents their removal by the proteasome93. The wide variety of 

substrates of K48-polyubiquitination prove the importance of this linkage, and 

ongoing studies promise to reveal more substrates in diverse pathways. 

 The final type of linkage is through lysine 63. K63 chains are the second most 

common type of polyUb chain22, and, together with K48-polyUb, are considered the 

“canonical” chains, with the bulk of research focusing on their physiological roles. 
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The most well-studied role of K63-polyUb signaling is in the context of DNA 

damage repair. Yeast with mutations in the Ubc13 E2, MMS2 E3, or ubiquitin (at 

position 63) are unable to properly repair UV-induced DNA damage94. These proteins 

are responsible for extending K63-linked chains, suggesting a role for the chains in 

DNA damage repair. Upon double stranded DNA breaks, due to radiation exposure, 

recombination processes95, 96, and apoptosis97, histone 2AX (H2AX) is 

phosphorylated at S13998. Phosphorylation allows RNF8, a ubiquitin ligase, to attach 

ubiquitin to H2AX. RNF8 recruits Ubc13 to extend K63-chains99. Rap80 interacts 

with these chains and facilitates the BRCA1-A complex formation on the polyUb 

chains99, which in turn facilitates non-homologous end joining and homologous 

recombination100. Free-floating K63-polyUb chains might be involved in NF-κB 

signaling by binding to the TAK1 kinase and facilitating autophosphorylation and 

activation of TAK1101. 

1.2c Deubiquitinase Enzymes 

 In addition to Rpn11, the proteasomal deubiquitinase enzyme responsible for 

removing ubiquitin chains from substrates immediately prior to transport into and 

degradation by the proteasome, there are numerous deubiquitinase (DUB) enzymes. 

Some DUBs are linkage specific, interacting and cleaving only specific types of 

polyUb linkages, while others are nonspecific and will promiscuously cleave a variety 

of linkages. There are six families of DUB enzymes: ubiquitin C-terminal hydrolase 

(UCH), ubiquitin-specific protease (USP), ovarian tumor domain (OTU), MINDY 

(motif interacting with Ub-containing novel DUB family) and the Josephin-domain 

(MJD) families that encode papain-like cysteine proteases, while the 
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JAB1/MPN/Mov34 metalloenzyme (JAMM) domain encodes zinc-dependent 

metalloprotease. UCH DUBs are mostly involved in removing short peptide 

sequences from the C-terminus of ubiquitin, and are thought to be involved in 

processing of proubiquitin into physiologically active ubiquitin units102. USP family 

DUBs typically process larger leaving groups and contain a central catalytic domain 

with N-or C-terminal extensions containing regulatory elements that impart 

specificity for substrates. The USP family is the largest family of DUBs. OTU 

domain DUBs are so named based on their similarity to tumor genes in Drosophila. 

Humans encode 16 OTU domain proteins, though not all demonstrate DUB 

activity103.  The MJD family contains four DUBs, which are not well studied 

currently. The most well-studied example is ataxin-3, which preferentially cleaves 

Figure 4-CryoEM reconstruction of substrate-engaged proteasome. A) Exterior and 

interior views, showing substrate (purple) extending from an isopeptide bond with 

ubiquitin down through the central pore into the top of the CP. B) The isopeptide 

bond is located inside the catalytic groove of Rpn11. C) The unfolded substrate 

(purple mesh) is stabilized by many tyrosine residues on the inside of the Rpt pore 

(gray mesh), permitting translocation through the pore and into the CP. D) Substrate 

entering the open gate CP. Figure from de la Peña, A. H.; Goodall, E. A.; Gates, S. N.; 

Lander, G. C.; Martin, A. Substrate-engaged 26S proteasome structures reveal 

mechanisms for ATP-hydrolysis-drive translocation. Science 2018, 362 (6418).107 

Reprinted with permission from AAAS. 
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K63-linked polyUb chains and interacts with a variety of cellular pathways104. 

MINDY family DUBs have extreme specificity for K48-linked chains105. The 

metalloprotease JAMM family of DUBs106 include Rpn11, the proteasomal DUB that 

removes ubiquitin chains from substrates to be degraded10.  

1.2d Recognition of Ubiquitinated Substrates by the Proteasome 

K48-linked polyUb is the most common polyUb species in the eukaryotic cell. 

Work from Cecile Pickart’s lab involving carefully controlled polyUb chain synthesis 

revealed K48-linked tetraUb to be the minimum sufficient signal encoding substrate 

transport to and degradation by the proteasome77. Shorter chains did not efficiently 

bind to the proteasome, but longer chains appear to bind more tightly based on the 

number of tetraUb units in the chain. The polyUb units interact with the various 

receptors and are removed by Rpn11. At this point, the Rpt proteins hydrolyze ATP 

to provide energy for substrate unfolding and translocation down a central channel 

and into the CP107 (Figure 4). The discovery and elucidation of the ubiquitin-

proteasome system, and its characterization as essential for protein homeostasis, 

earned Aaron Ciechanover, Avram Hershko, and Irwin Rose the 2004 Nobel Prize in 

Chemistry.  

1.3 A Simplified Proteasome System is Present in Archaea and some Bacteria 

Once thought to be a hallmark of the cellular complexity of eukaryotic cells, 

the discovery of a large barrel-shaped protease complex in Frankia108 challenged the 

paradigm that proteasomes could only exist in eukaryotes. Genomic analysis revealed 

a simplified proteasomal operon present in Archaea and some bacteria, notably 
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Actinomycetes and Nitrospirotae. Rather than seven different α- and β-subunits, non-

eukaryotic proteasomes consisted of just a single form of the relevant subunit, 

repeated seven times to form a similar 28-mer CP109. Indeed, rather than the 19-mer 

RP of eukaryotes, these simpler proteasomes were capped by just an analogue of the 

Rpt proteins, a homohexameric protein termed Mpa (Mycobacterial proteasome 

activator) or PAN (proteasome-activating nucleotidase), which is likewise responsible 

for substrate recognition, unfolding, and transport into the CP110. Structural studies 

revealed that Mpa/PAN have similar structures to the Rpt proteins, forming N-

terminal coiled-coils, a double stack of oligonucleotide-binding domains (as opposed 

to the single domain in Rpt proteins), and a C-terminal ATPase domain111, 112. 

 Despite the presence of a proteasome in Archaea and some bacteria, as well as 

the documented hijacking of ubiquitin by bacteria113, there is to date no evidence of 

ubiquitin in either kingdom’s genome. Thus, it falls to some other system to build the 

recognition signal for interaction with the proteasome. In Archaea, this signal consists 

of the small Archaeal modifier protein (SAMP), which is also a β-grasp protein114. 

SAMP is activated by a single enzyme analogue to eukaryotic E1 (UbaA, ubiquitin-

like activating protein of Archaea), and is ligated to substrate lysine residues by an 

isopeptide bond through the C-terminal glycine carboxylate, as in ubiquitin115. UbaA 

appears to be responsible for the entire activation/ligation process, rather than the 

multi-enzyme cascade involved in the ubiquitin system. SAMP was even capable of 

forming chains, though the function or physiological relevance of these chains 

remains unknown115. 
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 Actinomycetes and Nitrospirotae do not contain either ubiquitin or SAMP, 

however. Most studies performed on the bacterial proteasome have been performed in 

Mycobacteria, either in M. tuberculosis (the pathogenic bacteria that infects human 

lungs) or M. smegmatis (non-pathogenic model organism for Mycobacteria, with a 

fast growth rate relative to other species), as proteasome knockout mutants were 

found to dramatically decrease infectivity in a mouse model116. Genomic and mass 

spectrometric study of a known bacterial proteasome substrate revealed the identity of 

a small protein that was covalently attached via an isopeptide bond through its C-

terminal residue to the substrate lysine sidechain117. This protein was named Pup 

(prokaryotic ubiquitin-like protein) due to its seemingly similar role. Knockouts of 

Pup, Mpa, or either proteasomal subunit yielded the same phenotype of reduced 

infectivity and lowered survival of M. tuberculosis. Rather than following the pattern 

of β-grasp fold proteins like ubiquitin or SAMP, Pup was found to be intrinsically 

disordered when free in solution and upon attachment to a substrate118, 119. Pup varies 

wildly in length from species to species, from as short as about 50 amino acids to 

almost 100 amino acids. Interestingly, Pup does not share the common Gly-Gly motif 

at its C-terminus, and instead ends with Gln or Glu, depending on the exact species. 

Crystallographic and NMR studies show that Pup interacts with Mpa at a region from 

the middle of the protein towards the C-terminus, forming an α-helix along the 

coiled-coil domain of Mpa, with the disordered N-terminus extending into the central 

pore of the Mpa hexamer111. The immediate C-terminus remains disordered and is 

solvent accessible. Despite the apparent existence of three identical binding sites 

(three coiled coil domains), it appears that only one Pup molecule is capable of 
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interaction at a time, as nonspecific electron density in the central Mpa pore, most 

likely corresponding to the disordered extreme N-terminus of Pup, would preclude a 

similar mode of binding at the other two equivalent sites111. 

 Unlike in Archaea, no homolog of E1 could be found in Mycobacteria. 

Perhaps this is not surprising, since Pup does not share a similar structure to ubiquitin 

or SAMP, but a search for a similar enzyme responsible for ligation to a substrate did 

not yield immediate results. Pulldown and knockout studies identified PafA 

(proteasome accessory factor A) as a vital piece of the pupylation system, with PafA 

knockout cells showing no pupylated species117. Further characterization of PafA lead 

to the elucidation of its ligation mechanism120, 121. If Pup contains a C-terminal Gln, it 

is first deamidated by Dop (deamidase of Pup)122. Once deamidated, the resulting Glu 

sidechain carboxylic acid is phosphorylated by PafA, which then facilitates 

nucleophilic attack on the phosphoester by a substrate lysine residue and formation of 

the isopeptide bond through the sidechain of the C-terminus of Pup120. In addition to 

serving to activate Pup by deamidation, Dop also acted as a depupylase, able to 

remove Pup from substrates123, 124. Reconstitution of the Pup proteasome pathway in 

E. coli, which does not contain a natural proteasome system, showed that the presence 

of Pup, Dop, PafA, Mpa, and the proteasome genes were sufficient to initiate 

proteasomal degradation of several native E. coli proteins125. This suggests that there 

are intrinsic recognition signals in putative substrates, though no common sequence 

or structure motif has yet been identified, nor does there appear to be a common 

pathway or interaction beyond pupylation. It does not appear that Actinomycetes 

utilize their proteasome for general protein recycling. 
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 Isopeptide linkage of Pup to substrates through its C-terminus immediately 

suggests a mechanism of proteasomal recognition and degradation. Following 

conjugation of Pup, the disordered Pup acts as a “fly fishing rod” and interacts with 

Mpa126, whereupon it adopts the helical conformation, which pulls the substrate 

closer to the proteasomal complex. Mpa utilizes ATP hydrolysis to feed the 

disordered segment of Pup down through the pore and into the proteasome for 

degradation, as well as unfolding the covalently attached substrate and translocating 

that into the proteasome as well. This degrades both Pup and the substrate127. 

Degradation of Pup as part of the recycling process is in contrast with ubiquitin, 

which is generally removed and preserved by Usp14 and Rpn11 prior to substrate 

unfolding, translocation, and destruction in the CP. 

1.4 The Putative UBact Proteasomal Operon 

In 2017, a genomic search for novel proteasome genes revealed a potential 

new proteasome in the phylum Nitrospirota128. Ciechanover’s group identified the 

presence of the Pup proteasomal operon in these bacteria, but they also discovered the 

presence of a second set of apparent PafA/Dop genes, as well as proteasome genes for 

α- and β-subunits. Previous studies showed that the Actinobacteria described above 

Figure 5-Arrangement of Pup (top) and putative UBact (bottom) operons in 

Nitrospira bacteria. The similar arrangement, albeit on opposite strands of the 

bacterial chromosome, allowed for the identification of the open reading frame the 

authors termed “UBact”. PafA/Dop are difficult to differentiate purely from sequence, 

as the enzymes are extremely similar both by primary sequence and structure. 

Adapted from Lehmann et al128. Used with permission. 
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only contained one proteasome system. Exploration of this second putative 

proteasomal operon revealed an open reading frame that could potentially be 

conjugated to a substrate, based on its length, sequence, and genomic positioning in a 

similar arrangement to the Pup operon (Figure 5). Notably, this open reading frame, 

which the group called UBact (Ubiquitin bacterial) to differentiate it from Pup, does 

not share much sequence similarity with Pup (33% similar), but the other proteins in 

the operon are remarkably similar to Pup operon proteins. The proteasome genes 

themselves are similar to Pup operon proteasome genes, Archaeal proteasome 

subunits, and show general similarity to eukaryotic α- and β-subunits. 

 A search for other UBact genes yielded the presence of more proteasomal 

operons across other Gram-negative phyla as well, as well as candidate phyla and at 

least one Archaeal phylum128. Notably, several of these phyla also do not contain a 

corresponding Pup proteasomal operon. The appearance of the putative UBact 

proteasomal operon raises questions about the need for such a system, especially in 

organisms that already have a proteasome, as well as the evolutionary relationships 

between all proteasome systems. 

1.5 Research Motivations 

 The occurrence of proteasomes across all domains of life highlights the 

importance of a controlled protein recycling system. Understanding the proteasomes 

and their associated signaling and trafficking pathways is vital toward designing 

functional therapeutics for a wide variety of conditions. As noted above, proteasomes 

are vital for full infectivity of M. tuberculosis129. Disrupting the Pup proteasome 

system has become an avenue for tuberculosis treatment130-132. Dysregulated 
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proteasomal degradation has been implicated in a variety of cancers, as the eukaryotic 

proteasome is required for proper cell division133. Disruption of the ubiquitin system, 

including altered proteasomal degradation, increased or decreased E2/E3 activity, and 

dysregulated DUB activity have all been implicated in disease states134. The 

ubiquitination system is also involved in the immune response, with cells utilizing the 

ubiquitin tagging system to target foreign proteins for proteasomal destruction, and 

interference with this system has been seen in many viral diseases135, 136. 

 The wide usage of proteasomes across disparate phyla also raises the question 

of evolution. The similarity of the proteasomes themselves suggests a common 

ancestor that has changed little across evolutionary time, while the varied 

mechanisms for identifying and labeling substrates suggest divergent evolution for 

full utilization of the system. An exploration of the different proteasome systems, and 

their different signaling and recognition systems, can help scientists identify the 

evolutionary relationships and interplay of species across evolutionary time. To these 

ends, this work describes the first attempts at characterization of the UBact 

proteasome system. Additionally, NMR is used to study DUB kinetics and determine 

the directionality of ubiquitin unit removal from a polyUb chain, in order to further 

understand how these enzymes regulate post-translational modification with 

ubiquitin. Finally, NMR is used to characterize the interactions of small molecules 

with ubiquitin, as the first steps toward development of therapeutics that interact 

directly with ubiquitin itself. 
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Chapter 2: NMR Signal Assignment and Dynamics of 

Nitrospira nitrosa UBact 

Chapter 2 was adapted from Bonn SM, Fushman D. Backbone NMR resonance 

assignment of the intrinsically disordered UBact protein from Nitrospira nitrosa. 

Biomol NMR Assign 2022; 16: 129-134.137 

2.1 Objective 

 Characterize UBact and complete an NMR signal assignment as a first step 

toward further interaction studies. 

2.2 Expression and Purification of UBact 

 Escherichia coli-optimized N. nitrosa UBact (Uniprot accession number 

A0A256WXF2) DNA sequence was synthesized and cloned into the KpnI/XhoI 

restriction sites in the pET41a vector by Genscript (Piscataway, NJ, USA). This 

construct consists of an N-terminal GST tag, thrombin cleavage site, S-tag, 

enterokinase cleavage site, followed by the UBact gene with the amino acid sequence 

MIQSLMPERRERPGDPMPKSPSPLEEGGGPRRPETGSPDKDSLLKRMRRVDP

KQAERYRQRTGE128. 

 50 ng of this plasmid was transformed into chemically competent BL21 (DE3) 

E. coli cells by heat shock for 45 seconds at 42°C. Cells were then immediately 

cooled on ice for 2 min and rescued with SOC media for 1 hour at 37°C. Cells were 

grown on LB-agar plates supplemented with 50 µg/mL kanamycin for 16 hours at 

37°C to select for successful transformation. Single colonies were picked to inoculate 
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5-20 mL cultures of LB supplemented with 50 µg/mL kanamycin, and were grown 

overnight at 37°C. Overnight growth was used to inoculate 1L LB supplemented with 

50 µg/mL kanamycin and 1 mM MgCl2, and the cultures were grown to OD600=0.8, at 

which point protein expression was induced with the addition of 1 mM isopropyl-β-d-

1-thiogalactopyranoside (IPTG) at 18 °C for at least 16 hours for maximal yield. 

 Cells were harvested by centrifugation at 4680 x g for at least 15 minutes. 

Cells were resuspended in phosphate buffered saline (PBS; 10 mM sodium phosphate 

dibasic, 1.8 mM potassium phosphate monobasic, 2.7 mM potassium chloride, 

137 mM sodium chloride, pH 7.4) supplemented with 5 mM MgCl2, DNase, 0.4 

mg/mL lysozyme, 1% Triton X-100, and 1 mM phenylmethylsulfonyl fluoride 

(PMSF) as a general protease inhibitor. Cells were lysed by flash freezing in liquid 

nitrogen and rapid thawing at 42°C, followed by sonication for 3 minutes at output 5, 

duty 60% on ice. Lysate was clarified by ultracentrifugation at 48,900 x g for 30 

minutes. Lysate supernatant was filtered through a 0.22 µm membrane, then applied 

to PBS-equilibrated glutathione agarose beads in a gravity column at 4°C. Beads were 

washed extensively with PBS, until flowthrough ran clear (usually 15-20 bead 

volumes, performed in 3 wash steps). Bound GST-UBact fusion protein was eluted 

from the beads with ~30 mL 50 mM tris pH 8.0, 10 mM glutathione. Eluted GST-

UBact was concentrated, and buffer exchanged into 50 mM tris pH 8.0 in a 10 kDa 

molecular weight cutoff centrifugal filter unit to a volume of 0.5-1 mL. 

 Concentrated GST-UBact was incubated with 16-32 U bovine enterokinase 

(New England Biolabs, Ipswitch, MA, USA) for 4-12 hours at 18°C to cleave UBact 

from the fusion protein. Following incubation, reaction solution was diluted to ~4 mL 
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with 20 mM sodium phosphate pH 8.0 and loaded onto an SPHP cation exchange 

column (GE Healthcare), equilibrated in the same buffer. The column was washed 

until absorbance dropped, and bound protein was eluted with a gradient to 200 mM 

NaCl. Highly pure UBact eluted between 100-150 mM NaCl (Figure 6). Purified 

UBact was concentrated, and buffer exchanged into 20 mM sodium phosphate pH 6.8 

(for backbone assignment) or 20 mM sodium phosphate pH 6.8, 130 mM NaCl (for 

binding studies) in a 3 kDa molecular weight cutoff centrifugal filter unit. UBact is 

stable at 23°C for up to 5 days, at 4°C for up to a month, and for up to three 

freeze/thaw cycles from -80°C. UBact was typically stored at 1-10 mM concentration, 

depending on intended usage. UBact did not appear to be sensitive to added dimethyl 

sulfoxide (DMSO) up to 50%, dimethyl formamide up to 50%, or methanol up to 

10%, though no longer-term stability testing was done. 

Figure 6-Chromatogram of UBact M17W cation purification. Absorbance at 280 nm 

(mAbs) is shown in blue. Conductivity (mS/cm) is shown in orange. Gradient buffer 

percentage is shown in green. Flowthrough/wash contains the N-terminal GST 

fragment removed by enterokinase. The small peak in fractions 4-5 is a truncated 

UBact form as well as a very small amount of GST fragment that sticks to the resin. 

Fractions 7-8 contain full length UBact. Note that this chromatogram shows the 

M17W mutant, allowing for easy tracking of purification success. WT UBact does not 

display any absorbance at 280 nm, despite a tyrosine at position 58. 
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 Purity was analyzed by SDS-PAGE (Figure 7)138 and ESI mass spectrometry. 

1L of cell culture typically yielded ~3-5 mg purified UBact. 

Figure 7- SDS-PAGE of UBact expression and purification. Glutathione bead 

purification yields highly pure GST-UBact, and 12–16-hour incubation with 

enterokinase is generally sufficient for complete cleavage. A small amount of UBact 

sometimes flows through the cation column. Cation purification yields highly pure 

UBact. UBact runs slightly higher than its calculated molecular weight of 7.6 kDa. 

This is common for IDPs, as enrichment in charged residues can disrupt SDS 

binding, which lowers migration through the gel. 
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 Point mutations M17W, G63C, and E64Q were introduced using site directed 

mutagenesis. UBact mutants were purified identically as above, except that 1 mM 

tris(2-carboxyethyl)phosphine (TCEP) was added to cation exchange buffers and 10 

mM TCEP was added to storage buffers when working with cysteine-containing 

Figure 8- Assigned 1H-15N HSQC spectrum of UBact. Signals show a narrow 

dispersion in the proton dimension, a hallmark of a disordered protein. I2 does not 

show a resonance, possibly due to being in fast exchange with water. The L45 

resonance is buried between L44 and R46 and could not be resolved. R61 could not 

be definitively identified. Adapted from Bonn and Fushman137. Reproduced with 

permission from Springer Nature. 
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UBact. M17W was incorporated to aid in concentration determination, as the lone 

tyrosine at position 58 did not exhibit any absorbance at any concentration tested. 

Lowry139 and Bradford140 dye-binding assays did not display a linear response at any 

concentrations tested. Position 17 was chosen as it is between two proline residues, 

and therefore might be conformationally locked such that mutation of the sidechain 

does not affect surrounding residues much.  

 Isotope-enriched UBact species were produced identically to above, except 

that the large LB culture was replaced by 1L M9 minimal media supplemented with 

either 1 g/L 15NH4Cl and 4 g/L glucose for 15N-enriched UBact species or 1 g/L 

15NH4Cl and 2 g/L 13C-glucose for 15N/13C enriched UBact species. Yields typically 

decreased 50% or greater per isotope added. 1L of 15N/13C enriched growth yielded 

approximately 1 mg purified 15N/13C UBact. 

2.3 Backbone Signal Assignment of UBact 

The HSQC spectrum of a 15N UBact sample (Figure 8) shows narrow 

dispersion in the proton dimension, which is often indicative of a disordered protein, 

or a protein consisting of non-interacting α-helices. The narrow spread of signals in 

the proton dimension prevented easy signal assignment using a TOCSY/NOESY 

walk, as too many signals overlapped to unambiguously assign connectivity.  
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The backbone signal assignment of UBact was completed using a series of 2D 

and 3D heteronuclear NMR experiments to determine both sequential linkages 

between residues and to identify the specific type of residue represented by each 

signal. 15N-edited TOCSY and NOESY, HNCO, HN(CA)CO, HNCA, HN(CO)CA, 

and HNCACB experiments were conducted on a 500 µM 15N/13C UBact sample. 

Each experiment pair provides resonance for the i (self) residue, as well as the i-1 

(preceding) residue (Figure 9). The HNCO/HN(CA)CO experiments were most 

useful in helping to establish connectivity between residues. The HNCA/HN(CO)CA 

experiments were less helpful, as there is significant sequence redundancy, and many 

Cα signals overlapped, or connections were unclear. The addition of the HNCACB 

Figure 9-Example of the i and i-1 connectivities derived from the HNCA/HN(CO)CA 

experiment pair. HN(CO)CA is shown in red and shows only signals corresponding to 

the Cα from the preceding (i-1) residue. The HNCA shows signals from both the self 

(i) and preceding (i-1) residue. In the case of the resonances shown above, the HNCA 

i-1 signals were significantly weaker in intensity, allowing for contours to be 

manipulated to remove ambiguities and signal overlaps. Strips show the same 

frequency scale in the carbon dimension, at different frequencies in proton and 

nitrogen dimensions. 
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clarified almost all of the connection ambiguities, as most amino acids show a 

characteristic combination of Cα and Cβ signals. The HNCACB experiment is also 

able to discriminate between i and i-1 signals through differential intensities, as the 

transfer to the i-1 residue is less efficient, leading to significantly reduced signal 

intensity. Combining the characteristic Cα and Cβ resonances with the TOCSY-

derived number of connected protons yielded unambiguous identification of the type 

of residue, and all experiments together yielded multiple levels of confirmation of 

connectivity. 

Figure 10-Assigned CON spectrum of UBact. A major advantage of the CON 

experiment is the appearance of proline residues in the bottom right of the spectrum. 

Unannotated peaks showed no cross peaks in any triple resonance experiments and 

could be degradation products due to the long experiment time required. Adapted 

from Bonn and Fushman137. Reproduced with permission from Springer Nature. 
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In addition to assigning the HSQC spectrum signals, which correspond only to 

backbone amides, the triple resonance experiments allowed for resonance assignment 

of the Cα and C’ backbone resonances, as well as many of the Cβ resonances. In the 

end, 397 resonances were assigned, including 94% of backbone resonances, and 45% 

of residues had at least partial sidechain proton assignments. Assignments for K45 

and R61 were not possible, as they overlapped too severely with other signals. 

Since the HSQC spectrum is complicated by crowded signals, a carbon direct 

detected CON spectrum was acquired. This spectrum dramatically increases 

resolution of the signals, at the cost of significant experimental time (12-24 hours for 

a CON versus 2 hours for a HSQC or 20 minutes for a SOFAST HMQC). Since the 

CON avoids starting with proton magnetization, it has the bonus of providing signals 

for proline residues, which can only be detected in proton-start experiments 

indirectly. The fully assigned CON spectrum of UBact is shown in Figure 10. In 

Figure 11- Incorporation of the W17 mutation does not dramatically alter the UBact 

spectrum. There is a large shift in the signal corresponding to residue 17, which is to be 

expected upon mutation. Other shifts are small and in residues immediately near to the 

mutation site. 

UBact 
UBact M17W 
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theory, a full suite of carbon direct-detected experiments for signal assignment as 

well as relaxation and dynamics measurements exists. The additional experimental 

time required was determined to be unneccessary for further studies of UBact, 

especially in light of UBact’s short stability window on the scale of multi-day NMR 

experiments, the low yield and high monetary costs associated with addition of 

multiple isotopes. 

 Incorporation of the M17W mutation only led to the disappearance of the 

signal corresponding to M17, and the appearance of a new signal corresponding to the 

backbone amide of W17 (Figure 11) and two sidechain indole resonances. The two 

indole signals most likely result from conformational exchange from proline 

isomerization. 

As part of the characterization of UBact, 15N R1 longitudinal and R2 transverse 

relaxation rates were determined at 600 and 800 MHz (Figure 12 and Appendix Table 

1 and 2).  R1 describes the rate for the Z-magnetization to return to thermodynamic 

equilibrium, or the rate at which the high energy state loses energy to the 

environment. R2 describes the rate at which magnetization vectors in the 

perpendicular plane following excitation dephase, or the rate at which spins tansfer 

energy to each other. These relaxation processes are governed by the local magnetic 

envrinoments, and thus can provide information about how a particular residue 

interacts with surrounding residues. The relaxation rates are generally lower in the N-

terminal half of the protein, and slightly elevated in the C-terminal half. Both N- and 
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C-termini show decreased relaxation rates relative to the rest of the protein, which is 

to be expected if the termini are flexible. The relaxation rates follow roughly the same 

trend between experiments and at differing field strengths. In isolation, relaxation 

rates do not mean much, but thy can be helpful in predicted rotational correlation 

times. However, most analyses rely on the assumption of a well-folded protein with a 

single overall correlation time, an assumption that is not satisfied in this case. 

       

Figure 12-15N R1 (top) and R2 (bottom) relaxation rates. The C-terminal half of the 

protein exhibits slightly elevated relaxation rates relative to the N-terminal half. Each 

of the N- and C-termini themselves display exceedingly slow relaxation, which is a 

hallmark of high flexibility. Errors were calculated from duplicate measurements at 

each relaxation delay. 
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2.4 Exploring the Potential for Secondary Structure in UBact 

2.4a Circular Dichroism 

The narrow spread of amide signals in the HSQC spectrum are often a 

hallmark of disordered proteins. Since UBact is predicted to be disordered, a circular 

dichroism (CD) spectrum of UBact was acquired to try to identify any evidence of 

secondary structure (Figure 13). The CD spectrum shows no dips at 222 nm or 208 

nm, which are evidence of the presence of α-helical secondary structure. The 

spectrum also does not show the positive elipticity around 200 nm, a hallmark of β-

sheet secondary structure. Rather, the spectrum shows a strong negative band around 

200 nm, which is typical of protein random coil. 

Figure 13- Circular dichroism spectrum of UBact. The strong negative band around 

200 nm is indicative of protein random coil. The absence of characteristic bands for α-

helix and β-sheet lend credence to the observed lack of secondary structure in UBact. 

Figure adapted from Bonn and Fushman137. Reproduced with permission from 

Springer Nature. 
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2.4b Chemical Shift Indexing 

Chemical shift indexing (CSI) was used to confirm if any secondary structure 

could be derived from the secondary chemical shifts of UBact resonances, even if it 

Figure 14-UBact secondary structure prediction from NMR data. A) CO secondary 

chemical shifts. Positive values are typical of β-sheet, while negative values are 

indicative of α-helix. B) CA secondary chemical shifts. C) CB secondary chemical 

shifts. The opposite trend is seen with CB shifts, with positive values corresponding 

to helical character and negative values corresponding to β-sheet. The large 

deviations at position 17 are probably due to its positioning between two proline 

residues. D) 1H-15N heteronuclear NOEs. The strong negative values seen throughout 

indicate a high degree of flexibility. The positive NOEs are generally below 0.25, 

which is still well below the ~0.5-0.8 that would be expected from a well-ordered 

protein. E) TALOS+ secondary structure from dihedral angle prediction. TALOS+ 

shows a high confidence of random coil throughout the protein, while showing only a 

short stretch of low-confidence helical character. Figure adapted from Bonn and 

Fushman137. Reproduced with permission from Springer Nature. 
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were too transient to be seen by CD. In order to avoid any bias in the CSI, random 

coil chemical shift values based on Flemming Poulsen’s nearest neighbor corrections 

were utilized141, 142. CSI supports that UBact is disordered. The region from residue 

40-58 shows a small deviation from pure random coil values (Figure 14 A-C) which 

suggest there could be some transient helix formation in this region. 

2.4c Heteronuclear NOE 

In order to determine just how flexible UBact was, and whether there was any real 

posibility of secondary structure formation in the region suggested by CSI, a steady 

state heteronuclear 1H–15N NOE experiment was run. The results (Figure 14 D) show 

many strongly negative NOEs, indicating large fluctuations in bond orientation, and 

thus long regions of highly flexible protein. A perfectly ordered, non-flexible protein 

would have hetNOEs on the order of 0.8, while most stably folded regions in protein 

have NOEs above 0.6-0.7. The region from 40-58 shows low intensity positive NOEs, 

suggesting a region that is less dynamic than the N- and C-termini, but not truly 

ordered, as would be expected for a region of secondary structure, especially a helix. 

2.4d Dihedral Angle Prediction 

 As a prediction of the presence of secondary structure in this region, UBact 

backbone dihedral angles were predicted from chemical shifts using TALOS+143. The 

output shows extended regions of high confidence of random coil, with only a very 

short region of potential helix, albeit at low confidence (Figure 14 E). 
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2.4e Chemical Exchange Saturation Transfer and Relaxation Dispersion 

 A check to determine if there was in fact any secondary structure present, or if 

UBact sampled any conformations that were not visible on an NMR timescale, a 

chemical exchange saturation transfer (CEST) experiment was run. This experiment 

applies a saturating pulse at varying resonances, and other signals are watched to see 

if any off-resonance signals are affected, indicating a transfer of that saturation to the 

visible state. This is a powerful technique for determining if a protein samples NMR-

invisble states, even at an extremely low population. In this case, no off-resonance 

attenuations were seen, providing still more evidence that UBact does not form 

secondary structure, even transient, in solution. As a final check to determine if any 

alternate states could be discovered, a CPMG relaxation dispersion experiment was 

conducted at 600 MHz and 800 MHz, which demonstrated no field dependence of 15N 

R2, indicative of no meaningful conformational exchange. 

 Taken all together, the CD evidence, chemical shift-derived secondary 

structure predictions (including predicted dihedral angles), heteronuclear NOE data, 

lack of saturation transfer, and lack of evidence for relaxtion dispersion all suggest 

that UBact is a highly flexible protein. Although there might be some predicted 

population of helical secondary structure, none was actually observed with the suite 

of experiments performed. 

2.5 Conclusion 

 UBact from N. nitrosa was efficiently expressed and purified at milligram 

scale for initial NMR characterization. Utilizing standard experiments, the backbone 

and partial sidechain NMR signal assignment was completed. Using a variety of 
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methods, UBact was determined to be highly flexible in solution, and contain no 

detectable regions of secondary structure. This work serves as the basis for further 

studies of UBact and its interactions with potential binding partners, as well as the 

first investigation of any constituent of the UBact proteasome system. Resonance 

assignments were deposited in the Biological Magnetic Resonance Bank, ID 51116. 

2.6 Contributions 

 Steven Bonn designed the project, performed all sample preparation, 

experimental setup, and data analysis. David Fushman oversaw the project and 

assisted with NMR experimental setup and data analysis.   



 

 

37 

 

Chapter 3: UBact Binds to the Proteasomal Gate Protein 

3.1 Objective 

 Explore UBact’s interaction with the putative proteasomal receptor and 

determine if this receptor behaves in a similar fashion to Pup’s Mpa and eukaryotic 

Rpt proteins. 

3.2 Expression and Purification of the Proteasomal Gate Protein 

 Escherichia coli-optimized N. nitrosa Proteasomal Gate Protein (PGP) 1-209 

was synthesized and cloned into the pET28a expression vector between the 

NcoI/BamHI restriction sites by Genscript (Piscataway, NJ, USA). The final 

construct consisted of an N-terminal His6-tag, followed by a thrombin cleavage site 

(LVPR|GS), followed by the gene sequence. Residue 209 was chosen as the final 

residue due to its predicted location in a flexible loop between elements of predicted 

secondary structure based on homology modeling (Figure 15). This plasmid was 

transformed into chemically competent E. coli BL21 (DE3) cells as previously 

described. Positive transformation was selected for by growth on LB-agar plates 

supplemented with 50 µg/mL kanamycin at 37°C overnight. Single colonies were 

picked to inoculate 5-20 mL LB cultures supplemented with 50 µg/mL kanamycin 

and were grown overnight at 37°C. Overnight growth was used to inoculate 1L LB 

supplemented with 50 µg/mL kanamycin and 1 mM MgCl2, and cultures were grown 

to OD600=0.6-1.0 at 37°C, approximately 3 hours, at which point protein expression 

was induced with addition of 500 µM IPTG at 18°C for at least 12 hours. Cells 

expressing PGP appeared to grow slightly faster than cells expressing other proteins 



 

 

38 

 

in the lab, though growth rate was never formally quantified. 15N PGP was expressed 

identically to the above, except that the large culture of LB was replaced with 1L M9 

minimal media supplemented with 1 g/L 15NH4Cl. 

Figure 15- Homology model of the Proteasomal Gate Protein from N. nitrosa. The 

model is based off existing crystal structure of Mpa from M. tuberculosis, where the 

coiled coil and single oligonucleotide binding domains were crystalized, and the 

oligonucleotide binding domains and ATPase domains were crystalized. The 

predicted structures were aligned based on the overlapping oligonucleotide binding 

domains to prepare a model of the full-length protein. The predicted structure forms a 

homohexamer. Residue 209 is located in an unstructured loop between the second 

oligonucleotide binding domain and the ATPase domain. The first 50 amino acids are 

predicted to be disordered and are not modeled here. 
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 Cells were harvested by centrifugation at 4680 x g for at least 15 minutes. 

Cells were resuspended in PBS supplemented with 5 mM MgCl2, DNase, 0.4 mg/mL 

lysozyme, 0.5% Triton X-100, and 1 mM PMSF, and were lysed by flash freezing in 

liquid nitrogen followed by rapid thawing at 42°C, followed by sonication for 3 

minutes at output 5, duty 70% on ice. Lysate was clarified by ultracentrifugation at 

48,900 x g for 35 minutes at 4°C. Lysate supernatant was filtered through a 0.45 µm 

membrane, then was loaded onto a 10 mL HisTrap column (GE Healthcare) 

preequilibrated with PBS at room temperature. Initially, when all sample was loaded, 

the column was washed with 20 mM imidazole to remove non-specifically bound 

material, and a large amount of material flowed through the column. When 

absorbance dropped, a gradient was run from 20-500 mM imidazole to elute bound 

protein, and there was a very shallow but very broad elution ranging from 250-500 

mM imidazole. SDS-PAGE gel analysis showed that this broad peak was a highly 

pure protein of approximately 25 kDa, the expected weight of the PGP monomer. A 

significant amount of 25 kDa protein was present in the flowthrough and wash steps 

as well, suggesting that there was too much protein to bind to only 10 mL of resin. 

Upon concentration and buffer exchange into 20 mM sodium phosphate pH 6.8, the 

protein precipitated into a white powder if NaCl concentrations dropped below ~75 

mM. The protein could be immediately redissolved if more NaCl was added to bring 

the final concentration above the critical concentration. PGP was essentially infinitely 

soluble and could be concentrated well past the point at which it could not be 

transferred in a pipette of any volume, yet it did not precipitate or aggregate. Highly 

concentrated PGP is light brown in color. 
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 In order to shorten the amount of time required for purification, and to 

dramatically reduce the elution volume, the nickel purification method was altered to 

wash the column with 100 mM imidazole to prevent any non-specific interactions, 

flowing until absorbance dropped, followed by a single step elution at 500 mM 

imidazole to elute all bound protein at once (Figures 16 and 17). This protein was 

buffer exchanged and concentrated into 20 mM sodium phosphate, pH 6.8, 130 mM 

NaCl for storage, and was stored at -80°C. 

 A single liter of bacterial culture could yield up to 300 mg PGP, depending on 

the amount of time spent inducing under the influence of IPTG. 500 µM IPTG 

expressed roughly 25% more protein than either 200 µM or 1 mM IPTG, and 

expression at 18°C yielded dramatically more protein than expression at warmer 

temperatures. Without the use of a refrigerated incubator, room temperature induction 

was still feasible, yielding 100+ mg per liter of bacterial culture. PGP was soluble in 

all near-neutral buffers tested (20 mM sodium phosphate, pH 6.8, PBS pH 7.4, with 

and without high concentrations of imidazole, and 50 mM tris pH 8.0) as long as 

ionic strength was kept above roughly 100 mM. Sodium chloride, sodium fluoride, 

Figure 16- Nickel affinity purification of PGP. Absorbance at 280 nm (mAbs) is 

shown in blue. Conductivity (mS/cm) is shown in orange. Gradient buffer percentage 

is shown in green. The protein bound extremely tightly to the column, well above the 

normal affinity for a single His6 tagged protein. Such high affinity for the column 

allowed for fast and effective purification. 
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and sodium sulfate were all appropriate for maintaining ionic strength. PGP was 

soluble up to and past ~60 mM. PGP solutions above 10 mM became too viscous to 

handle with any accuracy and could only be diluted by layering additional buffer on 

top of the nearly solid layer of protein and 

incubating for several hours to allow for 

natural diffusion of the protein through 

the solution. Even at these extremely high 

concentrations, PGP was stable at 37°C 

for up to four days before visible 

precipitation occurred, at room 

temperature for two weeks, at 4°C for 

over two weeks, and at -20°C indefinitely, 

for exactly one freeze/thaw cycle. 

Freezing the protein at -20°C a second 

time led to immediate precipitation upon 

thawing. Flash freezing in liquid nitrogen 

and indefinite storage at -80°C allowed 

for up to three freeze/thaw cycles before 

protein aggregated upon thawing. PGP 

was highly sensitive to and would 

irreversibly precipitate upon addition of 

dimethyl sulfoxide (DMSO), dimethyl 

Figure 17- SDS-PAGE analysis of PGP 

nickel purification. Lane 1 is the 

clarified lysate supernatant. Lane 2 is the 

column flowthrough and wash. Lane 3 is 

the 500 mM imidazole elution. 

Essentially no PGP flows through the 

column, nor is it washed out with 100 

mM imidazole. The very strong affinity 

for the nickel column allows for a very 

high degree of purity. The thick bands at 

25 kDa represent a dissociated monomer 

of PGP. 
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formamide (DMF), ethanol, isopropanol, or methanol at even extremely low 

concentrations. 

3.3 Determination of Oligomeric State of PGP 

The Rpt proteins in the eukaryotic proteasome exist as a heterohexameric 

complex9, and Mpa/PAN from the Pup proteasome system has been crystalized111 and 

visualized using cryoEM144 as a homohexamer. Structure prediction with SWISS-

MODEL145-149 suggested that PGP would also exist as a homohexamer, just as one 

would anticipate from its similarity to other proteasome-associated ATPases (Figure 

15). 

 Proteins bearing a His6-tag typically elute from an immobilized nickel column 

upon addition of 125-250 mM imidazole. The unusual elution profile of PGP, eluting 

above 300 mM imidazole, suggested that there were additional interactions than just a 

single His6-tag. Size exclusion chromatography revealed that a concentrated solution 

of PGP eluted immediately at the void volume of the column (40 mL), whereas a 25 

kDa monomer would be expected to elute closer to 60-70 mL. Native gel 

electrophoresis showed the presence of a species that barely migrated into resolving 

portion of the gel. A 1H-15N SOFAST HMQC and 1H-15N TROSY of 15N-labeled 

PGP show only about 40 backbone signals rather than the nearly 200 one would 

expect to see based on the sequence (Figure 18). The lack of signals could be due to a 

larger oligomer of PGP forming in solution, as even a dimer would push the size 

limits of NMR. Together, these results strongly suggest that PGP forms a larger 

oligomeric species in solution. 
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 To confirm that PGP is in fact folded in solution, a CD spectrum was 

obtained. Rather than showing a strong negative band around 195-200 nm (indicative 

of a disordered protein), the spectrum shows the characteristic double dip at ~208 nm 

and ~222 nm, indicative of helical character (Figure 19). Spectral decomposition with  

Dichroweb150-152 suggests roughly 10% helix, 36% β-strand, 18% turn, and 36% other 

structure or unordered. This is essentially identical to the secondary structure 

Figure 18- 1H-15N SOFAST HMQC spectrum of 15N-labeled PGP. There are very few signals 

present relative to the number of expected signals for a 25 kDa monomeric protein. The narrow 

dispersion of the backbone signals in the proton dimension suggests that the signals that do 

appear are from unstructured regions or residues. Notably, there are four glycine residues in the 

predicted unstructured region, and there are four signals around 100 ppm in the 15N dimension, 

where glycine signals often show up. Additionally, there are two residues that contain sidechain 

amides (Q28 and N32), and there are only two strong sidechain amide signals. This suggests that 

the resonances visible correspond primarily to an unstructured region at the N-terminus of the 

protein. 
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breakdown when the predicted structure (Figure 13, truncated at position H209) is 

used to predict a CD spectrum and that spectrum is used to predict secondary 

structure153. 

 In order to determine what size oligomer PGP formed in solution, analytical 

ultracentrifugation (AUC) was employed. Sedimentation velocity (SV) experiments 

suggested a large population with a molecular weight of 150 kDa, a hexamer of PGP, 

with a small population of lower weight oligomers (Figure 20A). Sedimentation 

equilibrium experiments support this conclusion (Figure 20B). Global and single 

experiment fits suggest a molecular weight (142 ± 1.5 kDa) approaching that of PGP6 

(151 kDa) for all concentrations tested. This is consistent with both the predicted 

structure of a homohexamer, as well as comparisons to other proteasome-associated 

ATPases which exist as hexameric structures. The construct under study is predicted 

to exclude the C-terminal ATPase domain, indicating that the N-terminal portion is 

Figure 19- CD spectrum of PGP. The double dips at 208 and 222 nm are indicative of 

helical character. Spectral decomposition suggests that the protein is folded in 

solution, and the secondary structure breakdown is consistent when the homology 

model is used to predict a CD spectrum. 
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sufficient for oligomerization. There is a population of interconverting lower 

oligomers, though they are estimated to represent less than 10% of the population at 

the relatively low concentrations tested. 

Figure 20- Analytical ultracentrifugation analysis of PGP in order to determine the 

oligomeric state in solution. A) Sedimentation velocity at 42,000 rpm reveals a 

molecular mass distribution heavily favoring ~150 kDa, the predicted mass of a PGP 

hexamer. Representative curves are shown with every fifth point for clarity. B) 

Sedimentation equilibrium data at three rotor speeds and concentrations again support 

existence as a hexamer as the primary state, with a predicted molecular weight of 142 

± 1.5 kDa based on ῡ=0.7375 ml/g and a solvent density of 1.00613 g/mL. 

Representative curves are shown with every second data point for clarity. Black 

circles represent data at 13,000 rpm, red squares at 15,000 rpm, and blue triangles at 

18,000 rpm. Data acquired by Dorothy Beckett. 
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3.4 UBact Binding to PGP6 Can Be Measured by NMR 

3.4a UBact Signals Attenuate Upon Titration of PGP6 

 In order to qualitatively determine if there UBact binds to PGP6 in solution, a 

concentrated solution of PGP6 was titrated into a 15N UBact solution, and SOFAST 

HMQC spectra were acquired at each titration point. Rather than observing chemical 

Figure 21-Overlay of SOFAST HMQC spectra of UBact M17W alone (blue) and 

upon saturation with PGP6 (red). Resonances are annotated to show which signals 

remain upon binding with PGP6. Attenuated signals are primarily located in the N-

terminal portion of the protein, while the C-terminal residues remain relatively 

strong. There is a sharp cutoff in attenuations at residue 39, with subsequent 

residues generally remaining fairly strong and preceding residues attenuating. 
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shift perturbations (CSPs), which are a typical measurement of binding seen in NMR 

experiments, signals from the N-terminus of UBact already attenuated at low 

concentrations of PGP6. C-terminal signals attenuated, though not nearly as early in 

the titration (Figures 21 and 22). At apparent saturation, only signals from the C-

terminal half of UBact remain visible, though these signals are somewhat attenuated. 

This attenuation is indicative of binding between UBact and PGP6, and the residue-

specificity indicates that the binding is selective (versus non-specific, Residues 

preceding D39 are generally attenuated (with the exception of E26) while the 

following resonances are still visible. E25 appears to remain visible, but this is most 

likely due to overlap with Q60. The attenuated region most likely represents the 

interface between UBact and PGP6. 

A CEST experiment was also conducted to try and identify any states that 

were invisible by usual methods. Using a high concentration of UBact and low 

Figure 22- UBact NMR signal intensity upon titration with PGP6. All signals 

attenuate, but the N-terminal half of the protein attenuates much earlier in the 

titration. Even at equimolar ratios of UBact and PGP6, the C-terminal half of the 

protein maintains ~10-20% of initial intensity, while the N-terminal portion shows 

essentially no remaining intensity. 
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concentration of PGP6, saturation of the invisible bound state and a long mixing time 

should allow for that saturation to transfer to the visible state and display some 

amount of signal attenuation. CEST experiments have been used to identify invisible 

population states with as low as 2% abundance154 to identify exchange rates and 

chemical shifts between states. No visible resonances were influenced by off-

resonance saturation, and thus no apparent shifts could be identified to assist in 

binding quantification.  

3.4b Transferred Relaxation Can Be Used To Quantify UBact:PGP6 

Binding 

 NMR signal attenuation is often due to signal broadening as a result of faster 

T2 relaxation times, as signal width is inversely proportional to T2
155. In general, short 

T2 is associated with larger molecular weight and therefore slower tumbling (and thus 

the practical upper limit of molecular weight for NMR detection of roughly 50 kDa). 

Since PGP6 is a 150 kDa complex, any UBact binding to PGP6 would effectively 

increase the apparent molecular weight, so this signal attenuation is to be expected, 

though inconvenient. 

 In 2007, Gottfried Otting presented a method by which binding could be 

measured by transferred relaxation156. Since UBact is much smaller than PGP6, this 

method is, on its face, appropriate. Essentially, in a fast-exchanging system, the 

observed UBact relaxation rates at varying titration points with PGP6 should reflect 

the presence of even small populations of bound UBact:PGP6. Unfortunately, the 

experiment set is costly both in terms of material and experimental time, as relaxation 

experiments require generally high concentrations or many scans to generate 
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acceptable signal to noise for accurate rate determination from peak intensity 

changes. 

 Separate samples of 300 µM UBact M17W were prepared with increasing 

concentrations of PGP6. 
15N T2 relaxation was measured at each titration point. Upon 

titration with PGP6, 
15N T2 relaxation times decreased, indicative of an increase in 

apparent molecular size (Figure 23). N-terminal residues that attenuate showed more 

dramatic shortening of relaxation times, as would be expected by their more dramatic 

attenuations, while the C-terminal residues show lessened relaxation enhancement.  

 Some relatively simple algebra is required to configure change in relaxation 

for fitting to a binding curve. 

𝑝𝑓𝑟𝑒𝑒 + 𝑝𝑏𝑜𝑢𝑛𝑑 = 1  ∴  𝑝𝑓𝑟𝑒𝑒 = 1 − 𝑝𝑏𝑜𝑢𝑛𝑑 (1) 

𝑅𝑜𝑏𝑠 = 𝑅𝑓𝑟𝑒𝑒 ∙ 𝑝𝑓𝑟𝑒𝑒 + 𝑅𝑏𝑜𝑢𝑛𝑑 ∙ 𝑝𝑏𝑜𝑢𝑛𝑑 (2) 

𝑅𝑜𝑏𝑠 = 𝑅𝑓𝑟𝑒𝑒(1 − 𝑝𝑏𝑜𝑢𝑛𝑑) + 𝑅𝑏𝑜𝑢𝑛𝑑 ∙ 𝑝𝑏𝑜𝑢𝑛𝑑 (3) 

Figure 23- 15N T2 values upon titration with increasing concentrations of PGP6. Upon 

addition of PGP6, T2 values decrease corresponding to an increase in apparent 

molecular weight of the complex.  
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𝑅𝑜𝑏𝑠 = 𝑅𝑓𝑟𝑒𝑒 + 𝑅𝑏𝑜𝑢𝑛𝑑 ∙ 𝑝𝑏𝑜𝑢𝑛𝑑 − 𝑅𝑓𝑟𝑒𝑒 ∙ 𝑝𝑏𝑜𝑢𝑛𝑑 (4) 

𝑅𝑜𝑏𝑠 = 𝑅𝑓𝑟𝑒𝑒 + 𝑝𝑏𝑜𝑢𝑛𝑑(𝑅𝑏𝑜𝑢𝑛𝑑 − 𝑅𝑓𝑟𝑒𝑒) (5) 

𝑅𝑜𝑏𝑠 − 𝑅𝑓𝑟𝑒𝑒 = 𝑝𝑏𝑜𝑢𝑛𝑑(𝑅𝑏𝑜𝑢𝑛𝑑 − 𝑅𝑓𝑟𝑒𝑒) (6) 

(𝑅𝑏𝑜𝑢𝑛𝑑 − 𝑅𝑓𝑟𝑒𝑒) ≡ ∆𝑅𝑚𝑎𝑥 (7) 

∆𝑅𝑜𝑏𝑠 ≡ 𝑅𝑜𝑏𝑠 − 𝑅𝑓𝑟𝑒𝑒 (8) 

𝑅𝑜𝑏𝑠

𝑅𝑓𝑟𝑒𝑒
− 1 = 𝑝𝑏𝑜𝑢𝑛𝑑 ∙

∆𝑅𝑚𝑎𝑥

𝑅𝑓𝑟𝑒𝑒
=

∆𝑅𝑜𝑏𝑠

𝑅𝑓𝑟𝑒𝑒

(9) 

𝑅𝑜𝑏𝑠

𝑅𝑓𝑟𝑒𝑒
=

𝑇𝑓𝑟𝑒𝑒

𝑇𝑜𝑏𝑠
 (10) 

𝑇𝑓𝑟𝑒𝑒

𝑇𝑜𝑏𝑠
− 1 =   𝑝𝑏𝑜𝑢𝑛𝑑 ∙ ∆𝑅𝑚𝑎𝑥 ∙ 𝑇𝑓𝑟𝑒𝑒 (11) 

where pfree and pbound are the population in either free or bound state, respectively, Robs 

is the relaxation rate observed at each titration point, Rfree is the relaxation rate of free 

UBact, Rbound is the relaxation rate of UBact upon saturated binding to PGP6, ΔRmax is 

the change in relaxation upon complete binding, Tfree is the relaxation time (inverse of 

the rate) of free UBact, and Tobs is the observed relaxation time at each titration point. 

These can be fit to a quadratic equation to solve for the dissociation constant using 

the in-house Matlab program kd_fit157. 

 Fitting individual residues to the quadratic equation referenced shows two 

general regions of interaction: residues 6-36 show dramatic decrease in T2, while the 

residues 3-5 and 36-64 show a dramatically lessened response. It is reasonable to 

believe that the 6-35 region is the primary point of contact between UBact and PGP6, 

with the T2 of residues 36-64 more influenced by being anchored to PGP6 and not 

directly interacting with the hexamer. The fact that the relaxation times do not 
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dramatically decrease suggests that these residues are probably still mostly free in 

solution. A global fit of representative residues is shown in Figure 24. Error was 

calculated by fitting residues individually, then determining the standard deviation of 

those fits. 

The residuals of both the individual and global fit suggest that UBact binds 

with a 3:1 stoichiometry, with three identical binding sites on PGP6. With a KD of 

150.95 ± 16.90 µM, this interaction is observed to be three times weaker than that of 

Pup for the coiled-coil of Mpa, and substantially weaker than that of Pup for full 

length Mpa126. Based on the structural homology and the known interaction of Pup 

and Mpa from Mycobacteria, it would be reasonable to assume that UBact interacts 

with the coiled-coil domain of PGP6, as in the Pup:Mpa interaction111. Since there are 

Figure 24- UBact binding to PGP6 quantified by transverse relaxation.  Top-The 

response, (Tfree/Tobs)-1, at each point fit to a global analysis using representative 

residues. Middle- the normalized fraction bound. Bottom-Residuals of the response 

curve fit. Error was determined by fitting residues individually and calculating the 

standard deviation of those fits. 



 

 

52 

 

predicted to be three coiled-coil regions, it makes sense that UBact could bind at each 

coiled-coil. In this case, it appears that three UBact molecules can bind 

simultaneously, and that the region of interaction is much closer to the N-terminus in 

the UBact system. These differences could arise from differences between the two 

systems, or the results could be influenced by the use of an N-terminal truncation of 

PGP6. Experiments with the full length PGP6 protein would clarify this difference. 

Interaction with full-length PGP6 might allow for UBact to bind into the central pore 

of the protein, and thus preclude interaction of three UBact molecules simultaneously. 

Presenting that additional binding surface could also serve to increase the affinity of 

UBact for PGP6 to be more in line with literature values for Pup interacting with Mpa 

if they really are similar systems. 

 To better understand how UBact interacts with PGP6, a spin label could be 

attached to PGP6 to provide rough distance information from UBact to the spin label. 

Site-specific attachment of S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-

yl)methyl methanesulfonothioate (MTSL), a nitroxide-containing compound, results 

in resonances up to ~25 Å away experience paramagnetic relaxation enhancement 

(PRE) and a decrease in signal intensity due to faster relaxation158. Thus, attachment 

of MTSL at various sites on PGP6 would yield attenuations in the UBact signals if 

they were within the 25 Å radius of the nitroxide functional group. Placing MTSL at 

multiple sites in PGP6 could help to create a rough map of which region of PGP6 is 

involved in interactions with UBact. MTSL attachment at a region directly involved 

in interacting with UBact would yield dramatic signal attenuations in UBact, while 

MTSL at a position far away from UBact would have little influence on UBact 
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signals. Attempts to attach MTSL to PGP6 via a disulfide linkage resulted in the 

immediate precipitation of the protein at all concentrations tested. This was most 

likely due to sensitivity to the methanol solvent of MTSL, rather than any induced 

insolubility from MTSL attachment. This sensitivity to non-aqueous solvents could 

pose a barrier to further studies using various extrinsic labels with marginal solubility 

or stability in water, such as fluorophores or other paramagnetic labels. 

3.5 UBact Binding to PGP6 Confirmed by Orthogonal Methods 

 Since transferred relaxation is not a widely utilized method, orthogonal 

techniques were attempted to confirm the NMR-derived dissociation constant. In 

addition, this analysis gave residue-specific dissociation constants, rather than a 

single unified number to characterize the interaction. Utilizing methods that 

characterize the interaction as a whole will provide a single KD and lend support to 

the use of transferred relaxation as a viable method for measuring binding. Surface 

plasmon resonance (SPR) has previously been used to quantify the binding between 

Pup and Mpa159, showing a sub micromolar KD. Isothermal titration calorimetry 

(ITC) has also been previously used to characterize the binding between Pup and full-

length Mpa126, yielding a KD of ~4 µM. This was subsequently confirmed by 

fluorescence anisotropy126. 

3.5a Surface Plasmon Resonance 

 SPR is a fantastic technique for determining the kinetics of biomolecular 

interactions. SPR measures the on and off rates of interactions by tracking the 

increase in response upon the binding of an analyte to its immobilized binding 

partner. In this case, immobilized UBact can be used as bait for PGP6. Since UBact is 
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very small relative to PGP6, the response should be much larger upon binding of 

PGP6. Attempts to immobilize UBact on a CM5 chip by amine coupling for SPR 

resulted in no discernable immobilization at any concentrations attempted, as 

determined by a lack of any persistent response following the binding reaction. 

3.5b Fluorescence Quenching 

 Fluorescence quenching is a fairly straightforward and sensitive technique to 

determine the interaction between two molecules. Fluorescence is highly dependent 

on the local environment of the fluorophore, and changes to that environment, such as 

direct contact in binding, reduction in mobility, or change in solvent exposure, can 

alter the fluorescence profile. Changes in fluorescence could be seen as a change in 

emission intensity or a shift in the wavelength of maximal emission. 

 The incorporation of tryptophan at position 17 provides an internal 

fluorophore, and the NMR signal attenuations suggest that the region containing 

rseidue17 is involved in binding to 

PGP6; thus, it serves to reason that 

there should be some sort of 

fluorescence change upon interaction 

with PGP6. There are no tryptophan 

residues present in PGP6, thus the only 

fluorescent emission should come 

from UBact M17W. 

 Excitation at 295 nm should 

provide for specific excitation of 

Figure 25- Fluorescence quenching of 

tryptophan in UBact M17W upon binding to 

PGP6. The response does not show any 

pattern consistent with quenching of 

tryptophan fluorescence in a [PGP6]-

dependent manner.  
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tryptophan without bleeding over into exciting any tyrosine residues, of which there 

are 30 per PGP hexamer. Indeed, there is modest emission from the tryptophan on 

UBact upon excitation at 295 nm, with maximal emission at 360 nm. However, there 

is still emission from tyrosine residues with a local maximum around 340 nm. 

Altering the excitation wavelength or narrowing excitation bandwidth immediately 

abolished all emission. Subtraction of PGP6-only spectra at each concentration and 

correction for the inner filter effect did not yield any dose-dependent change in 

tryptophan emission from UBact. Fluorescence emission jumped up and down at each 

point tested, and there was no trend to any change in the emission, nor was there a 

red- or blue-shift in the emission maximum (Figure 25). 

3.5c Isothermal Titration Calorimetry 

 ITC is a powerful tool for determining the thermodynamic parameters of 

intermolecular interactions. ITC automates a titration and measures how much heat 

must be added or removed from a system in order to maintain a constant temperature. 

This directly measures the heat of the interaction and any conformational changes that 

take place upon binding according to:  

∆𝐺 = −𝑅𝑇𝑙𝑛𝐾𝐴 = ∆𝐻 − 𝑇∆𝑆  (1) 

Where ΔG is the Gibbs free energy of a reaction, R is the ideal gas constant, T is the 

temperature in Kelvin, KA is the association constant of a binding reaction, ΔH is the 

enthalpy, and ΔS is the change in entropy. ITC directly measures the heat of 

interaction, and by integrating the injection peaks and plotting the molar ratio of 

interacting species against ΔH (in kcal/mol), KA and stoichiometry can be 

determined. In addition, solving for enthalpy reveals the degree to which hydrogen 
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bonding and van der Waals forces are involved in the interaction, while solving for 

entropy reveals the influence of hydrophobic interactions (due to excluded water). A 

test to scan near the range of the SPR-derived KD value of ~100-200 nM for the 

Pup:Mpa interaction159 yielded no heat of binding at all, suggesting that there is no 

meaningful interaction at such low concentrations, consistent with the NMR data. In 

order to test a 25-100 µM KD on the VPITC machine, one would need a tremendous 

amount of material (upwards of 50 mg UBact per run), assuming 1 UBact:1 PGP6 

stoichiometry. Thus, it was decided to take advantage of the National Cancer 

Institute’s Biophysical Resource’s ITC200, which requires dramatically less material 

at the cost of sensitivity. Several experiments yielded very small heats of binding, and 

no meaningful estimate of stoichiometry. When testing for a 25-100 µM KD, no tests 

ever approached saturation, nor was the data generated ever sufficient to estimate 

binding affinity or stoichiometry. Interestingly, upon titration of UBact into a solution 

of PGP6, there was an initial heat peak, consistently followed by a second smaller 

peak (Figure 26). The first peak is most likely the heat of binding as UBact and PGP6 

interact, and the second peak could be a conformational shift in UBact as it adopts a 

binding-competent structure, possibly a helix111. The extremely high viscosity of 

concentrated PGP6 prevented its use as the material in the syringe, so a reverse 

titration could not be attempted.  

3.5d Analytical Ultracentrifugation 

 Analytical ultracentrifugation (AUC) is a useful tool for determining the 

hydrodynamic properties of a species in solution. AUC is particularly powerful when 

determining the interaction between two species of very large size difference, as is the 
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case between UBact and PGP6. The use of differential detection for each species 

allows for the tracking of an apparent change in molecular weight of each species, 

which can be used to determine the strength of a binding interaction. Sedimentation 

equilibrium (SE) is a method in which a sample is allowed to reach diffusional 

equilibrium, at which point the dispersion of molecules in the sample is determined. 

This is done at several different rotor speeds, allowing for accurate determination of 

hydrodynamic properties such as molecular weight. The primary downside of SE 

experiments is the extremely long time it can take for species to reach equilibrium, 

and the relatively low number of data points acquired as compared to sedimentation 

velocity (SV) experiments. The long times to equilibrium can be shortened by using a 

reduced cell length, which has the bonus of allowing for more samples to be run 

simultaneously. Using the longer 12 mm cell lengths can lead to equilibration times 

Figure 26- Two heat peaks appear upon titration of UBact into a solution of PGP6. 

The first peak is most likely the interaction between UBact and PGP6. The second 

peak, denoted by the arrow, could be UBact undergoing a conformational shift. This 

peak persisted across all trials. Representative injections are shown. 
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up to two days per rotor speed tested, while using the 3 mm cells can allow for 

equilibrium to develop in as little as several hours (eight- and nine-hour tests are 

standard). The advantage is that because SE is an equilibrium method, many 

components of analysis simply cancel each other out, leading to a straightforward 

analysis. SE is also more forgiving of hydrodynamic non-ideality, in which 

diffusional transport is influenced by concentration. SE also allows for molecular 

weight determination independent of molecular shape, which is important as most SV 

models are tailored to globular proteins. AUC has been used to determine the strength 

of interactions between molecules across nine orders of magnitude, from low 

nanomolar dissociation all the way to molar KD. The development of fluorescence 

detection systems is extending this capability to sub-nanomolar range. 

 In order to utilize SE AUC to characterize the binding between UBact and 

PGP6, a specific label needs to be attached to UBact, since that will theoretically 

undergo the larger molecular weight shift (7.9 kDa to ~150 kDa upon complexation 

with PGP6). A cysteine was incorporated at position 63 in UBact, and fluorescein-5-

maleimide was conjugated at this position. Since the binding site of UBact was 

already mapped by NMR, position 63 was chosen to keep the fluorophore away from 

PGP6 and prevent it from influencing the interaction in any meaningful way. 

Fluorescein absorbs at 494 nm. In this case, emission was not measured, as the 

instrument utilized does not have fluorescence detection capabilities. However, the 

large absorbance at 494 nm allowed for tracking of UBact specifically, as PGP6 does 

not absorb at all near that wavelength. In addition, measurements were taken at 280 

nm, though these would be increasingly influenced by increasing concentrations of 
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PGP6. Excess tag was removed from the solution by extensive buffer exchange in 3 

kDa MWCO filters. Multiple attempts at tagging showed that this is a low efficiency 

reaction, with only 25-30% of cysteine being tagged, as determined by absorbance, 

and utilizing the correction factors provided by the manufacturer. The fluorescein-

tagged UBact construct did not fly on ESI-MS. Dissolving the fluorophore in DMSO 

to a relatively high 10 mM concentration gave the highest yield, significantly higher 

than using a DMF-dissolved tag. 

 Upon titration of PGP6 into solutions of UBact-fluorescein (UBact-F), 

absorbance at 494 nm increased at increasing radius, suggesting an increase in the 

molecular weight of the species absorbing at 494 nm. At higher concentrations of 

PGP6 and higher rotor speeds, essentially all the absorbance was piled up at the 

outermost radius of the cell, and the data was unusable. At lower molar ratios and 

relatively slower rotor speeds, fitting of 494 nm data together to a simple A+B→AB 

interaction model, using the dimeric PGP as the competent binding unit, gave a 

binding constant of 154 ± 4.54 μM (Figure 27). This number is consistent with the 

global fit of the NMR relaxation data. Since SE-AUC is a well-known and robust 

method for quantifying binding across a wide range of affinities, its agreement with 

the transferred relaxation method lends credence to the applicability of the NMR 

methodology.  

3.6 Conclusions 

 NMR titration studies show that UBact and PGP6 specifically interact along 

the N-terminus of UBact, while the C-terminus remains essentially freely rearranging 

in solution. SE AUC confirmed the NMR-derived KD numbers as robust and show the 
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usefulness of using transferred relaxation to expand the range of molecular sizes that 

can be studied by NMR. The KD is different from the observed KD of Pup interacting 

with the full length Mpa or the N-terminal coiled-coil domain fragment of Mpa. The 

PGP6 construct utilized here contains the same putative coiled-coil and two putative 

β-barrel domains responsible for oligomerization, but not the large C-terminal 

ATPase domain. Full length Mpa binds Pup approximately five times more tightly 

than the coiled-coil domain, suggesting that there are interactions between Pup and 

the more C-terminal domains that are vital for full functionality. In the case of UBact, 

there could be more interactions between UBact and the PGP6 ATPase domain, which 

could be probed in future experiments utilizing the full-length construct. 

 The regions involved in the interaction with the proteasomal receptor proteins 

are slightly different between UBact and Pup. Pup interacts primarily with residues 

through its middle and C-terminus of the protein, while UBact utilizes its N-terminal 

half. Again, this apparent difference could be due to the use of different proteasomal 

receptor constructs, or it could reflect a fundamental difference in the Pup and UBact 

systems. The longer region of N-terminal residues that appear “free” in the Pup 

system could be residues that sit inside the central pore of the Mpa hexamer, 

facilitating transport through the pore and into the 20S CP of the proteasome, while 

the extreme C-terminus remains covalently attached to a substrate and drags that 

substrate to its ultimate degradation. Further experiments with full-length PGP6 could 

clarify this discrepancy in apparent affinity and binding site. If a full-length PGP6 

construct shows a similar binding site and affinity as that of Pup:Mpa, then perhaps 

this truncated construct demonstrates an aborted binding event, where an initial 
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lower-affinity interaction facilitates ATP-dependent translocation into the central pore 

of PGP6 and then further down into the 20S CP. 

Figure 27-Sedimentation equilibrium analytical ultracentrifugation titration of UBact 

and PGP6. Fluorescein-labeled UBact is held constant at 5 µM, PGP6 is varied from 0 

to 5 molar excess. Absorbance is measured at 495 nm, so PGP6 does not influence the 

absorbance at all. At increasing PGP6 concentration and increased rotor speed, more 

absorbance appears at a wider radius, qualitatively suggesting an apparent increase in 

molecular weight. Lines represent a global fit to a 3 UBact to 1 PGP6 model. 
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3.7 Contributions 

Dorothy Beckett (UMD, NIH) performed sedimentation velocity and 

equilibrium experiments on PGP. Dorothy Beckett is currently the Director of the 

BBCB Division of NIGMS, NIH. This work is not endorsed by either the NIH or 

NIGMS. Connor Donahue and Guanghui Zong (UMD) provided advice for SPR 

experimental design and operated the Biacore instrument. Sergey Tarasov (NCI) set 

up and performed ITC experiments on the ITC200 and assisted with data analysis. Ian 

Ferencz (UMD) assisted in setting up SE-AUC titration experiments. Steven Bonn 

designed the overall project, performed all sample preparation, performed all other 

experiments, and handled all data analysis. David Fushman oversaw the project and 

assisted with data analysis. 
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Chapter 4: Attempted Expression, Purification, and 

Characterization of UBact Ligase and Deamidase Enzymes 

4.1 Objective 

 Express, purify, and determine the activity of the putative enzymes involved 

in UBact ligation to and deamidation/removal from substrates. 

4.2 Identification of the Ligase and Deamidase Enzymes 

 In the Pup proteasomal operon, the ligase (PafA) and deamidase (Dop) are 

sequentially and structurally very similar to each other. The putative genes encoding 

the corresponding UBact ligase and deamidase enzymes are very similar as well and 

cannot immediately be differentiated. The main sequence and structural difference 

between the two genes is the presence of an additional loop in the N-terminus of Dop 

(and probably the UBact deamidase) that is thought to potentially block substrate 

binding123, 160. In order to identify the putative ligase enzyme from the UBact operon, 

both putative enzyme genes were aligned (Figure 28) and were run through SWISS-

MODEL146, 148, 149 and the resulting structures were compared (Figure 29). The 

primary sequences are 45% identical, and share many chemically conserved regions 

as well The predicted structures are essentially the same, and they overlay extremely 

well with previously solved crystal structures of PafA and Dop160. Notably, structure 

prediction and sequence alignment show the presence of a loop inserted near the N-

terminus of the putative UBact deamidase enzyme (shown in red in Figure 29). This 

is enough of a prediction to differentiate the putative ligase and deamidase enzymes. 
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4.3 His-Ligase Initial Tests 

4.3a Expression 

Figure 28- Multiple sequence alignment of Dop (deamidase of Pup) PafA (Pup ligase) from 

Mycobacterium tuberculosis with Nitrospira nitrosa putative UBact deamidase (DEAM) and 

ligase (Lig) genes. Identical residues are highlighted in black and conserved sidechain 

chemistry is highlighted in gray. Residues involved in ATP/ADP binding are colored green. 

Residues involved in Pup binding (and therefore possibly UBact binding) are shown in red. The 

arginine residue responsible for directly coordinating the C-terminal glutamate in Pup is 

highlighted with a red triangle. These residues are determined from the crystal structures of 

PafA with and without Pup and ATP and Dop with and without ADP. Dop and the putative 

UBact deamidase both have an N-terminal insertion that imparts deamidase activity in Dop 

(colored red in Figure 25).  
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 E. coli optimized UBact ligase gene (Uniprot accession number 

A0A0S4L4F5) was synthesized and cloned into pET15b between NcoI and BamHI 

sites by Genscript (Piscataway, NJ, USA). The final construct contained an N-

terminal His6 tag, a thrombin cleavage site, and then the ligase gene. M. tuberculosis 

and M. smegmatis PafA (Pup ligase) and Dop (deamidase of Pup) have both been 

expressed in a soluble form in both E. coli and M. smegmatis with the His6 tag under 

a variety of different conditions123. This plasmid was transformed into BL21 DE3 

Figure 29- Overlay of the predicted structures of the putative ligase and deamidase 

enzymes from the N. nitrosa UBact operon. Ligase is shown in blue, deamidase is 

shown in cyan, and the putative deamidase loop is shown in red. The structures 

overlay almost perfectly, except at the deamidase loop. Homology models based off 

of crystalized PafA and Dop from M. tuberculosis. If the UBact operon follows a 

similar interaction pattern to the Pup operon, UBact would bind in the central cavity 

between the two domains of the protein. 
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cells as previously described, and successful transformation was selected by plating 

on LB-agar plates supplemented with 100 µg/mL ampicillin. Single colonies were 

picked and grown in 5 mL overnight culture. An expression test was performed to 

determine optimal expression temperature and IPTG concentration. (Figure 30). The 

test showed that there was generally leaky expression, but that addition of 1 mM 

IPTG at 18°C overnight gave the strongest band by gel. 

 5 mL small cultures were used to inoculate 1L LB large cultures 

supplemented with 100 µg/mL ampicillin. Cultures were grown to OD600 = 0.6, then 

were induced were induced with 1 mM IPTG at 18°C to grow overnight. 

4.3b Nickel Affinity Purification 

Cells were harvested by centrifugation at 4680 x g for 20 minutes at 4°C. 

Cells were resuspended 50 mM tris pH 8.0, 500 mM NaCl, 5% (v/v) glycerol, 20 mM 

MgCl2, DNase, 0.4 mg/mL lysozyme, 3 mM PMSF, and 1% Triton X-100, and were 

lysed by flash freezing in liquid nitrogen and thawing at 30°C, followed by light 

Figure 30-Test expression of pET15b His-Ligase from BL21 (DE3) cells. A) 

Expression at 18°C, B) Expression at 37°C. The protein overexpresses particularly 

well under all tested conditions and displays leaky expression in the absence of IPTG.  

It would later be discovered that none of this expression was soluble, and that even in 

the absence of inducing agent, all expressed protein was directed to inclusion bodies. 
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sonication at output 4, duty 30% for three cycles of 1 minute on, 3 minutes off on ice. 

Lysate solution was clarified by ultracentrifugation at 48,900 x g for 30 minutes at 

4°C. Supernatant was filtered through a 0.45µm membrane, and the filtered 

supernatant was loaded onto a HisTrap nickel affinity column (GE Healthcare) pre-

equilibrated with 50 mM tris pH 8.0, 500 mM NaCl, 5% (v/v) glycerol. The column 

was washed until absorbance dropped, then a gradient was run from 0-500 mM 

imidazole. There was an elution almost as soon as imidazole hit the column, but no 

further evidence of protein elution at higher imidazole concentrations. 

 SDS-PAGE analysis of the lysis and nickel purification steps revealed that the 

strong band corresponding to His-Ligase was present in the crude lysate samples but 

not in the supernatant. When the pellet resulting from ultracentrifugation was 

dissolved in 7 M urea, a strong band at ~60 kDa was seen, most likely corresponding 

to the His-Ligase construct. The pellet was white, which is indicative of the presence 

of inclusion bodies (IBs) of insoluble protein. Lysate pellets without inclusions are 

typically dark gray or brown. 

4.3c Inclusion Body Purification 

 To attempt to purify His-Ligase from inclusion bodies, fresh cultures were 

grown and harvested as above. Cells were lysed by more harsh sonication for five 

rounds of 3 minutes on, 5 minutes off at output 5, duty 50% on ice. Lysate was 

ultracentrifuged as above to pellet cell debris and inclusion bodies. 

 Lysate pellet was resuspended in 50 mM tris pH 8.0, 1 M urea, 2% Triton X-

100 and incubated with shaking for one hour. Supernatant was set aside. Following 

shaking, pellet wash solution was ultracentrifuged at 48,900 x g again. The resulting 
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large pale white pellet was resuspended in 50 mM tris pH 8.0, 7 M urea, 500 mM 

NaCl, 3 mM MgCl2, 5 mM TCEP by pipetting up and down. The solution was 

incubated with sharking at 4°C overnight to fully dissolve inclusion body material. 

Following incubation, the urea solution was ultracentrifuged at 95,800 x g for one 

hour at 4°C to pellet any remaining insoluble material. A small pellet formed, about 

the consistency of a thick jelly. 

 Our lab has had success with on-column refolding previously161. On-column 

refolding is a relatively fast and robust method for removing urea and gradually 

allowing a protein to refold. Immobilization on-column also prevents aggregation that 

can occur during refolding processes. On-column refolding has the added bonus of 

not requiring extensive concentration steps upon completion, as the bound protein can 

be eluted with a small volume of solvent162. 

The urea solution supernatant was then loaded onto a cold pre-equilibrated 

nickel column. When all solution was loaded, the column was washed with 50 mM 

tris pH 8.0, 7 M urea, 500 mM NaCl, 3 mM MgCl2, 5 mM TCEP until absorbance 

dropped. At that point, a gradient was run to remove the 7 M urea and add 5% (v/v) 

glycerol at 0.3 mL/min over 300 mL. Following this gradient, a second gradient was 

run from 0-500 mM imidazole to elute the bound protein from the column. There was 

no elution from the column at any point over the entire run. 
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 SDS-PAGE (Figure 31) gel 

analysis reveals that the His-Ligase 

construct flowed through the column and 

did not stick, despite the presence of the 

N-terminal His6 tag. 

 Nickel column flowthrough was 

subjected to dialysis against 200X 

volume 50 mM tris pH 8.0, 130 mM 

NaCl, 3 mM MgCl2 overnight at 4°C. 

The resulting dialysate was extremely 

cloudy the next morning and was 

centrifuged briefly to pellet precipitate. 

The supernatant contained no protein, 

while the pelleted precipitate contained a 

strong gel band corresponding to His-

Ligase at ~60 kDa (Figure 32).  In order 

to test whether slow removal of urea was 

more amenable to refolding, the 7 M 

urea solution was dialyzed against a 4 M 

urea solution, leading to formation of 

precipitate following overnight 

incubation. No further incremental steps 

Figure 31- SDS-PAGE analysis of an on-

column refolding for His-Ligase. The thick 

band around 60 kDa corresponds to the 

full weight of the construct. While this 

band is highly enriched in the raw lysate, 

none is present in the soluble fraction or 

upon washing with 1 M urea. The band is 

solubilized by addition of 7 M urea, but 

does not stick to the nickel column, even 

with an N-terminal His6 tag. 

Figure 32-SDS-PAGE analysis of His-

Ligase refolding by dialysis. There is no 

amount of the 60 kDa construct present in 

the soluble fraction of the dialysis. 
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were attempted, as the soluble fraction showed no evidence of protein by gel analysis. 

4.3d Dilution Refolding Attempt 

 Since on-column refolding did not work at all, refolding by dilution was 

attempted. Refolding by dilution involves the rapid dilution of the denatured protein 

to avoid aggregation while simultaneously decreasing the amount of denaturant 

present in the local environment. Chaperone molecules such as glycerol, sucrose, 

arginine, and other amino acids, as well as redox reagents can be added to the 

refolding buffer to facilitate refolding. Refolding can be a relatively slow kinetic 

process, and thus it is vital to keep the protein solutions dilute to allow for proper 

folding. The primary disadvantages of this method are that the protein ends up 

extremely diluted, and the resulting concentration steps can take a tremendous 

amount of time, and that refolding buffers must be attempted purely through trial and 

error. There is no method for predicting which buffers or additives might facilitate 

efficient and correct folding of a given protein, and a buffer system that works for one 

protein might not work as well or at all for another protein163, 164. 

 Several buffers were prepared for use in dilution refolding: 20 mM sodium 

phosphate pH 6.8, 200 mM NaCl, 3 mM MgCl2; 20 mM sodium phosphate pH 6.8, 

130 mM NaCl; 50 mM tris pH 8.0, 5 mM MgCl2; 20 mM sodium phosphate pH 6.8, 

130 mM NaCl, 5 mM MgCl2; 20 mM sodium phosphate pH 8.0;, 20 mM potassium 

phosphate pH 6.8; 50 mM 4-(2-hydroxyethyl)-1-piperazineethansulfonic acid 

(HEPES) pH 7.6, 500 mM NaCl, 20 mM imidazole, 1 mM TCEP, 5% (v/v) glycerol. 

 His-Ligase urea solution was diluted 250X (200 µL into 50 mL) in each of the 

cold refolding buffers, pure water, and a 70% solution of perchloric acid (as a positive 
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precipitation control). No precipitate formed immediately upon addition to any of the 

refolding solutions, but precipitate did form when protein was added to water and 

perchloric acid. All solutions were incubated at 4°C for 30 minutes, at which point 

solutions turned cloudy. Solutions were centrifuged to pellet precipitate. Solutions at 

pH 6.8 contained a larger volume of precipitate than solutions at basic pH, suggesting 

that the His-Ligase construct is less amenable to slightly acidic conditions. Pelleted 

precipitate contained all traces of protein. No protein was detected in the supernatants 

by gel or by absorbance at 280 nm. 

4.3e Size Exclusion-Mediated Refolding 

 Refolding by running a diluted, denatured protein solution over a size 

exclusion column (SEC) is thought to facilitate refolding. The slow flow rate and size 

separation allow for buffer exchanging and removal of the denaturant, while also 

theoretically separating misfolded, aggregated, or unfolded protein molecules from 

the properly folded molecules based on size165, 166. 

A small amount of the His-Ligase urea solution was diluted 10X with 50 mM 

tris pH 8.0, 130 mM NaCl, 10 mM MgCl2. This slightly diluted solution was loaded 

onto a size exclusion column and run at 0.5 mL/min. There was a large elution peak 

around 40 mL, suggesting that a large protein had eluted. This was followed by a 

broad, low intensity elution over the following 40 mL (Figure 33). SDS-PAGE 

analysis revealed the presence of a band corresponding to the His-Ligase construct in 

the large elution peak, with essentially nothing in the broad elution peak (Figure 33). 

Fractions from the large elution peak were pooled and concentrated, but after 

concentration there was no absorbance at 280 nm, indicating that there was no protein 



 

 

72 

 

present. Nevertheless, a small amount of the concentrated “enzyme” solution was 

added to an NMR sample of 15N UBact M17W with 1 mM adenosine triphosphate 

(ATP) and 1 mM lysine as a model substrate121 at both pH 6.8 and pH 8.0. No shifts 

in UBact peaks were seen, nor was any change in the 31P 1D spectrum of ATP, nor 

was there any change in the 1H 1D spectrum that showed primarily ATP and lysine. If 

there were activity, it would be expected that signals in UBact would shift, and there 

would be definite changes in both sets of 1D experiments as ATP were consumed and 

lysine was attached121. The results were inconclusive, however, as no enzyme could 

be definitively detected following SEC. 

4.3f Alternative Cell Lines 

 Since the basic BL21 DE3 cell line was showing expression into inclusion 

bodies, alternative cell lines were explored so try to slow down the production of 

enzyme so that it might remain in a soluble form, even at the cost of decreased yield. 

Figure 33- Chromatogram (left) and SDS-PAGE analysis (right) of size exclusion-

mediated refolding of His-Ligase. The apparently large peak in the chromatogram has 

a maximum absorbance of 150 mAbs, and the maximal absorbance is at 38 mL, right 

at the void volume of the column. Gel analysis reveals that the primary species in this 

peak is the 60 kDa His-Ligase construct, and that there is essentially nothing in the 

broad, shallow peak that follows. Fractions showing the 60 kDa band were pooled 

and concentrated, but no absorbance or ligase activity was subsequently observed. 
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 The pET15b His-Ligase plasmid was transformed into chemically competent 

BL21 Gold DE3 and BL21 DE3 pLysS cells as detailed above. Successful Gold cell 

transformation was selected for by growth on ampicillin-containing plates, and pLysS 

cell transformation was selected for by growth on ampicillin- and chloramphenicol-

containing plates. Subcultures and large cultures were grown as above. 

 The Gold cell cultures yielded exclusively inclusion bodies at 200 µM, 500 

µM, and 1 mM IPTG concentrations at 12-18°C. Thus, attempts with Gold cells were 

abandoned. pLysS cell cultures yielded no visible inclusion bodies at any IPTG 

concentration tested. Cells were lysed as described above, and clarified lysates were 

applied to a nickel column. An initial wash step showed a large elution (typically 

non-specifically bound proteins) that also included the His-Ligase, as determined by 

SDS-PAGE. A longer gradient showed no elution. Thus, it can be concluded that the 

N-terminal His6 tag is at least partially occluded by other protein structures. 

 Since the nickel affinity purification did not yield pure protein, as might have 

been suggested by previous studies with homologous enzymes, the nickel 

flowthrough samples were exchanged into 20 mM tris pH 8.0 and applied to a QFF 

anion exchange column, which should retain the His-Ligase construct. His-Ligase 

eluted from the anion column in a broad peak along with numerous other proteins. 

While these samples were not very pure, they were concentrated and used to run 

another NMR test as above. Again, there were no changes in the 1H, 31P, or 1H-15N 

spectra following an overnight time course. 



 

 

74 

 

4.3g Lysate Tagging 

The M. tuberculosis Pup proteasomal pathway has been reconstructed in E. 

coli and demonstrated to tag and degrade native E. coli proteins in vitro, despite E. 

coli lacking a proteasomal system125. In order to test if lysine was simply not a valid 

model substrate of the UBact ligase enzyme, and if the M17W mutation was 

significantly affecting ligase activity, and to potentially identify any substrates that 

might be relatively easy to purify from E. coli lysate, exogenous GST-UBact, 10 mM 

ATP, and 3 mM PMSF were added to a pLysS cell lysate expressing His-Ligase. The 

lysate was incubated for several hours at room temperature. After 70 hours 
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incubation, the supernatant was loaded onto a GSTrap column (GE Healthcare) to 

bind anything that might have been ligated to the C-terminus of UBact. PafA interacts 

with Pup along the C-terminal portion of Pup167, and thus it is expected that an N-

terminal GST domain will not significantly interact or preclude enzymatic activity in 

the analogous UBact system. Upon elution with glutathione, the GST domain was 

removed with enterokinase to provide better resolution of potential tagged substrates. 

SDS-PAGE revealed no additional eluted bands of protein, beyond small degradation 

products from the GST fragment (Figure 34). There was also minimal expression of 

Figure 34- E. coli cell lysate tagging using exogenous GST-UBact as the tag and 

native E. coli proteins as substrate. Any soluble Ligase construct should be able to 

interact with the UBact construct and, assuming the enzyme is active, might tag 

specific proteins from the lysate. Catalytic amounts of soluble, properly folded 

enzyme should be enough to see any change in the bands that elute from the GSTrap 

column. The bands seen in the elution and enterokinase cleavage lanes are commonly 

seen products of GST interacting with SDS. 
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the His-Ligase construct. The lack of any discernable activity at any pH tested, using 

the model lysine substrate and ATP in massive molar excess, as well as testing on cell 

lysate and the resulting lack of tagging, suggests that the enzyme is still not properly 

folded (even if it is soluble), or does not participate in UBact ligation to a substrate. 

 In order to test if the His-Ligase construct actually encodes the putative 

deamidase (and thus the initial assumption of gene identity was incorrect), an E64Q 

mutation was introduced in UBact M17W to test deamidase activity. A SOFAST 

HMQC spectrum of 15N UBact M17W/E64Q shows a new signal in the bottom of the 

spectrum, where a C-terminal signal is generally expected to appear, as well as the 

disappearance of the E64 signal and small shifts corresponding to other residues at 

the extreme C-terminus of UBact. Additionally, there are two new sidechain amide 

signals, from the incorporation of the glutamine sidechain (Figure 35). A fresh batch 

of His-Ligase was prepared by nickel affinity and anion exchange chromatography, 

A                                                         B 

Figure 35- Comparison of the 1H-15N SOFAST HMQC spectra of UBact with 

(blue) and without (red) the E64Q mutation. A) The sidechain amide region shows 

the presence of two new signals, which must correspond to Q64. B) The Q64 C-

terminal backbone amide signal is well-resolved relative to E64. The presence of 

unique resonances, and the presence of the additional sidechain signals, is 

important for tracking any potential enzymatic activity relating to the C-terminus, 

as Q64 and E64 would not be differentiable by mass spec. 
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then a small amount of the resulting concentrated solution was added to the sample of 

UBact M17W/E64Q. If there is deamidase activity, the C-terminal signal of Q64 

would be expected to disappear and the E64 signal should reappear. Tests at pH 6.8 

and pH 8.0, with and without 1 mM ATP and up to 2 mM lysine with both Q64 and 

E64 UBact species showed no change in any spectra, even after overnight incubation. 

Thus, it was concluded that this His-Ligase construct was not active. 

4.4 GST-Ligase and GST-Deamidase Construct Tests 

4.4a Construct Design 

 Since the His-Ligase construct was deemed to be inactive in both ligation and 

deamidation activities, new constructs were designed to ideally express both putative 

enzymes in a soluble form. GST-enzyme constructs with extended linker regions 

between the two domains should allow for the extreme solubility of GST to pull the 

enzymes into solution. The linker region should allow for native-like interaction with 

substrates, and activity can be tested both with and without the GST domain with the 

incorporation of specific protease cleavage sites. 

 E. coli-optimized gene sequences of both UBact ligase (Lig) and UBact 

deamidase (DEAM; Uniprot accession number A0A0S4L717) were synthesized by 

Genscript and cloned into the pET41a expression plasmid between the SpeI and XhoI 

restriction sites. The final construct contained an N-terminal GST domain, followed 

by a thrombin cleavage site, His8 tag, enterokinase cleavage site, and the requisite 

enzyme gene. Each construct would have a molecular weight of ~85 kDa, which is 

convenient as the gel ladder utilized has a band of exactly 85 kDa, making 
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identification and tracking of expression and purification more straightforward. The 

slightly larger size also has the advantage of avoiding the influence of the 60 kDa 

GroL chaperone protein that is natively expressed in E. coli that might have unduly 

influenced the appearance of expression of the His-Ligase construct. 

4.4b Expression and Purification Tests 

 Plasmids were transformed as above into BL21 DE3 and BL21 DE3 pLysS 

cells and grown as described above. pLysS cells appeared to display a small amount 

of protein with an 85 kDa weight by SDS-PAGE, but no material ever stuck to 

immobilized glutathione, either as beads (in batch or gravity column) or in a pre-

packed column. Attempted ammonium sulfate precipitation and subsequent anion 

exchange chromatography never yielded any enrichment in purity of this protein, and 

NMR tests using crude fractions with lots of impurities never displayed any evidence 

of reaction. There was no change in UBact signals (for either E64 or Q64) and no 

change in 31P or 1H spectra under any conditions sampled. Thus, it was concluded that 

pLysS repression was too strong under all conditions tested, and that no meaningful 

amount of protein had been expressed in the cell line. 

 BL21 DE3 cells did show expression of protein, though the 85 kDa protein 

was trafficked to inclusion bodies in a similar fashion to the pET15b His-Ligase 

construct from above. No material from clarified lysate was able to stick to 

immobilized glutathione, and thus there was no trace amount of soluble material that 

might be concentrated for study. Thus, the primary goal of utilizing a GST fusion to 

increase solubility was for naught. 
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4.4c Refolding Attempts 

 Refolding attempts began again, with the thought that GST refolding might 

drag the rest of the protein along a proper folding pathway, or at least into solubility. 

In general, cells were lysed by heavy sonication similar to above, then the lysate was 

ultracentrifuged to pellet cell debris and inclusion bodies. The pellet was washed with 

buffer and 750 mM urea with 2% Triton X-100 to solubilize most of the cell debris, 

leaving only inclusion bodies after a further ultracentrifugation step. 

 Inclusion bodies were resuspended and solubilized in 50 mM tris pH 8.0, 500 

mM NaCl, 7 M urea, 20 mM MgCl2, 10% glycerol. This served as the starting point 

for numerous dilution tests. Refolding buffers tested included each combination of the 

following components: 50 mM tris pH 8.0, 130/500 mM NaCl, 500 mM L-arginine, 

10% glycerol, 20 mM MgCl2, 10-50 mM sucrose, 100 mM glutamate, 5 mM 

glutathione, and 5 mM TCEP. A gravity column was used to add protein urea solution 

dropwise to the refolding solution, diluting the protein urea solution 150X with 

stirring at 4°C. There was no apparent precipitation immediately upon dilution. 

Refolding solutions were concentrated, though this process was very time consuming, 

at which time there was significant irreversible precipitation. 

 In order to determine if the process of concentration was simply taking too 

long and the refolded enzymes were losing stability during that process, which could 

take several days, refolding solutions were concentrated using an Amicon stirred cell, 

which uses positive pressure to force the solution through a low molecular weight 

cutoff filter, in this case retaining anything above 10 kDa, while simultaneously 

stirring the cell to keep protein components relatively dilute. Retained sample showed 
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very little protein upon concentration, and the small amount that was present 

appeared to form a flaky white precipitate that could not be resuspended. 

Rather than concentrating the refolding solution again, the solution was 

loaded onto a GSTrap column, with the thought that properly refolding GST fusion 

protein would stick to the column, and that properly folded GST might facilitate 

refolding of the enzyme domain. There was a very small elution from the column, 

though upon concentration this sample did not show any bands by gel, nor was there 

any apparent activity or interaction detectable by NMR. As an additional test for 

activity, samples were checked by mass spec, which again showed no change from 

the mass of UBact. 

Since dilution refolding appeared to yield only precipitated material, N- and 

C-terminal His tags were incorporated to facilitate on-column refolding. The N-

terminal (HN)8 tag was introduced with non-overlapping primer extension 

mutagenesis. An HN-tag is more able to be expressed on the surface of a protein than 

the basic His tag and is able to bind to nickel more efficiently168, 169. The C-terminal 

tag was already present in the synthesized plasmid, though it was not expressed as 

part of the construct following a stop codon. Simply removing the stop codon allowed 

for addition of the C-terminal His tag. Immobilization on the nickel column could 

allow for removal of the denaturant over a gradient and allow for refolding followed 

by a relatively concentrated elution directly into a relevant buffer. Application of 

either His-tag variety did not appear to confer affinity to a nickel column following 

removal of any amount of denaturant.  
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Since urea-mediated denaturation did not yield any active protein, basic pH 

was utilized to assist in inclusion body solubilization. Basic conditions have been 

demonstrated to increase solubility without complete denaturation, and in some 

instances has been shown to allow for persistence of some secondary structure of 

proteins. In addition, lower concentrations of denaturant can be added to increase the 

solubilization of inclusion bodies without completely denaturing the resulting 

proteins. 

100 mM tris pH 12.5, 200 mM NaCl was unable to efficiently solubilize the 

inclusion bodies of GST-Lig or GST-DEAM. The addition of 2 M urea allowed for 

complete solubilization of the inclusion bodies170. Removal of urea at pH 12.5 

immediately led to precipitation. Dilution into a more neutral pH buffer immediately 

led to precipitation. Dialysis to incrementally lower the pH, both in the presence and 

absence of urea, lead to precipitation after overnight incubation. 

Ammonium sulfate precipitation was attempted to salt out protein from urea 

solutions and facilitate refolding. While the GST-enzyme constructs did differentially 

precipitate from solution upon addition of increasing concentrations of ammonium 

sulfate (up to 2 or 2.5 M (NH4)2SO4), protein did not resolubilize upon dilution with 

any of the refolding buffers tested. 

Addition of organic solutes has been utilized to refold denatured proteins. 

Addition of molar concentrations of 1-propanol have been shown to assist in 

solubilization of some inclusion bodies while maintaining secondary structure 

elements of the protein171. Concentrations up to 6 M n-propanol were unable to 

solubilize GST-enzyme inclusion in this case. Dimethyl sulfoxide (DMSO) is also 



 

 

82 

 

useful for assisting in solubilization of a variety of chemicals, including proteins, yet 

concentrations up to 100% DMSO did not demonstrate any ability to solubilize the 

inclusion bodies. Use of three-phase portioning using ammonium sulfate and tert-

butanol did not yield any fraction of soluble protein172, 173. The interfacial layer that 

should contain the precipitated protein was unable to be resolubilized using any 

methods beyond addition of high concentrations of urea (Figure 36). 

Sodium dodecyl sulfate (SDS) has been shown to be an effective denaturant 

and is widely used in biochemistry to denature protein samples. Extremely low 

concentrations of SDS are required for denaturation, with as low as 0.4% (w/v) being 

utilized in SDS-PAGE. SDS binds directly to proteins, which can sometimes cause 

problems when trying to remove SDS from a solution. A 2% (w/v) SDS solution was 

utilized to assist in inclusion body solubilization at pH 8.0, without the need for high 

pH or high concentrations of urea. Lower concentrations of SDS did not produce 

efficient solubilization.  Following solubilization, excess SDS was removed from the 

solution by the addition of 400 mM KCl, which forms insoluble SDS-KCl crystals. 

While SDS precipitation has been shown to precipitate significant amounts of the 

resolubilized protein, occasionally some properly refolded protein will remain in 

solution in the absence of solubilizing factors174. Addition of KCl to the SDS-

solubilized inclusion body solution did immediately form precipitate, but no material 

was able to bind to immobilized glutathione following removal of supernatant. 2-

methyl-2, 4-pentanediol (MPD) is often utilized as a precipitant in crystallography 

experiments and is generally thought to stabilize folded protein states by preferential 

hydration of the peptide backbone. MPD is also able to bind to hydrophobic 
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sidechains, allowing it to act as a weak denaturant175. This ability to bind directly to 

hydrophobic surface area allows for competition between MPD and SDS for protein 

interaction, and MPD is able to decrease the binding of SDS to a denatured or 

partially denatured protein and can facilitate refolding following solubilization of 

inclusion bodies by SDS176. In this case, addition of concentrations of MPD up to 2 M 

Figure 36-Three phase partitioning of denatured Lig/DEAM solutions. A) 7 M urea, 

100 mM DTT solution of solubilized IBs. B) Upon addition of ammonium sulfate and 

an equivalent volume of t-butanol, the solution immediately became turbid, and 

material precipitated. C) Following shaking and centrifugation, the layers separated. 

t-butanol remained on top, the interfacial precipitate separated the organic solvent 

from the aqueous layer, and below the aqueous layer was insoluble precipitate. This 

precipitate could not be resolubilized even with addition of concentrated denaturants. 

The aqueous layer was removed and used for a second round of portioning. D) 

Addition of an equivalent volume of t-butanol, mixing, and centrifugation leads to 

well-defined separated layers. The interfacial precipitate has previously been shown 

to contain refolded, active proteins purified from inclusion bodies. In this case, 

material in the interfacial precipitate was not resolubilized except in the presence of 

high concentrations of denaturant. Smaller scale (~1 mL) and larger scale (50 mL) 

preparations did not yield any better results, not was active protein detected in any 

fraction. 
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simply caused irreversible precipitation of the solubilized protein. No evidence of 

protein binding to immobilized glutathione was detected. 

4.4dArctic Express Cell Line 

 Since all attempts at refolding yielded more precipitation and aggregation, 

another attempt was made with a new cell line, Arctic Express DE3 (Agilent). These 

E. coli cells express chaperones Cpn10 and Cpn60 from Oleispira antarctica, which 

assist in protein folding at lower temperatures than the native GroEL/ES system is 

capable of functioning. The Cpn10/60 system displayed high refolding activity at 

temperatures as low as 4°C. The GST-enzyme constructs were transformed into the 

chemically competent Arctic Express cells, and successful transformation was 

selected by growth on media containing 20 µg/mL gentamycin and 50 µg/mL 

kanamycin. Expression tests at 4°C showed no protein production at all, as well as 

dramatically slowed growth. Tests at 8 and 12°C yielded insoluble inclusions at all 

IPTG concentrations tested, including simply relying on constitutive leaky 

expression. An added disadvantage of this cell line was the co-precipitation of 

Cpn10/60 into the inclusion bodies. Co-purification of these chaperones is a common 

problem during soluble protein purification, though they can be efficiently removed 

by incubation with ATP and KCl177 or low concentrations of urea178. However, the 

presence of the chaperones in the inclusion bodies simply presents another barrier to 

refolding by any means. 

 Attempts with all cell lines to utilize 0.5% and 1% (w/v) glucose solutions to 

suppress constitutive expression of both His-Ligase and GST-Lig/DEAM yielded 

inclusion bodies as well. Addition of 1M NaCl to large cell cultures did not yield any 
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soluble protein. Growth in M9 minimal media with 3.3 g/L (NH4)2SO4 and 5 g/L D-

glucose as the sole source of nitrogen and carbon, respectively, supplemented with 1 

mM MgCl2 in order to slow down cell growth and therefore production of protein 

resulted in reduced overall yield of inclusion bodies. 

4.5 Alternative Constructs 

4.5a Maltose Binding Protein 

 

 Since all attempts at refolding had thus far failed to produce soluble, active 

enzymes, it was decided to attempt to utilize maltose binding protein (MBP). MBP 

has been widely demonstrated to increase the solubility of fusion partners and has 

also been shown to act as a chaperone and assist in the folding of a fusion partner, 

possibly through interactions along its binding groove. MBP contains a signal peptide 

that encodes for excretion from E. coli cytosol into the periplasmic space, which can 

both slow down the folding process during transport across the membrane and deliver 

the protein to an oxidizing environment, allowing structurally important disulfide 

bonds to form. Deletion of the signal peptide prevents this export, but the high 

solubility and apparent chaperone activity of MBP are still useful in expression and 

folding of fusion partners. MBP also presents a single step affinity purification 

utilizing immobilized amylose, to which MBP preferentially binds. Following a wash 
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step, the bound protein can be eluted with an excess of maltose to disrupt the 

interaction to the resin. This presents MBP as a desirable fusion partner. 

 The ligase and deamidase constructs were cloned into the pET41a vector 

between SpeI and XhoI restriction sites. A SpeI restriction site was mutated into a 

pRSFDuet-1 plasmid at the end of the MBP domain to facilitate insertion of the genes 

into the pRSF vector. pET41a GST-enzyme constructs and pRSF-SpeI were each 

incubated with SpeI and XhoI to release the genes and prepare pRSF for ligation. 

Reactions were separated by agarose gel electrophoresis (Figure 37), and individual 

Figure 37- Agarose gel analysis of restriction enzyme cleavage of pRSF-MBP and 

pET-41 enzyme plasmids. SpeI and XhoI were able to efficiently cleave all three 

plasmids. The pRSF-MBP fragment and ligase/deamidase genes were well resolved. 

The relevant bands were excised for extraction and ligation. 
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component bands were excised and extracted. Ligase and deamidase genes were 

mixed with the digested pRSF plasmid with T4 DNA ligase to ligate the overlapping 

ends of the DNA strands together. The reaction was transformed into chemically 

competent DH5α E. coli cells and successful transformation (and therefore ligation) 

was selected by growth on LB-agar plate supplemented with 50 µg/mL kanamycin. 

After numerous attempts, only a small number of colonies ever grew, and the only 

successful growth came from constructs prepared with the deamidase gene. 

Miniprepped pRSF-DEAM never returned the high yields of DNA commonly seen 

with the NEB Monarch system (~30-40 ng/µL pRSF vs. 150-200 ng/µL for other 

plasmids from the lab). Miniprepped plasmid also was never successfully transformed 

into any expression strain, suggesting that these growing colonies were some kind of 

contaminant. Experimental repeats with different concentrations of plasmid for 

digestion, differing load amounts of ligation, and differing transformation loads never 

yielded positive results. Fresh reagents did not produce positive results. 

4.5b PGP6 Fusion 

 Since the PGP6 construct overexpressed so well, was well folded, and was 

extremely soluble, it might make a good fusion partner, dragging any fusion partners 

into solution. While there almost certainly will not be any chaperone activity, the high 

solubility might help, as well as the extraordinarily easy purification. 

 The pET28a His-PGP plasmid does not share a common set of restriction 

enzyme sites with the pET41a enzyme plasmids, but mutation of a single nucleotide 

will incorporate a BamHI site near the 5’ end of the enzyme genes. During 

mutagenesis, the primer bound to both the N- and C-terminal His tag sequences, 
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resulting in looping out the enzyme genes, essentially producing an empty pET41a 

vector with no multiple cloning region. 

 To avoid the His tag overlap, a SpeI site was incorporated into the 3’ end of 

the pET28a His-PGP construct. This mutagenesis was successful, although attempted 

ligation with the excised enzyme genes was again unsuccessful. 

4.6 Conclusions and Future Perspectives 

 All attempts to produce soluble, active N. nitrosa UBact ligase and deamidase 

enzymes were unsuccessful. Protein refolding is notably difficult and conditions 

producing favorable outcomes cannot be predicted with any certainty. Much of the 

literature concerning protein refolding conditions centers on the use of model systems 

such as lysozyme, which are purified in a soluble form and then denatured and 

refolded, or proteins such as insulin that are expressed in an insoluble form but have 

been shown to refold under a variety of conditions. Since positive results rely on a 

certain amount of luck to obtain properly folded, active protein, one can spend years 

attempting to find the optimal conditions that provide for the correctly folded 

proteins, a process that is costly in both time and reagents. Since no evidence of 

folded, active protein was ever found, it was decided to abandon this stage of the 

project. 

 In the future, if this project were to be revisited, a new expression system 

could be explored. First, since the inception of this project, a sister species to N. 

nitrosa has been isolated and cultured. N. inopinata cells are available, and growth 

conditions have been optimized. This species could present a prime opportunity for in 

vivo characterization of the UBact proteasomal operon, as well as provide a platform 
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for expression of each of the components (including the enzymes) under native 

conditions. The primary disadvantage of this species is that it is very slow growing, 

often taking several weeks to generate substantial biomass, and the culture does not 

grow turbid as the cells grow. Growth can only be indirectly observed by measuring 

the balance of ammonium, nitrite, and nitrate in solution. Thus, N. inopinata shows 

promise for in vivo studies, but does not appear to be a viable source of proteins in the 

amounts required for structural studies. 

 Saccharomyces cerevisiae is another model organism for protein expression, 

possessing the ability to make post-translational modifications that may be vital to 

protein folding and stability, as well as expressing chaperones capable of facilitating 

proper folding. S. cerevisiae is relatively easy to manipulate and grow and grows only 

slightly slower than E. coli. 

 A final species that could be utilized would be Mycobacterium smegmatis, a 

non-pathogenic, rapidly dividing cousin of M. tuberculosis. As a member of the 

Mycobacteria, M. smegmatis expresses the Pup proteasome system, and thus is 

already capable of expressing enzymes putatively similar to the UBact ligase and 

deamidase. Thus, it is not a stretch to imagine that M. smegmatis would have little 

trouble expressing soluble, folded UBact-system enzymes. M. smegmatis is used in 

many labs as a model organism, and protocols are widely available. M. smegmatis 

grows more slowly than E. coli but can grow in a variety of media conditions and still 

reaches high cell density in as little as three days (as compared to several weeks for 

M. tuberculosis). 
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4.7 Contributions 

 Sashika Fernando participated in several attempts at expression and 

ammonium sulfate precipitation of the enzyme constructs. Steven Bonn designed the 

project, performed the experiments, and analyzed data. David Fushman oversaw the 

project. 
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Chapter 5:  NMR as a Tool to Study Deubiquitinase Activity 

5.1 Objective 

 Utilize NMR to determine the relative rates and directionality of disassembly 

of polyubiquitin chains by isopeptide bond cleavage. 

5.2 Different Deubiquitinase Enzymes Serve Different Physiological and 

Pathophysiological Roles 

5.2a OTUB1 

 Otubain 1 (ovarian tumor ubiquitin-aldehyde binding protein 1; OTUB1) is a 

DUB expressed in a wide range of tissues. Increased OTUB1 activity is associated 

with a variety of cancers, and a large body of work is dedicated to elucidating its role 

in cancer pathology179-181. Identified in 2002182, OTUB1 is a DUB with specificity for 

cleaving K48-linked polyUb chains183, while other DUBs in the OTU family display 

different linkage preferences (or little preference at all)103. The DUB recognizes two 

ubiquitin units at distinct sites, with the isopeptide bond located near to the active site 

to facilitate isopeptidase activity183. There are conflicting reports about OTUB1’s 

DUB activity and whether it is able to remove a single ubiquitin moiety or if it must 

cleave a diubiquitin unit. OTUB1 DUB activity has been identified in numerous 

pathways, with OTUB1 disassembling K48-polyUb from conjugated substrates and 

preventing their proteasomal degradation. OTUB1 prevents apoptosis by stabilizing 

the cellular inhibitor of apoptosis complex by removing polyUb chains that would 

otherwise encode for its destruction, and thus is able to help cancerous cells avoid 
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programmed cell death184. It can also remove polyUb from the intracellular domain of 

PD-L1, preventing its degradation and allowing a cancerous cell to escape immune 

detection185. 

In addition to proteolytic DUB activity, OTUB1 also interacts non-covalently 

with Ubc13 to inhibit propagation of K63-linked polyubiquitin chains during the 

DNA damage signaling cascade186. OTUB1 appears to bind to a variety of E2-Ub 

conjugates to prevent ubiquitination by mimicking the product state of K48-polyUb 

DUB activity in the active site of OTUB1. The DUB inserts itself to disrupt the E2-

Ub interface, though Ub remains covalently bound to the E2187. Interestingly, several 

crystal structures of OTUB1-E2~Ub complexes show a free ubiquitin binding to 

OTUB1 in the same position that a K48-linked distal unit would be positioned, and 

modeling of a K48 isopeptide bond is readily possible in those structures without 

disrupting any main chain structures183, 187. Functional studies suggest that OTUB1 

shows a preference for cleaving from the middle of chains to release a diubiquitin 

unit188. Thus, OTUB1 can play both an active and passive role in downregulating 

ubiquitination of several varieties. This wide-ranging canonical and non-canonical 

DUB activity, and OTUB1’s implication in numerous cancers makes OTUB1 a prime 

target for drug development189. 

5.2b IsoT 

 Isopeptidase T (IsoT; Usp5) was discovered in 1992190 and thoroughly 

characterized in 1995191. IsoT shows a high preference for cleaving polyUb chains 

with a free C-terminus on the proximal-most Ub subunit, and any modification of 

G76, either by attachment to a substrate or by chemistry, dramatically reduces 
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cleavage activity191. IsoT is capable of cleaving all polyUb linkages192, though it 

prefers unanchored K48 chains193. IsoT is vital to maintaining appropriate levels of 

free ubiquitin by breaking up these unbound chains, allowing free ubiquitin to be 

recycled and utilized by the cell rather than repeatedly degraded and re-translated. 

 IsoT has been implicated in a variety of pathological conditions. The 

Drosophila homologue of IsoT is required for proper development, especially of the 

eyes194, and mutation/deletion is eventually lethal due to improper ubiquitin 

homeostasis195. IsoT is required for efficient DNA double stranded break repair, 

where the enzyme is responsible for disassembling polyUb chains at the site of DNA 

damage196. IsoT has also been identified as a possible therapeutic target in several 

different types of cancer. IsoT is dramatically overexpressed in hepatocellular 

carcinoma (HCC), and is able to protect the SLUG transcription factor, which 

facilitates HCC’s ability to migrate and metastasize197. Similar to OTUB1, highly 

elevated IsoT levels lead to deubiquitination and stabilization of PD-L1, facilitating 

non-small cell lung cancer propogation198. Knockdown of elevated IsoT levels using 

siRNA in pancreatic cancer sensitizes the cell to apoptosis due to cell cycle blockage 

at G1/S199. IsoT has also been associated with the experience of pain and is thus a 

new target for pain management therapies200. 

5.2c Ubp6 

 S. cerevisiae Ubp6 (homologue of human Usp14) is a proteasome-associated 

DUB201, 202. Ubp6 contains an N-terminal UBL domain and a C-terminal USP 

catalytic domain203. The UBL domain is responsible and sufficient for association to 

the proteasome, where it interacts with the base of the 19S RP, where it binds to 
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Rpn1204. Ubp6 also interacts primarily with Rpt1, where it binds and precludes Rpn11 

access to ubiquitinated substrates, thereby reducing Rpn1 DUB activity205. 

Recombinant Ubp6/Usp14 display low levels of activity in the absence of the 

proteasome, despite their active site catalytic triad being positioned for proteolysis. 

Structural studies reveal that there are two loops, BL1 and BL2, which overlap the 

active site and preclude ubiquitin access to the catalytic triad203. These two loops shift 

upon binding to the Rpt base of the proteasome, and ubiquitin binding to Ubp6/Usp14 

is stabilized in this conformation, which in turn further enhances Ubp6/Usp14 affinity 

for the proteasome206, 207. Full DUB activation is only achieved upon interaction with 

the proteasome. Interestingly, (poly)Ub or inhibitor-bound Ubp6/Usp14 stimulates 

proteasomal ATPase activity205 and activates degradation by facilitating proteasomal 

gate opening, allowing easier access to the catalytic 20S CP208. Conversely, there is 

evidence that Ubp6 also slows down the processing of ubiquitinated substrates, 

possibly acting as a timer to allow for removal of ubiquitin units beyond a certain 

critical length prior to Rpn11 engagement205. In the context of binding to the 19S RP, 

Ubp6 preferentially cleaves the distal ubiquitin units from a polyUb chain202, 209. 

Since Ubp6/Usp14 acts immediately upstream from the final steps of 

proteasomal degradation, dysregulation is associated with a huge number of disease 

states. The DUB has roles in gluconeogenesis210, insulin resistance211, and other 

diabetic pathologies212, 213. 

5.2d Usp2 

Usp2 is a DUB that has been implicated in facilitating the spread of prostate 

cancer214. Several splice variants have been identified, with N-terminal regulatory 
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elements ranging from six to 258 amino acids followed by the catalytic 347 amino 

acid USP domain215. Ubiquitin binds inside a defined pocket on Usp2. The bound 

ubiquitin unit represents the distal unit in a ubiquitin chain, with the C-terminus 

resting inside the active site215. Modelling suggests that deubiquitinase activity 

requires an open conformation of K48-linked diubiquitin216, 217. Involvement of the 

distal ubiquitin unit in binding, and the general exclusion of the proximal unit 

suggests that Usp2 might cleave polyUb chains from the distal end inward. 

Physiological Usp2 expression is CLOCK-regulated in both liver tissue and 

the suprachiasmatic nucleus (location in the brain facilitating circadian rhythm), 

indicating that Usp2 probably plays a role in maintaining circadian rhythm 

throughout the body218, 219 by protecting BMAL1 from proteasomal degradation220. 

Usp2 is overexpressed in a variety of cancers. Cyclin D1 degradation can be 

prevented by Usp2-mediated deubiquitination, allowing unchecked advancement 

through cell division221. Usp2 protects fatty acid synthase (FAS) from ubiquitin-

mediated degradation, which allows overexpressed FAS222 to continue synthesis of 

fatty acids and assist in prostate cancer propagation and survival223 by inhibiting 

apoptosis224. Usp2-mediated FAS stabilization was implicated in glioma 225. Indeed, 

Usp2 has been identified as a biomarker in some types of cancer226-228. Usp2 also 

influences cellular apoptosis. Knockdown of isoform Usp2-1 by siRNA increased 

apoptosis in prostate cancer lines229, while upregulation of isoform Usp2-2 increased 

apoptosis in HeLa cells230. Usp2 knockout mice displayed infertility due to reduced 

sperm motility and failure to penetrate the ovum, possibly due to proteasomal 

dysregulation231. Usp2’s role in such a wide variety of cellular processes, and its 
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significant relation to cancer pathologies, suggest that it could be a viable 

chemotherapeutic target for several different cancer types. 

5.2e PLpro 

 The papain-like protease (PLpro) from SARS-CoV 2 (SARS2) is one of two 

proteases encoded by the viral genome, along with the chymotrypsin-like main 

protease (3CLpro/Mpro). Part of non-structural protein 3 (Nsp3) of the SARS2 

proteome, PLpro participates in viral maturation by cleaving three nonstructural 

proteins from the larger viral polypeptide. Interestingly, PLpro recognizes the site 

LXGG|XX for cleavage, which is identical to the C-terminus of ubiquitin and many 

ubiquitin-like proteins. In addition to its role in viral maturation, PLpro serves a 

secondary role helping PLpro to avoid frontline immune responses by acting as a 

deubiquitinase and de-ISGylase. This secondary activity serves to protect SARS2 

proteins from degradation by the proteasome by recognition of K48-linked polyUb 

chains, and to prevent signaling by the attachment of ISG15 (interferon-stimulated 

gene 15), a protein consisting of two UBL domains that can be attached via 

isopeptide bond to a substrate lysine residue in a similar fashion to ubiquitin. While 

the ISG15 signaling pathway has not been definitively explored, it is thought to be 

involved in immune signaling and serves a protective role in the cell. SARS-CoV2 

PLpro is analogous to the PLpro proteins from both SARS CoV and MERS-CoV, 

with all three PLpro species displaying slightly different preferences for K48-polyUb 

or ISG15 recognition. While the worldwide push to develop vaccines for SARS2 has 

been largely successful in stemming the tide of widespread infection, there is still a 

need to treat acute SARS-Coronavirus disease (Covid) infections. Mpro has been the 
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primary target of drug discovery efforts, given its importance in cleaving the vast 

majority of the viral polypeptide into its constituent individual proteins. The approval 

of Paxlovid from Pfizer as the first oral antiviral treatment for Covid proves that the 

viral proteases are viable targets for therapeutics. The search for additional treatment 

modalities continues, with PLpro presenting another promising target. Disrupting 

both maturation and immune escape (via DUB and de-ISGylase activity) would 

provide additional protection in the event of acute Covid. As an individual or 

combination therapy, inhibition of PLpro could provide for a secondary treatment 

against new strains of SARS2 as it might evolve to avoid either the current suite of 

vaccines or Paxlovid treatment. In addition, the discovery of effective PLpro 

inhibitors could provide a head start for treatment discovery of the next coronaviral 

pandemic, should one occur. 

 SARS2 PLpro specifically recognizes the diubiquitin moiety across its two 

recognition sites, with the proximal ubiquitin domain binding to the S1 site, the distal 

ubiquitin domain binding to the S2 site, and the isopeptide bonded substrate 

interacting through the active site and across the S1* site. PLpro specifically removes 

diubiquitin units from viral protein substrates, preventing their recognition and 

degradation by the proteasomal machinery. Though the understanding of polyUb 

attachment to SARS2 substrates is incomplete, protection of the viral proteins from 

proteolysis could play an important role in the viral lifecycle. 
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5.3 NMR Can Track Multiple Cleavage Sites Simultaneously 

5.3a Synthesis of Triubiquitin Chains 

 For ease of discussion, K48-linked Ub3 with 15N-labeled middle Ub will be 

referred to simply as mid-15N-Ub3 in this chapter. Proximal, middle, and distal are 

used to denote the relative positions of various ubiquitin units in a chain (Figure 38), 

where proximal is the unit expected to be closest to a substrate (directly connected via 

an isopeptide bond), and distal the furthest away in a chain from the substrate. 

Figure 38-Schematic of mid-15N-Ub3 chain synthesis. Unlabeled UbK48R (blue) and 
15N-UbD77 (red) are conjugated with E1 and E2-25K, the reaction is quenched with 

DTT, then the dimer is subjected to digested with Yuh1 to remove the C-terminal D77 

blocking residue. After incubation, the dimer is purified from the component 

monomers by cation exchange at pH 4.5. The dimer with free C-terminus is then 

exchanged into 50 mM pH 8.0 buffer for another round of conjugation with an 

unlabeled UbD77 (green) moiety. The trimer, with the 15N-labeled ubiquitin unit 

located at the middle position, is then purified by cation exchange again and 

exchanged into the reaction buffer and stored for use. 
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 In order to study DUB-mediated cleavage at multiple sites at the same time, 

mid-15N-Ub3 was synthesized through sequential enzymatic addition of ubiquitin 

subunits217. Briefly, 15N Ub with a C-terminal D77 residue was enzymatically linked 

to unenriched UbK48R (with free C-terminal G76) with E2-25K. The reaction was 

quenched with addition of 10 mM DTT, and catalytic amounts of S. cerevisiae 

ubiquitin C-terminal hydrolase 1 (Yuh1) were added to remove the D77 residue. The 

resulting K48-Ub2 with free G76 was purified by cation exchange, and then was 

reacted with unenriched UbD77 to form mid-15N-Ub3, which was subsequently 

purified by cation exchange and concentrated, and buffer exchanged into DUB 

reaction buffer (50 mM tris pH 7.5, 100 mM NaCl, 1 mM TCEP). Purity was verified 

by SDS-PAGE.  

5.3b Proximal and Distal Isopeptide Bonds can be Tracked 

 In a 1H-15N SOFAST spectrum of mid-15N-Ub3, reporter groups for the 

proximal and distal isopeptide linkages are visible. The signal for G76 reflects its 

isopeptide-bonded position and is shifted upfield in the nitrogen dimension relative to 

its free (non-isopeptide linked) position, which reports on the proximal isopeptide 

bond. The distal isopeptide bond is directly observed, as the signal of the 15N ε-amide 

appears at 7.91 ppm in the 1H dimension and 120.5 ppm in the 15N dimension. 

Additionally, the isopeptide-bonded K48 backbone signal shows a distinct shift from 

its unconjugated resonance (Figure 39). R74 also shows a shift upon isopeptide 

formation, making this a viable secondary reporter group. Upon cleavage of either 

isopeptide bond, their corresponding reporter signals will decrease, and the free-state 

signals will appear and increase in intensity as cleavage proceeds. Thus, mid-15N-Ub3 
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is a prime model substrate to track consecutive cleavage events in one pot, with 

reporter groups for both decrease of isopeptide-conjugated substrate and appearance 

of free ubiquitin (Figure 40). 

5.4 Quantification of DUB Cleavage and Determination of Directionality 

Since NMR is a relatively slow technique, taking tens of minutes to acquire 

single time points, care was taken to utilize enzyme concentrations that would both be 

fast enough to observe cleavage while still being slow enough to gather several time 

points with enough signal to noise to accurately quantify the rates of cleavage. To this 

end, several tests were run with varying concentrations of the enzymes to be studied 

Figure 39- SOFAST HMQC spectra of the start (blue) and finish (red) of IsoT 

digestion, highlighting the signals used for rate determination. R74 and G76 report on 

proximal bond cleavage, while K48 and the isopeptide signals report on distal bond 

cleavage. 
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to determine optimal conditions. Unlabeled K48-Ub2 was incubated with the enzymes 

and time point samples were run on a gel. Enzymatic activity drops over time, so 

there was a balance to be struck between the long measuring times required of NMR 

and the lifespan of the enzymes. 

In order to quantitatively study DUB cleavage, catalytic amounts of the 

various DUBs described above were added to 100 µM mid-15N-Ub3 samples, and 

SOFAST spectra were acquired at various time points. As expected, reporter signals 

for both isopeptide linkages decreased over time, while the free signals increased 

(Figure 41). 

Qualitatively, IsoT displayed the fastest cleavage, despite being at the second 

lowest concentration of any of the DUBs assayed. Ubp6 showed the slowest cleavage, 

despite having the highest concentration of enzyme utilized. PLpro was the only 

enzyme that did not appreciably cleave one of the bonds, preferentially cleaving the 

proximal isopeptide and only cleaving the distal after almost all of the proximal 

bonds had been cleaved. 

Figure 40- Schematic of residues used to track deubiquitinase progress. The middle 

unit of the K48-linked Ub3 is 15N-labeled. Changes in G76 and R74 bonded and free 

backbone amide resonances track cleavage of the isopeptide bond between the middle 

and proximal units, while changes in K48 backbone amide and isopeptide resonances 

track cleavage of the isopeptide bond between the distal and middle units. 
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5.4a Intensity-Derived Results 

 NMR signal intensities are often used as a stand-in for the number of spins 

(and therefore molecules) present in a given state, as they are easy to quantify and 

readily observable by eye. This holds true when the species under observation does 

not undergo any large changes in T2 relaxation, as is the case with most small 

molecules or enzymatic reactions where only specific residues are affected. Large 

changes in transverse relaxation alter the signal linewidth, and thus the observed 

intensity, rather than necessarily reflecting a change in population. Smaller molecules 

tumble faster in solution, producing generally longer T2 relaxation times (lower 

relaxation rates), and therefore sharper signals. 

 Unfortunately, when using mid-15N-Ub3, DUB cleavage results in a dramatic 

change in relaxation rates as Ub3 is cleaved into Ub2 and just Ub in the end. At each 

step, molecular tumbling becomes faster, giving rise to slower relaxation rates and 

thus sharper signals. Thus, upon initial cleavage bonded signals actually increase in 

Figure 41- Representative 1D slices of G76 in isopeptide-bonded and free states 

during digestion with IsoT. Intensities are adjusted for visual simplicity, as the bonded 

G76 signal intensity is dramatically lower than free G76 intensity. 
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intensity as tumbling speeds up, at the same time the bond the signals report on is 

actually cleaved. 

 In order to compensate for this apparent increase in intensity, all signals were 

scaled using the intensity of Ile30, a well-resolved signal that does not shift upon 

interaction with a DUB or shift upon cleavage from Ub3 to Ub2 to Ub. Ile30 is a 

buried residue that is spatially distant from site of most Ub interactions, and thus 

appears unaffected by any factors other than changing relaxation rates due to change 

in tumbling. Applying this scaling factor appears to compensate for changes in 

relaxation among the three polyUb species under observation. 

5.4b Volume Derived Results 

 In contrast to signal intensities, NMR integrated signal volumes are directly 

proportional to the number of spins present in a given state. Assuming all other 

experimental parameters are identical across a set of experiments, any difference in 

volume is due exclusively to a change in the population. Even in a scenario where 

relaxation rates are changing dramatically, as in cleavage of Ub3, the linewidth 

difference between each state would not affect the total integrated volume of a signal. 

Thus, even though a signal might change intensity because linewidth changes, the 

volume would remain the same between the two signals. This fact makes volume 

integration a powerful tool for studying kinetics. Integration of 1D signals is a routine 

part of basic NMR interpretation to determine population sizes and solve the 

structures of small molecules, but 1D signal integration is problematic in larger 

molecules that show many overlapping signals at lower resolution, such as proteins. 

Multidimensional NMR can improve resolution by separating signals into multiple 
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dimensions, but integration of multidimensional NMR signals is a complex 

undertaking. While 1D integration can be done mathematically by fitting the 

lineshape and integrating, performing this calculation in two dimensions is more 

complicated, and most programs simply use a box sum of intensities to estimate 

volume. This might be passable in scenarios where relaxation rates are not 

significantly different between reactant and product, but in the case of Ub3 

degradation, it presents the same problems as simply using calculated intensity, as the 

box sum of intensities are still influenced by changes in relaxation. 

 In order to overcome the challenge of multidimensional signal integration, 

several different programs were utilized to fit the peaks and mathematically integrate 

the signals. Most programs did not produce reproducible results or results that made 

sense, or the process of peak selection and integration was too cumbersome and time 

consuming to be viable for multiple experiments. Notably, Bruker Topspin signal 

integration gave reproducible results, but at an immense time cost and no 

straightforward way to export those integrations. One program claiming to integrate 

signals by mathematically fitting the lineshape produced volumes up to 100-fold 

lower than the calculated intensity of the same peak. 

 In the end, NMRFAM-SPARKY232 proved to be the most useful program for 

generating reproducible volumes. Spectra from each enzymatic time course were 

processed identically in Topspin using a Gaussian window function, then were 

opened in Sparky. Individual peaks were selected and iteratively integrated as 

Gaussian functions. Sparky includes a feature to remove integrated peak volumes 

from a spectrum, and thus accurate integration can be directly observed if all apparent 
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peak volume is removed. By mathematically integrating peaks, Sparky is also able to 

avoid including contributions from nearby overlapping peaks. Peaks were iteratively 

integrated until all visible volume was removed from the spectrum, even at lowered 

contour levels. 

Integrated peak volumes from the first five time points collected were fit to a 

first order exponential decay curve (Figure 42): 

[𝑈𝑏3] = 𝐴𝑒−𝑘𝑡 + 𝐶 (12) 

where [Ub3] is the amount of Ub3 at a given time point, A is the initial concentration 

of mid-15N-Ub3, k is the first order rate constant, t is the time, and C is a baseline 

constant. Notably, there is a disagreement between the disappearance of isopeptide-

linked signals and the appearance of free signals, as it appears free signals emerge 

dramatically faster than bonded signals disappear. In addition, since the total 

Figure 42- The NMR signal volume decay can be fit to an exponential decay 

curve. The normalized isopeptide bond signal volume at each time is shown 

as an example from each DUB experiment, with fit exponential decay 

curves. 
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population of the system does not change, only the bonded vs free ratio, the additive 

sum of the bonded and free volumes should remain constant. Instead, the sum of the 

volumes increases over time until it reaches a plateau. 

 This apparent increase in population almost certainly reflects the influence of 

changing relaxation rate, though this time it is overly influenced by a change in T1 

relaxation. The SOFAST experiment is designed with a shortened recycling delay to 

allow for more scans per unit time than the comparable HSQC experiment. The 

disadvantage of this method is that it does not allow for full regeneration of Z 

magnetization between scans, and thus the changing T1 between Ub3, Ub2, and Ub is 

able to influence the apparent signal. Unfortunately, utilizing a longer recycling delay 

would dramatically decrease the number of scans possible, and thus render signals too 

low or time intervals too long to accurately quantify a rate. 

 To overcome this, the bonded signal volumes were again scaled by the Ile30 

volume. This allowed for compensation for changing T1 relaxation rates, and 

generally led to agreement between bonded signal disappearance rates and free signal 

appearance rates (Figure 43 and Appendix Table 3 and 4). The free signals were not 

scaled, as they are already influenced by the change in relaxation. All signals were 

normalized to the largest volume signal, and free signals that appeared were 

rearranged into a decay curve by subtracting the normalized volumes from 1. These 

values were fit to the exponential decay curve (Equation 12), and their rates plotted as 

a function of reporter group (Appendix Table 4). 
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5.5 Different DUBs Display Different Directional Cleavage Preferences 

 OTUB1 cleaved the distal domain of Ub3 approximately twice as fast as 

cleaving the proximal domain (distal 0.016 min-1 vs proximal 0.0073 min-1). This 

Figure 43- Relative cleavage rates by various DUBs, as measured by time-resolved 

NMR using volume integration. Importantly, there is agreement in the rates of 

disappearance of a conjugated signal and the appearance of its corresponding 

free/unbound signal, showing that both are appropriate reporter groups. Additionally, 

conjugated R74 disappearance and free R74 appearance rates are consistent with G76 

disappearance/appearance rates, proving that although R74 is not directly involved in 

the cleavage reaction, it still serves as an accurate reporter group, and proves the 

robustness of the method. CJ stands for conjugated in the X-axis labels. Error was 

calculated from χ2. 
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work and others show that OTUB1 is capable of releasing monoUb species during 

cleavage, and that there is a clear preference for cleaving from the distal end of a  

chain, in contrast to a previous report188. NMR studies and formation of a covalent 

adduct show that there are indeed two Ub binding sites on OTUB1233. 

IsoT cleaved both bonds at roughly the same rate (distal 0.0133 min-1 vs 

proximal 0.0127 min-1). Wilkinson’s fluorescence experiments suggested that IsoT 

cleaves the proximal unit from free chains, but that any modification to the C-

terminus of that proximal unit decreased processing191. The presence of D77 on the 

proximal unit of the mid-15N-Ub3 construct presents just such a modification. In this 

case, the presence of D77 (or any other modification) could simulate ubiquitin 

conjugated to a substrate, rather than a free-floating chain, and thus physiological 

cleavage is disrupted, giving rise to this apparent lack of cleavage preference. This is 

consistent both with the initial study of IsoT suggesting that the enzyme was 

incapable of removing ubiquitin from substrate190, and a following structural study 

showing that the diglycine motif at the C-terminus of the most proximal ubiquitin unit 

binds deep within the zinc-finger binding domain of IsoT234. The enzyme has three 

more ubiquitin binding sites in addition to the highly selective zinc-finger binding 

domain235, and longer chains would probably be expected to bind more tightly and be 

cleaved even more quickly. It is worth noting that IsoT, despite being present at the 

second lowest concentration in the reaction among all the DUBs tested, showed the 

highest average rate of cleavage, consistent with its published 2 µM KM
236 and very 

high kcat of 40 min-1 for polyUb chains191. 
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Ubp6 cleaved the proximal bond twice as fast as the distal (distal 0.0014 min-1 

vs proximal 0.0031 min-1). This contrasts with existing literature, which suggested 

that Ubp6 would preferentially cleave more distal units from a chain during a process 

of slowing down substrate transfer to the 19S RP. This could be due to the absence of 

19S RP in the reaction, which has been demonstrated to be required for full Ubp6 

activity203. Ubp6 showed the lowest cleavage rate despite being present at the highest 

concentration in the reaction relative to the other DUBs tested, also consistent with 

the documented low activity of recombinant Ubp6/Usp14 without Rpn1. In fact, at 

the timepoints analyzed, the proximal bond had been completely cleaved, while the 

distal bond had not yet been fully digested. 

Usp2 cleaved the distal bond approximately twice as fast as the proximal 

(distal 0.0080 min-1 vs proximal 0.0037 min-1). The construct utilized here consisted 

of only the catalytic USP domain, with any N-terminal regulatory elements having 

been removed. The shortest isoform of Usp2 consists of the catalytic domain with an 

N-terminal six amino acid extension, so it is a reasonable assumption that the 

catalytic Usp domain alone would make a good model for study. Addition of the 

regulatory elements could alter the apparent preference for cleaving the distal domain 

from chains. 

It is worth noting that PLpro concentrations were ten times lower than all 

other enzymes, as cleavage of the proximal bond proceeds too quickly to measure by 

NMR at higher concentrations. PLpro cleaved the proximal isopeptide three times 

faster than the distal (distal 0.0022 min-1 vs proximal 0.0063 min-1), as essentially no 

distal bond cleavage was detected until a majority of the proximal signal had decayed. 
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In this case, the appearance of the free K48 signal was excluded from the analysis, as 

normalizing the signal would give the false impression that cleavage of the distal 

bond was complete. An additional 16-hour incubation allowed for complete cleavage 

of the distal isopeptide bond. Cleavage of the proximal isopeptide bond at a much 

higher rate is consistent with PLpro’s recognition of two Ub/UBL domains as the 

primary high affinity substrate135, and provides further evidence towards its non-

canonical physiological role as a deubiquitinase. 

5.6 Conclusion 

 An NMR-based activity assay to quantify DUB activity was utilized to 

determine directionality of cleavage for a variety of DUB enzymes. Linkage-specific 

relative cleavage rates are readily determined from extracted peak volumes. The 

disappearance of isopeptide-linked signals and the appearance of free signals permits 

for simultaneous tracking of reactant consumption and product formation, allowing 

for robust two-sided analysis. Previous assays to probe DUB directionality have 

required the use of extrinsic labels such as fluorophores to differentiate the different 

Ub units that would otherwise be essentially equivalent. This work does not rely on 

modifications beyond isotope labeling, resulting in native isopeptide linkages that can 

be observed in real time. The results (except for Ubp6, which is removed from its 

vital physiological context) are consistent with previously published reports, further 

demonstrating the validity and robustness of this method. Distal preference, proximal 

preference, and no cleavage preference results are easily determined. This assay can 

be expanded to utilize substrate-bonded ubiquitin units, either in the native isopeptide 

linkage or utilizing a model nose-to-tail α-amino linkage, to better model removal of 
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Ub species from a substrate. It can also be utilized to further explore DUB preference 

for both linkage type and directionality. 

 The primary downsides of the experiment beyond NMR initial equipment 

costs are the lengthy amount of time required to extract NMR signal volumes 

manually. Accurate volume determination is a prerequisite for accurate analysis, and 

no methods currently available allow for automated volume extraction using 

integration of a fit curve. Automated box-sum volume extraction exists through a 

variety of programs but was inadequate for this analysis due to the required 

compensation for changing relaxation rates. The design of a robust automated volume 

extraction method would allow for higher throughput and would expand this method 

further. However, once volume extraction is completed, the remainder of the analysis 

is trivial and provides easily comparable results. 

5.7 Contributions 

 Benjamin Lanham assisted in trimer synthesis, and prepared all PLpro-related 

samples and performed all PLpro-related experiments. Steven Bonn performed trimer 

synthesis, OTUB1, IsoT, Ubp6, and Usp2 preparation, DUB cleavage assays by gel 

and NMR, and analyzed data. David Fushman assisted in experimental design and 

supervised the project. 
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Chapter 6:  Small Molecule Inhibitors of the Ubiquitin 

Proteasome System Studied by NMR 

Chapter 6 is adapted from two manuscripts: 

 Nakasone MA, et al. Structural Basis for the Inhibitory Effects of Ubistatins 

in the Ubiquitin-Proteasome Pathway. Structure 2017; 25(12): 1839-1855. 

Nawatha M et al. De novo macrocyclic peptides that specifically modulate 

Lys48-linked ubiquitin chains. Nat Chem 2019; 11: 644-652. 

6.1 Objective 

 Utilize NMR as a tool to study the interactions of ubiquitin with small 

molecule systems that inhibit ubiquitin-mediated proteasomal degradation. 

6.2 Ubiquitin as a Druggable Target 

 Ubiquitin is involved in a multitude of different cellular pathways. The most 

well-characterized is proteasome-mediated protein degradation. Proteasomal 

degradation of specific substrates is required for advancement through the cell cycle, 

and dysregulated control of this system is associated with a variety of cancers. In 

addition, the aberrant function of the ubiquitin tagging and removal systems is 

associated with cancers and metabolic disease. The common denominator among 

these systems is ubiquitin itself. Ubiquitin is highly conserved across all eukaryotes, 

with only three conservative mutations differentiating yeast Ub from human Ub. This 

high level of conservation across such vast evolutionary space suggests that ubiquitin 

is not tolerant of mutations, and that mutations which help escape a therapeutic 

treatment might be likely to destroy ubiquitin’s physiological role237. Thus, ubiquitin 

presents an interesting target for therapeutic development. 
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6.3 Ubistatin 

 Ubistatins (Figure 44) were identified in a 2004 chemical genetic screen to 

block mitotic exit by inhibiting cyclin B degradation by the proteasome in Xenopus 

extracts238. In addition to arresting the cell cycle, these small molecules prevented 

ubiquitin-dependent proteasomal degradation of a ubiquitinated substrate Sic1 but did 

not influence Ub-independent proteasomal degradation. Gel mobility shift assays 

determined that ubistatins bound specifically to K48-linked polyUb chains, and NMR 

CSPs verified that they bind at the interface between two K48-linked Ub units238. 

 A more recent study in 2017 determined the structure of a hemi-ubistatin upon 

interaction with ubiquitin239. Hemi-ubistatin is effectively half of the full ubistatin 

molecule, and effectively binds in 1:1 stoichiometry though with an extremely weak 

Figure 44- Structure of ubistatin molecules. Reprinted from Verma, R.; Peters, N. R.; 

D'Onofrio, M.; Tochtrop, G. P.; Sakamoto, K. M.; Varadan, R.; Zhang, M.; Coffino, 

P.; Fushman, D.; Deshaies, R. J.; et al. Ubistatins inhibit proteasome-dependent 

degradation by binding the ubiquitin chain. Science 2004, 306 (5693), 117-120237. 

Used with permission from AAAS. 
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interaction (KD=590 ± 290 µM) as determined by NMR CSPs239. Full ubistatin B 

binds much more tightly, with KD on the order of 10-15 µM, as measured by NMR 

CSPs and fluorescence anisotropy239. Fluorescence anisotropy also verified that 

ubistatin B binds to K48-Ub2 roughly ten times as tightly as other Ub2 linkages 

(KD=262 ± 23 nM for K48-linked, 2-10 µM for other linkages)239 Functional studies 

revealed that ubistatin B binding inhibited proteasomal degradation and DUB 

activity. 

 As stated above, many non-conservative mutations in ubiquitin are not 

tolerated in yeast, and are either fatal or dramatically reduce yeast fitness237. In order 

to fully determine the interactions responsible for the tight ubistatin B binding, 

mutations to R74 were made. R74 was involved in binding to ubistatin B, as shown 

by the relatively large CSPs and signal attenuations upon titration of ubistatin B into a 

K48-Ub2 solution. R74’s positive charge could interact with the sulfonate negative 

charges, stabilizing ubistatin B’s interaction with Ub2. Making the point mutation 

R74A would eliminate this charge, disrupt that interaction, and should weaken the 

overall interaction of ubistatin B with ubiquitin, if not completely abolish it. WT 

monoUb binds ubistatin B with KD = 14 ± 1.6 µM, while incorporation of the R74A 

mutation results in binding that is almost three times weaker, with KD = 40 ± 15 µM 

(Figure 45). 
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6.4 Cyclic Peptides 

 Cyclic peptides represent a growing area of drug development. This class of 

molecules typically presents a large surface area for interaction, while reducing 

conformational mobility and maintaining a relatively small size, leading to higher 

selectivity for a target240. These peptides are typically cell permeable yet non-

cytotoxic, since their degradation products are just amino acids241. They are relatively 

easy to synthesize, screen and customize, and incorporation of non-proteinogenic 

amino acids can allow for autocyclization upon synthesis and enhanced selectivity242. 

Numerous cyclic peptide drugs are available243, 244, and approximately one new drug 

per year is approved in the United States. 

Figure 45- Mutation of R74 to alanine in ubiquitin weakens, but does not eliminate, 

ubistatin B binding. A) Per-residue CSP plot at saturation with ubistatin B (5 molar 

excess ubistatin). The largest shifts are located along the hydrophobic patch of 

ubiquitin, while the tail residues are largely unaffected. B) Binding curves of 

representative ubiquitin residues involved in ubistatin binding. 
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 Recently, de novo macrocyclic peptides have been discovered that are capable 

of selectively binding to polyUb chains of varying length and linkage245-247. The 

Ub2ii peptide (Figure 46) was found to selectively and tightly bind K48-Ub2 by 

SPR245. In order to fully understand this interaction, Ub2ii was titrated into solutions 

of isotopically enriched K48-Ub2. Interestingly, the resulting spectra show  

textbook “slow exchange”, where the unbound signals disappear, and bound signals 

appear (Figure 47). This is consistent with the slow off-rates seen by SPR. In order to 

determine the extent of CSPs and accurately map the binding interface, a backbone 

signal assignment was completed of fully saturated K48-Ub2. The assignment of the 

fully saturated K48-Ub2 revealed that Ub2ii interacts across the hydrophobic patch of 

each ubiquitin unit, with large CSPs across those residues (Figure 48)248. The 

hydrophobic patch (L8-I44-V70) is the interface between the two ubiquitin domains, 

Figure 46-Structure of the Ub2ii peptide that selectively binds to K48-Ub2. The 

peptide is very hydrophobic and relatively insoluble in water but is extremely 

soluble in DMSO. 
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as well as the site of most ubiquitin-receptor interactions21, 249, as well as the same 

location as ubistatin binding239. This suggests that Ub2ii is able to intercalate between 

the two ubiquitin domains. The appearance of a single set of bound signals indicates 

that Ub2ii binds to a single site and in only one orientation. The particularly large 

CSPs are most likely due to an induced ring current effect in the many tryptophan 

moieties of Ub2ii250. Importantly, Ub2ii does not display the same interaction with 

either monoUb or K63-Ub2, showing only broad attenuations of free signals and no 

appearance of unbound signals, possibly indicative of induced nonspecific 

oligomerization. 

Figure 47- Overlay of 1H-15N SOFAST HMQC spectra of proximal 15N-K48-Ub2 free 

(blue) and saturated with 1 molar equivalent of the Ub2ii peptide (red). Selected 

residues are labeled, and shifts are highlighted. Insert at right highlights the slow 

exchange pattern of Q40 upon increasing titration of Ub2ii. The initial “free” signal 

decays as the new “bound” signal appears as the titration progresses. Figure adapted 

from Nawatha et al244. Used with permission. 



 

 

118 

 

6.5 Conclusions 

 Each of the studies above shows complementary in vitro and in vivo data 

showing the usefulness of targeting ubiquitin and ubiquitin chains themselves, rather 

than the associated enzymatic machinery of the ubiquitin proteasome system. The 

Figure 48-Chemical shift perturbations in K48-Ub2 upon Ub2ii peptide binding. A) 

CSP plot showing per-residue shifts at saturation. The distal domain is shown at left, 

the proximal domain at right. G47 in the proximal domain has a shift of 2.5 ppm. Red 

asterisks denote that a residue could not be unambiguously assigned either due to 

attenuations or spectral crowding. B) Affected residues (red) mapped onto the 

structure of K48-Ub2 (PDB 1AAR). The distal domain is shown at left, and the 

proximal domain at right. Residues generally map to the hydrophobic patch and 

interface between the domains, where the vast majority of ubiquitin interactions 

occur. Interestingly, the region immediately around the isopeptide bond is strongly 

affected by Ub2ii binding, suggesting that the peptide can preferentially interact with 

the isopeptide bond. This could form some of the basis for its selectivity for K48-

linked chains. Mapped residues show CSPs above the mean of all assigned CSPs for 

the given domain (distal mean CSP = 0.09 ppm, proximal mean CSP = 0.25 ppm). 
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development of small molecules and peptides that can target the ubiquitin proteasome 

system continues, with further generations of molecules being discovered and 

synthesized246, 247. The high conservation of ubiquitin across eukaryotes and its 

overall resistance to mutations suggests that interactions with a drug molecule are 

unlikely to be rescued through random mutations without causing severe harm to the 

cell237, 251. Increasing linkage specificity can present these small molecules as tools 

for the biochemist to identify more substrates of polyUb chains in addition to their 

potential application as therapeutics. 

Ubistatins and these cyclic peptides present a scaffold upon which further 

development can proceed, as well as a proof of concept that targeting ubiquitin is 

indeed a viable therapeutic option. From a drug development point of view, ubistatins 

show a fairly low affinity for K48-Ub2, though the molecule can easily be modified to 

increase the specificity and affinity of the interaction, as well as potentially make it 

more selective for longer chains. Further development and modification of the cyclic 

peptides can increase their appeal in the biotechnology space. Indeed, these peptides 

are already generating some buzz, with nearly $500 million invested in a company 

dedicated to commercializing these products in the context of drug-resistant multiple 

myeloma252. 

6.6 Contributions 

 Steven Bonn performed UbR74E and UbR74A expression and purification, 

and performed the NMR titrations with ubistatin B and UbR74A and analyzed the 

data as a rotation project. Christina Camara assisted with all the steps of this process. 

David Fushman oversaw the entire ubistatin project. 
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 Steven Bonn synthesized isotope enriched monoUb, K48-Ub2, and K63-Ub2, 

performed titrations with Ub2ii, and analyzed the data. David Fushman oversaw the 

NMR-based aspects of the project. 
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Chapter 7: Conclusions and Future Perspectives 

 This work breaks ground exploring the putative UBact proteasomal system. 

UBact was determined to be a disordered protein, and a backbone resonance 

assignment was completed. A full suite of NMR experiments as well as circular 

dichroism did not reveal any evidence of secondary structure, an interesting 

occurrence for any intrinsically disordered protein. This extreme disorder could assist 

in its putative physiological role as a degradation tag, where a highly flexible tag 

could increase the likelihood of interaction with the proteasomal receptor. 

 UBact does indeed interact with the putative proteasomal receptor, PGP6, at 

least the fragment that was utilized in this work. Based on modeling, PGP6 appears to 

be homologous to the Rpt proteins from the eukaryotic ubiquitin proteasome system, 

PAN from the limited examples of Archaeal proteasomes, and Mpa from the 

Actinobacterial Pup proteasome system. In fact, this work shows that PGP6 does in 

fact exist as a hexamer in solution. The observed interaction with UBact further 

supports this prediction. The N-terminal half of UBact interacts specifically with 

PGP6, though it is a fairly low affinity interaction. The UBact-PGP6 interaction is 

about 10-times weaker than the interaction of Pup with Mpa, though this could be due 

to using a truncation of the PGP6 protein rather than the full sequence. Future studies 

with full-length protein could shed more light on this interaction. Explorations of the 

putative UBact proteasome itself could further elucidate how PGP6 acts as the 

receptor for UBact, and how it might or might not facilitate interaction with the 

proteasome. 
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 Despite showing early promise with purifications and characterizations of 

UBact and PGP6, ultimately this exploration of the UBact proteasome system came to 

an end with the inability to purify active ligase and deamidase enzymes. While it is 

possible that the genes utilized do not encode functional enzymes, the sequence 

alignment between these UBact operon genes and the M. tuberculosis Pup operon 

genes, with active site residues intact, strongly suggests that these genes to in fact 

encode enzymes responsible for conjugation and removal of UBact from substrates. 

Expression strategies utilizing systems other than E. coli could provide an alternative 

towards generating soluble, folded, and active enzymes for further study. 

Besides characterizations of the enzymes themselves, functional ligase and 

deamidase enzymes would have been ideal for identifying possible physiological 

substrates of the UBact proteasome system, either by proxy in E. coli (as has been 

done with the Pup proteasome system) or directly in Nitrospira cells. Identifying 

substrates of the system, if it indeed does encode a fully functional proteasomal 

operon, would be a first step toward understanding the evolutionary diversity of this 

new proteasome system. Nitrospira bacteria are not well studied beyond their role in 

nitrogen cycle, yet sequencing efforts are beginning to discover Nitrospira bacteria in 

habitats around the world. Their role as complete ammonia oxidizers has immediate 

implications in the treatment of wastewater and other biotechnological applications 

for those willing to pursue the isolation, growth, and potential modification of these 

bacteria. Understanding the UBact proteasome system could assist in providing some 

measure of control over these organisms and could help in understanding the role 

they play in the environment. 
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 NMR has been used to study kinetics, both in the context of organic reactions 

and enzyme-mediated reactions. This work further demonstrates the usefulness of 

NMR for measuring reactions kinetics, this time quantifying deubiquitinase activities. 

The experimental setup demonstrated herein can be widely applied to any DUB 

targeting any polyUb linkage, so long as individual ubiquitin units can be specifically 

isotope labeled. The primary strength of this method is that the native isopeptide 

linkages are directly observed, with no chemical modifications beyond isotope 

labeling. Almost all DUB activity assays to date have relied on extrinsic 

modifications to track cleavage outcomes, or utilized non-native linkages to control 

chain synthesis or limit which bonds are cleavable. This straightforward isotope-

labeled chain synthesis and reaction setup could be made more widely applicable with 

more efficient signal volume integration. This work generally agrees with published 

literature, lending support to the robustness of the method. At the same time, there 

was some discrepancy in the cleavage tendencies of OTUB1 that has been 

definitively cleared up. OTUB1 is able to cleave individual ubiquitin units from 

chains, even though it does utilize a diubiquitin unit for efficient binding. This assay 

can become a widely utilized tool for studying DUBs, especially given many DUB’s 

lack of linkage-specificity and the many physiological implications of dysregulation 

of deubiquitination. 

 A more traditional role for NMR is its use in describing interactions of 

molecules at atomic resolution. The interactions of two small molecules with 

ubiquitin were explored here. Ubistatins showed promise as highly specific 

modulators of proteasomal degradation by directly interfering with ubiquitin 
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recognition at the proteasome, though apparently no further development has come 

about. Moreover, the Ub2ii peptide demonstrated a similar ability to dramatically 

slow down the proteasome by binding directly to ubiquitin. While it might be 

tempting to target ubiquitin itself in evolving therapies, ubiquitin’s wide-reaching 

physiological impact could reduce its applicability as a druggable target. Ubiquitin’s 

ubiquitous appearance across so many varied metabolic pathways raises questions 

about the off-target effects of directly targeting ubiquitin as a treatment modality. 

 Perhaps more interesting than directly attempting to develop a drug treatment, 

these molecules represent scaffolds upon which new biotechnological tools could be 

built. The search for ubiquitin substrates carries on in labs around the world, and 

these small molecules could be further developed to have a higher selectivity for 

specific polyubiquitin linkage types or specific numbers of polyUb units in a chain, 

enabling pulldown assays and further identification of ubiquitin substrates. Their 

small size and cell permeability mean that they could be utilized in vivo to identify 

native substrates. 

 In the end, proteasomes are clearly a vital area of study across all domains of 

life. Understanding how they function and how species have evolved to utilize them 

to enhance their fitness is important toward understanding our own evolutionary 

history and pathologies associated with the proteasomal systems. It is entirely 

possible that the proteasome, once thought to be unique to eukaryotes, turns out to be 

relatively common across nature as bioinformatic and microbiological technologies 

advance. 
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Chapter 8: Materials and Methods  

8.1 General Considerations 

 All reagents were purchased from Fisher, Millipore Sigma, and New England 

Biolabs unless otherwise specified. Isotope enriched reagents were purchased from 

Millipore Sigma or Cambridge Isotope Laboratories. 

 15N and 13C isotope enrichment was achieved by growing expression cells in 

M9 minimal media supplemented with 1 g/L 15NH4Cl and 2 g/L 13C-glucose as the 

sole source of nitrogen and carbon, respectively, in the final large culture. Proteins 

were expressed and purified as described in their relevant sections.  

8.2 Chapter 2 Methods 

8.2a UBact Expression and Purification 

 Expression and purification of N. nitrosa UBact from E. coli BL21 (DE3) 

cells is described in detail in Chapter 2. Briefly, GST-UBact is optimally expressed at 

18°C with 1 mM IPTG induction. Cells are harvested and lysed, and lysate is clarified 

by ultracentrifugation. GST-UBact is purified by glutathione affinity 

chromatography, and UBact is cleaved from the GST construct by enterokinase and 

purified by cation exchange chromatography at pH 8.0. 

8.2b NMR Experiments 

 NMR samples of 500 µM UBact were prepared in 20 mM sodium phosphate 

pH 6.8, 0.02% (w/v) sodium azide, 5% D2O. Spectra were acquired using a Bruker 

Avance III Ultrashield 600 MHz spectrometer equipped with a TCI cryoprobe and a 
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Bruker Avance III HD Ascend 800 MHz spectrometer equipped with a CPQCI 

cryoprobe using Bruker standard pulse seqeunces253-263 at 23°C. Data was processed 

using Bruker TopSpin 4.0.8 and analyzed with CCPNMR Analysis 2.4.2264 and 

NMRFAM-SPARKY232. 1H-15N SOFAST HMQC and HNCO, HN(CA)CO, HNCA, 

HN(CO)CA, HNCACB, and 15N-separated TOCSY experiments were utilized for 

backbone signal assignments. A 13C-direct detected CON experiment was used for the 

purposes of proline residue assignment. Steady-state 1H-15N heteronuclear 

Overhauser enhancement values265 were obtained as ratios of signal intensities in 

experiments with and without proton saturation, recorded in a pseudo-3D interleaved 

fashion using a water flip-back measurement scheme266 with inter-scan delay of 4.5 s. 

Errors were calculated by integrating spectral noise. 15N R1 relaxation experiment was 

acquired in a pseudo-3D interleaved manner with relaxation delays of 880 and 4 ms. 

15N R2 relaxation experiment was acquired in a pseudo-3D interleaved manner with 

relaxation delays of 200, 120, and 8 ms. Errors were calculated by quantifying 

duplicate peaks and Monte Carlo simulation for 500 points. The CEST experiment 

was acquired in a pseudo-3D manner, with a CEST mixing time of 400 ms and 40 

saturated frequencies at 0.5 ppm intervals in the 15N dimension. CPMG relaxation 

dispersion experiment was acquired in a pseudo-3D interleaved fashion with CPMG 

frequencies of 40, 100, 203, 307, 413, 630, and 1086 Hz. This data was analyzed with 

NESSY267. 

8.2c Circular Dichroism 

 CD experiments were performed on a JASCO J810 spectro-polarimeter with a 

25 µM UBact sample in a 1 mm pathlength quartz cuvette in 20 mM sodium 
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phosphate pH 6.8 at 20°C. Data was smoothed with a 9 point Savitzky-Golay filter 

and analyzed using the Capito webserver268. 

8.2d Chemical Shift Indexing 

 Random coil chemical shifts were acquired by entering the amino acid 

sequence of UBact into the webserver at 

https://spin.niddk.nih.gov/bax/nmrserver/Poulsen_rc_CS/. These values, corrected for 

temperature, pH, and nearest neighbors, were used to determine secondary chemical 

shifts for resonances that could be unambiguously assigned. 

Assigned resonances were used as the input for TALOS+143. 

8.3 Chapter 3 Methods 

8.3a Proteasomal Gate Protein Expression and Purification 

 The detailed expression and purification of PGP6 is described in the chapter. 

Briefly, His-PGP6 is expressed in E. coli BL21 (DE3) at 18°C with 500 µM IPTG 

induction. Cells are harvested and lysed by sonication, then lysate is clarified by 

ultracentrifugation. His-PGP6 is purified by nickel affinity chromatography. 

8.3b Circular Dichroism 

 CD experiments were performed as above with a 2.5 µM sample of PGP6 in a 

1 mm pathlength quartz cuvette in 20 mM sodium phosphate pH 6.8, 130 mM NaF at 

20°C. Data were smoothed with a 9 point Savitzky-Golay filter and analyzed using 

the Dichroweb webserver150-152, 269. 

https://spin.niddk.nih.gov/bax/nmrserver/Poulsen_rc_CS/
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8.3c NMR Experiments and Relaxation Titration 

 Spectra were acquired using a Bruker Avance III Ultrashield 600 MHz 

spectrometer equipped with a TCI cryoprobe and a Bruker Avance III HD Ascend 

800 MHz spectrometer equipped with a CPQCI cryoprobe using Bruker standard 

pulse sequences at 23°C. 83 µM 15N-PGP6 was prepared in a 5 mm NMR tube in 20 

mM sodium phosphate pH 6.8, 130 mM NaCl for the 1H-15N TROSY experiment. 

 For the relaxation titration, several samples of 300 µM 15N UBact M17W 

were prepared with concentrations of PGP6 of 0, 12, 25, 38, 50, 100, 150, and 300 

µM PGP6. 
15N T2 relaxation experiments were acquired in a pseudo-3D interleaved 

manner with two delays per titration point. Delays were determined by comparing 

intensities of representative 1D planes of the experiment to achieve enough difference 

in intensity for accurate rate determination while still maintaining enough signal for 

accurate signal determination. Delays used are listed below: 

[PGP6] 0 µM 12 µM 25 µM 38 µM 50 µM 100 µM 150 µM 300 µM 

Delays 

(ms) 

200, 8 160, 8 152, 8 152, 8 160, 8 144, 8 96, 8 64, 8 

The intensities of the resulting spectra were picked and were used to 

determine the relaxation times. 15N T2 relaxation times were determined with: 

𝑇2 =  
∆𝑡𝑑𝑒𝑙𝑎𝑦

ln (
𝐼𝑠ℎ𝑜𝑟𝑡

𝐼𝑙𝑜𝑛𝑔
)

 (13)
 

where T2 is the relaxation time, Ishort is the intensity of the signal from the short delay 

experiment, Ilong is the intensity from the long delay experiment, and Δtdelay is the 

difference in delay times. These T2’s were used to complete equation 11 in Chapter 3 

for input (T2f/T2obs-1) into the in-house Matlab program kd_fit157. This program fits 

the response (in this case the changing relaxation times) to the quadratic equation: 
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𝑃𝐵 =
([𝑃𝑡] + [𝐿𝑡] + 𝐾𝐷 − √([𝑃𝑡] + [𝐿𝑡] + 𝐾𝐷)2 − 4[𝑃𝑡][𝐿𝑡])

(4[𝑃𝑡])
 (14) 

Here, [Pt] is the total concentration of UBact, and [Lt] is the total concentration of 

PGP6. The error in KD was determined by fitting individual residues to the binding 

curve and taking the standard deviation of the individual fits. 

8.3d Surface Plasmon Resonance 

 Handling of the Biacore T200 instrument (GE Healthcare) was done by 

Guanghui Zong and Connor Donahue. A CM5 chip was activated by washing with 

0.2 M 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide, 0.05 M N-

hydroxysuccinimide. UBact M17W in 20 mM sodium phosphate pH 6.8, 130 mM 

NaCl was washed over the activated chip at 20-50 µg/mL concentrations, but no 

response was ever detected to suggest any protein was immobilized. 

8.3e Fluorescence Quenching 

 Fluorescence experiments were performed on a Horiba Fluoromax 4 

fluorimeter, with excitation at 295 nm and bandwidth of 5 nm. Samples of UBact 

were prepared in a Starna Type 3-3 quartz cuvette. Samples contained 50 µM UBact 

M17W, and concentrations ranging from 0-50 µM PGP6. Emission was measured 

from 310-420 nm with a bandwidth of 5 nm. Spectra from samples containing only 

PGP6 were subtracted from titration sample spectra, and the inner filter effect was 

corrected by measuring absorbance of the titration samples across all wavelengths 

observed. 
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8.3f Isothermal Titration Calorimetry 

 ITC experiments were performed on a MicroCal VP-ITC (Malvern 

Panalytical) and MicroCal ITC200 (Malvern Panalytical). Proteins were extensively 

buffer exchanged into 20 mM sodium phosphate pH 6.8, 130 mM NaCl and 

subsequently dialyzed against the same for at least four hours. Concentrations ranging 

from 250-500 µM PGP6 were used in the cell, and 3-5.5 mM UBact M17W was used 

in the syringe. Experiments were conducted at 20°C. Stirring speed was 750 rpm. 2.1 

µL injections of UBact M17W were added to the sample solution of PGP6 over 4 

seconds, with 180 second spacing between injections. A one-site binding model was 

used with ΔH (enthalpy change in kcal/mol), KA (association constant), and n 

(stoichiometry per PGP6) as variable parameters. Since tests never reached saturation 

at the conditions tested, no reasonable estimates could be made for these parameters. 

8.3g Analytical Ultracentrifugation 

 AUC experiments were performed on a Beckman Coulter XL-1 with a 4 hole 

An-60 Ti rotor at 20°C using absorbance detection with a 1.2 cm pathlength. The 

sedimentation velocity experiment was performed at 42,000 rpm with 100 μM PGP in 

20 mM sodium phosphate pH 6.8, 130 mM NaCl in a two-hole cell. Scans were taken 

every 70 seconds. The data was analyzed using SEDFIT270, 271 and visualized using 

Gussi272 and Origin 8. The sedimentation equilibrium experiment to confirm the 

molecular weight was run by spinning at a given rpm for 8 hours, acquiring a scan, 

then spinning for one more hour and acquiring a second scan to test for equilibrium. 

The speeds utilized were 13,000, 15,000, and 18,000 rpm. 25 μM, 35 μM, and 50 μM 

PGP were used in 20 mM sodium phosphate pH 6.8, 130 mM NaCl. This experiment 
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utilized the six-hole cell with a pathlength of 1.2 cm. Data was analyzed using 

SEDFIT270, 271 and SEDPHAT273, and visualized using Gussi272. 

 The sedimentation equilibrium experiment to determine the binding of UBact 

and PGP6 was performed in six-hole cells with 5 μM UBact-F and PGP6 

concentrations of 0, 5, 10, 15, 25, and 50 μM. Speeds tested were 10,000, 13,000, 

15,000, 18,000, 21,000, 24,000, and 27,000 rpm. Samples were spun for 8 hours at 

each speed, then an additional hour to ensure equilibrium had been reached. Each 

scan was selected based on the curvature of the signal. In general, the higher speed 

scans showed most of the sample piled up at the outer wall of the cell, rendering the 

data useless. No data from the 50 μM PGP6 was usable for this reason. Data was 

analyzed with SEDFIT270, 271 and SEDPHAT273. As with the NMR data, the data was 

best fit when using a binding model of 3 UBact per 1 PGP6. Error was determined by 

Monte Carlo simulation over 1000 points. Data was visualized with Gussi272. 

8.4 Chapter 4 Methods 

 Methods are described in the chapter. 

8.5 Chapter 5 Methods 

8.5a Polyubiquitin chain synthesis 

 Ubiquitin monomers UbD77, UbK48R, and 15N-UbD77 were expressed in 

BL21 (DE3) pJY2 cells from the pET3a plasmid in autoinducing ZYM media274 (for 

non-isotope enriched Ub units) or M9 minimal media as described above (for 15N-

enriched UbD77). Cells were harvested by centrifugation at 4680 x g for 20 minutes, 

then cells were resuspended in 50 mM tris pH 7.6 supplemented with 0.4 mg/mL 
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lysozyme, 5 mM MgCl2, DNase, 1% Triton X-100, and 1 mM PMSF. Cells were 

lysed by sonication, then the lysate was ultracentrifuged at 48,900 x g for 30 minutes 

to pellet cell debris. Clarified lysate supernatant was subjected to acid precipitation 

with 0.7% perchloric acid, then the solution was ultracentrifuged at 48,900 x g for 30 

minutes to pellet precipitate. The supernatant containing ubiquitin was dialyzed 

overnight against 50 mM ammonium acetate pH 4.5 at 4°C. Ubiquitin monomers 

were purified by cation exchange chromatography at pH 4.5. Individual monomers 

typically elute around 80-100 mM NaCl and are highly pure upon cation purification. 

Ubiquitin units are buffer exchanged into a neutral storage buffer for long term 

storage, or a reaction buffer for chain synthesis. 

Mid-15N-Ub3 was enzymatically synthesized as previously described217, 275 in 

the chapter. Human E1 was expressed in BL21 (DE3) Rosetta cells and purified by 

nickel affinity chromatography. GST-E2-25K was expressed in BL21 (DE3) Rosetta 

cells and purified by glutathione affinity chromatography. Yeast Yuh1 was expressed 

in BL21 (DE3) Rosetta 2 pLysS cells and purified by ammonium sulfate purification 

and anion exchange chromatography. Ubiquitin monomers UbK48R and 15N-UbD77 

(up to 40 mg each) were reacted to form a K48-linked Ub2 in 50 mM tris pH 8.0, 5 

mM MgCl2, 10 mM creatine phosphate, 0.6 U/mL inorganic phosphatase, 0.6 U/mL 

creatine phosphokinase, with 200 nM E1 and 20 µM GST-E2-25k at 37°C overnight. 

The reaction was quenched with the addition of 10 mM dithiothreitol (DTT), and a 

catalytic amount of Yuh1 was added to the mixture to remove D77 from the dimer. 

Following incubation for several hours at 37°C, several drops of glacial acetic acid 

were added to the reaction mixture to precipitate the enzymes and lower the pH of the 
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solution. The reaction mixture was then subjected to cation exchange chromatography 

at pH 4.5 as above. K48-Ub2 eluted around 150 mM NaCl. Diubiquitin was buffer 

exchanged back into 50 mM tris pH 8.0. Purity was assessed by SDS-PAGE and mass 

spec analysis. The K48-Ub2 was subjected to a second round of enzymatic chain 

synthesis, with unlabeled UbD77 forming the proximal unit following conjugation. 

Following quenching of the reaction with DTT, mid-15N-Ub3 was purified by cation 

exchange as above and was buffer exchanged into DUB reaction buffer (50 mM tris 

pH 7.4, 100 mM NaCl, 1 mM TCEP). 

8.5b Deubiquitinase Expression Purification, and Testing 

 IsoT was expressed in BL21 (DE3) cells from the pGEX-6p-1 plasmid, 

encoding an N-terminal GST fusion tag. OTUB1 was expressed in BL21 (DE3) 

Rosetta cells from the pRoEx plasmid encoding an N-terminal His6 tag. PLpro was 

expressed from BL21 (DE3) Gold cells from a pMCSG53 plasmid, encoding an N-

terminal His6 tag. Ubp6 was expressed in M15 cells from a pQE30 plasmid encoding 

an N-terminal His6 tag. The Usp2 catalytic domain (residues 267-599) was expressed 

in BL21 (DE3) from a pET vector encoding an N-terminal His6 tag. All cells were 

grown in 1 L LB cultures at 37°C to OD600 = 0.8, where they were induced with 1 

mM IPTG at 16° (IsoT, OTUB1, Ubp6, and Usp2) or 200 µM IPTG with 20 mM 

K2HPO4 at 14°C (PLpro). Cells were harvested by centrifugation at 4680 x g for 20 

minutes, resuspended in cold PBS pH 7.4 supplemented with 0.4 mg/mL lysozyme, 

DNase, 10 mM MgCl2, and 3 mM PMSF, then cells were lysed by sonication on ice. 

Lysates were clarified by ultracentrifugation at 48,900 x g for 30 minutes to pellet 

cell debris. Clarified lysate supernatant was filtered through a 0.22 µm membrane. 
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 GST-IsoT was purified by immobilized glutathione affinity in a gravity 

column at 4°C. Following application of the lysate to the column, unbound material 

was washed out with 20 column volumes of PBS. Bound protein was eluted with 50 

mM tris pH 8.0, 10 mM glutathione. GST-IsoT was concentrated, and buffer 

exchanged in DUB reaction buffer and stored at -80°C. 

 His6-OTUB1, His6-Ubp6, and His6-Usp2 were all purified by nickel affinity 

chromatography at 4°C. After application of the lysate to the column, unbound 

material was washed out with PBS + 20 mM imidazole until absorbance dropped 

nearly to 0. Bound enzymes were then eluted with a gradient from 25-500 mM 

imidazole. All proteins eluted around 100 mM imidazole, as expected for proteins 

with solvent exposed His6 tags. Purified proteins were concentrated, and buffer 

exchanged into DUB reaction buffer and stored at -80°C. 

His6-PLpro was purified by nickel affinity as above. Rather than PBS, PLpro 

required 50 mM HEPES pH 8.0, 500 mM NaCl, 5% v/v glycerol, 1 mM TCEP, 1 µM 

ZnCl2. 

 Prior to NMR studies with the triubiquitin construct, the concentration of 

enzyme in the reaction had to be optimized. There had to be enough enzyme for 

cleavage to proceed, but a low enough amount that all polyUb chains would not be 

consumed rapidly, in order to be accurately quantified by NMR. Test reactions with 

varying concentrations of enzymes were set up with 100 µM K48-Ub2 in 85 µL and 

incubated at room temperature. Reaction time points were quenched with SDS gel 

loading buffer and visualized by SDS-PAGE.  
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8.5b NMR Experiments and Data Analysis 

 1H-15N SOFAST HMQC experiments were utilized for their short recycling 

delay. A reduced spectral width (19 ppm in 15N centered on 117.5 ppm, 13 ppm in 1H 

centered on 4.7 ppm) was used to enhance resolution, and no folded-in signals 

overlapped with the spectral region of interest. Samples of 100 µM mid-15N-Ub3 were 

prepared in DUB reaction buffer to a final volume of 150 µL with 10% D2O in a 5/3 

mm tube. An initial spectrum was obtained without DUB enzymes added, and then 

catalytic amounts of DUB (138 nM IsoT, 192 nM OTUB1, 18 nM PLpro, 667 nM 

Ubp6, 333 nM Usp2) were added and time course experiments were run. Spectra 

were processed as Gaussian functions in TopSpin with Gaussian broadening of 0.2 

and Lorentzian broadening of -25 Hz. 

 Peaks were picked using an in-house Matlab program Autopick that also 

extracts intensities. Peak volumes were integrated using NMRFAM-SPARKY232, 

iteratively selecting regions of each peak to serve as the basis for integration until the 

correct volume could be reproducibly extracted. Peak volumes were normalized and 

manipulated as described in the chapter and were fit to an exponential decay 

(Equation 12) to quantify the relative rate of cleavage. Errors were determined 

directly from the χ2 measurements. Figures were prepared in Origin 8. 

8.6 Chapter 6 Methods 

 Ubiquitin monomer purification was performed as described above. Ubistatin 

B was dissolved in 20 mM sodium phosphate pH 7.4. Cyclic peptide Ub2ii was 

dissolved to a concentration of 20 mM in D6-DMSO. 
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 The ubistatin titration was carried out using a 50 µM 15N-UbR74A sample in a 

Shigemi tube (volume 250 µL) in 20 mM sodium phosphate pH 6.8, 7% D2O. 

Ubistatin B was added to this solution to give concentrations of 10, 20, 30, 40, 50, 70, 

86, 185, and 227 µM ubistatin. 1H-15N SOFAST HMQC experiments were run at 

each titration point at 23°C. Peaks were picked using the in-house Matlab program 

Autopick, and CSPs at each point were determined by: 

𝐶𝑆𝑃 =  √(∆𝛿𝐻)2 + (
∆𝛿𝑁

5
)2  (15) 

where ΔδH and ΔδN are the chemical shift differences for the proton and nitrogen 

resonances, respectively. The dissociation constant was determined as described 

above, assuming a 1:1 stoichiometry. 

 The Ub2ii titration was carried out using a 100 µM sample of either K48-Ub2 

with the proximal or distal Ub unit 15N-labeled in 20 mM sodium phosphate pH 6.8, 

7.5% D2O in a Shigemi tube. Ub2ii was added to 20, 50, 74, and 100 µM 

concentrations for the experiments with proximally labeled K48-Ub2, with two 

additional points at 114 and 129 µM for the distally labeled K48-Ub2. 
1H-15N 

SOFAST HMQC experiments were run at each point, at 23°C for the proximally 

labeled K48-Ub2, and 37°C for the distally labeled K48-Ub2. 

 The backbone resonance assignment was completed using Bruker standard 

and in-house pulse sequences as described above. 200 µM K48-Ub2 with the proximal 

Ub unit 13C/15N-labeled with 200 µM Ub2ii, and 330 µM K48-Ub2 with the distal Ub 

unit 13C/15N-labeled with 429 µM Ub2ii samples were prepared in 20 mM sodium 

phosphate pH 6.8, 7.5% D2O in a Shigemi tube. As above, the proximally labeled 
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K48-Ub2 were carried out at 23°C, while the distally labeled K48-Ub2 experiments 

were carried out at 37°C. 

 All NMR data was processed in Bruker TopSpin and analyzed with 

NMRFAM-SPARKY and CCPNMR. CSPs were calculated using Eq. 15. 
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Appendices 

Resid

ue 

R1 600 

MHz 

R1 

600 

Err 

R1 800 

MHz 

R1 

800 

Err 

R2 

600 

MHz 

R2 

600 

Err 

R2 

800 

mHz 

R2 

600 

Err 

hetN

OE 

600 

MHz 

hetN

OE 

Err 

3 1.06 
9.09

E-03 
1.07 

8.06

E-02 
1.48 

5.24

E-03 
1.27 

2.58

E-02 

-

1.220 
0.011 

4 1.07 
2.70

E-02 
1.22 

2.01

E-01 
1.86 

1.51

E-02 
2.08 

4.49

E-02 

-

0.806 
0.019 

5 1.25 
5.37

E-03 
1.42 

6.95

E-02 
1.94 

3.07

E-03 
1.96 

1.43

E-02 

-

0.614 
0.007 

6 1.36 
3.82

E-03 
1.38 

5.59

E-02 
1.96 

1.79

E-03 
1.83 

2.33

E-02 

-

0.376 
0.008 

8 1.5 
2.40

E-03 
1.52 

4.06

E-02 
2.19 

1.39

E-03 
2.6 

8.26

E-03 

-

0.220 
0.008 

9 1.53 
5.42

E-03 
1.54 

6.68

E-02 
2.53 

3.32

E-03 
2.57 

1.54

E-02 

-

0.125 
0.007 

10 1.51 
1.30

E-02 
1.68 

9.70

E-02 
2.7 

6.54

E-03 
2.63 

2.02

E-02 

-

0.141 
0.008 

11 1.54 
7.69

E-03 
1.62 

7.27

E-02 
2.55 

3.25

E-03 
2.95 

1.45

E-02 

-

0.074 
0.011 

12 1.53 
9.46

E-03 
1.51 

3.94

E-02 
2.77 

2.06

E-03 
2.68 

9.58

E-03 

-

0.107 
0.004 

14 1.44 
8.65

E-03 
1.69 

1.23

E-01 
2.59 

4.96

E-03 
3.17 

2.21

E-02 

-

0.132 
0.013 

15 1.46 
3.26

E-03 
1.65 

3.95

E-02 
2.48 

1.80

E-03 
2.79 

7.51

E-03 

-

0.039 
0.009 

17 1.44 
4.13

E-03 
1.57 

6.01

E-02 
2.41 

2.47

E-03 
3.23 

1.24

E-02 

-

0.205 
0.010 

19 1.47 
1.87

E-03 
1.5 

9.34

E-02 
2.45 

3.57

E-03 
3.36 

1.97

E-02 

-

0.191 
0.005 

20 1.37 
1.16

E-02 
1.49 

7.97

E-02 
2.74 

6.59

E-03 
3.52 

2.06

E-02 

-

0.146 
0.014 

22 1.35 
6.06

E-03 
1.36 

4.61

E-02 
2.47 

3.14

E-03 
3.14 

1.06

E-02 

-

0.219 
0.007 

24 1.51 
2.44

E-03 
1.43 

2.35

E-02 
2.47 

2.61

E-03 
3.08 

1.02

E-02 

-

0.173 
0.005 

25 1.51 
2.80

E-03 
1.55 

2.43

E-02 
2.27 

2.52

E-03 
2.7 

6.24

E-03 

-

0.167 
0.003 

26 1.43 
2.65

E-03 
1.43 

3.07

E-02 
2.2 

1.54

E-03 
2.63 

1.30

E-02 

-

0.225 
0.007 

27 1.34 
6.84

E-03 
1.38 

5.47

E-02 
2.04 

4.07

E-03 
2.63 

2.61

E-02 

-

0.351 
0.008 

28 1.29 
6.46

E-03 
1.43 

8.65

E-02 
2 

3.65

E-03 
2.66 

1.18

E-02 

-

0.306 
0.015 

29 1.23 
5.18

E-03 
1.27 

2.86

E-02 
1.75 

3.48

E-03 
1.92 

6.61

E-03 

-

0.391 
0.010 

31 1.44 
3.78

E-03 
1.45 

4.59

E-02 
2.41 

2.52

E-03 
2.89 

9.81

E-03 

-

0.205 
0.010 

32 1.52 
7.79

E-03 
1.5 

4.32

E-02 
2.59 

3.56

E-03 
2.73 

1.15

E-02 

-

0.107 
0.006 

34 1.51 
3.69

E-03 
1.47 

3.52

E-02 
2.56 

3.34

E-03 
3.17 

8.44

E-03 

-

0.112 
0.007 
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35 1.45 
1.06

E-02 
1.5 

5.22

E-02 
2.66 

6.49

E-03 
3.29 

1.38

E-02 

-

0.142 
0.016 

36 1.38 
2.03

E-02 
1.31 

8.76

E-02 
2.35 

1.22

E-02 
2.99 

1.94

E-02 

-

0.151 
0.016 

37 1.38 
2.30

E-02 
1.31 

8.41

E-02 
2.72 

1.39

E-02 
3.05 

2.16

E-02 

-

0.080 
0.021 

39 1.62 
6.01

E-03 
1.54 

4.58

E-02 
3.1 

3.30

E-03 
3.01 

1.19

E-02 
0.033 0.005 

40 1.69 
9.77

E-03 
1.69 

8.46

E-02 
3.36 

4.87

E-03 
3.21 

1.78

E-02 
0.155 0.007 

41 1.79 
6.10

E-03 
1.69 

7.43

E-02 
3.66 

2.65

E-03 
3.54 

1.04

E-02 
0.210 0.007 

42 1.76 
7.63

E-03 
1.6 

4.74

E-02 
4.06 

4.21

E-03 
4.09 

9.44

E-03 
0.258 0.011 

43 1.86 
8.41

E-03 
1.89 

5.53

E-02 
4.15 

4.44

E-03 
3.66 

9.92

E-03 
0.283 0.007 

44 1.89 
3.58

E-03 
1.68 

3.29

E-02 
3.89 

6.05

E-03 
3.94 

8.22

E-03 
0.278 0.003 

46 1.87 
5.86

E-03 
1.72 

5.01

E-02 
4.29 

3.43

E-03 
3.97 

1.09

E-02 
0.278 0.005 

47 1.81 
4.94

E-03 
1.64 

3.07

E-02 
3.7 

2.40

E-03 
3.82 

1.04

E-02 
0.235 0.004 

48 1.8 
1.59

E-02 
1.77 

8.89

E-02 
4.26 

1.04

E-02 
4.27 

2.04

E-02 
0.235 0.010 

49 1.76 
2.16

E-02 
1.52 

7.92

E-02 
4.01 

1.28

E-02 
3.93 

1.65

E-02 
0.209 0.013 

50 1.68 
6.70

E-03 
1.59 

4.13

E-02 
3.73 

3.37

E-03 
3.74 

9.49

E-03 
0.109 0.005 

51 1.64 
6.96

E-03 
1.53 

8.13

E-02 
3.03 

1.39

E-02 
3.73 

1.92

E-02 
0.075 0.012 

53 1.79 
6.28

E-03 
1.63 

5.51

E-02 
3.67 

2.43

E-03 
4.23 

1.43

E-02 
0.199 0.004 

54 1.81 
4.75

E-03 
1.61 

3.44

E-02 
3.7 

2.42

E-03 
3.83 

9.59

E-03 
0.235 0.004 

55 1.72 
6.07

E-03 
1.68 

5.45

E-02 
3.2 

6.64

E-03 
3.07 

1.06

E-02 
0.147 0.008 

56 1.76 
5.36

E-03 
1.78 

5.95

E-02 
3.27 

2.63

E-03 
3.74 

1.18

E-02 
0.157 0.004 

57 1.78 
1.03

E-02 
1.77 

6.86

E-02 
3.21 

4.55

E-03 
3.38 

1.43

E-02 
0.151 0.006 

58 1.81 
5.58

E-03 
1.7 

4.84

E-02 
3.5 

3.16

E-03 
3.52 

1.22

E-02 
0.194 0.004 

59 1.74 
7.70

E-03 
1.72 

6.69

E-02 
3.35 

4.24

E-03 
3.23 

1.26

E-02 
0.071 0.005 

60 1.51 
2.78

E-03 
1.55 

2.35

E-02 
2.37 

3.08

E-03 
2.7 

6.06

E-03 

-

0.167 
0.003 

62 1.3 
1.22

E-02 
1.55 

8.03

E-02 
2.23 

8.40

E-03 
2.53 

1.76

E-02 

-

0.527 
0.022 

63 1.12 
8.65

E-03 
1.16 

6.71

E-02 
1.66 

5.14

E-03 
2.02 

1.76

E-02 

-

0.742 
0.012 

64 0.952585 
6.98

E-04 
0.927787 

9.38

E-03 

0.7908

91 

5.78

E-03 

0.7523

57 

3.01

E-03 

-

1.140 
0.018 

Table 1-Relaxation parameters for UBact acquired at 600 and 800 MHz. R1 and R2 

are given in s-1. Errors in relaxation rates were determined from duplicate 
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experiments at each relaxation delay. NOE values have no units. NOE errors were 

determined by integrated spectral noise. 
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Resid

ue 

0 uM 

PGP6 

12 uM 

PGP6 

25 uM 

PGP6 

38 uM 

PGP6 

50 uM 

PGP6 

100 uM 

PGP6 

150 uM 

PGP6 

300 uM 

PGP6 

3 686 439 248 215 169 116 77 45 

4 478 314 219 166 146 111 72 19 

5 606 308 210 173 145 102 67 31 

6 432 249 173 140 117 85 71 60 

8 409 246 167 138 116 90 64 46 

9 370 265 235 196 178 152 122 84 

10 381 205 154 136 116 90 64 58 

11 341 208 154 123 108 79 68 -- 

12 379 192 142 111 105 71 57 59 

14 377 201 133 116 101 86 48 20 

15 388 149 113 99 62 78 57 29 

17 321 173 116 100 84 -- 55 -- 

19 322 212 134 135 111 83 72 174 

20 -- -- -- -- -- -- -- -- 

22 428 204 138 120 101 76 85 131 

24 348 142 108 103 117 125 108 60 

25 371 215 178 180 179 156 121 73 

26 386 203 146 117 123 37 83 5 

27 443 229 156 139 109 127 90 153 

28 436 242 165 127 117 100 82 173 

29 520 233 172 145 149 165 202 190 

31 401 146 93 115 132 107 135 87 

32 372 129 75 52 37 19 -- 38 

34 354 180 122 100 89 69 54 33 

35 361 243 182 160 274 146 139 141 

36 422 278 214 165 171 92 82 95 

37 397 294 241 193 176 138 100 61 

39 309 246 195 171 156 114 85 57 

40 277 215 195 149 142 103 80 46 

41 281 16 18 161 143 103 34 56 

42 248 204 165 143 130 96 76 50 

43 251 201 154 153 140 103 74 50 

44 266 203 153 131 119 88 70 46 

46 269 212 154 133 123 88 70 42 

47 285 221 174 156 143 103 58 53 

48 256 203 154 134 119 89 63 35 

49 307 198 161 181 150 112 -- 22 

50 273 204 185 164 151 114 89 50 

51 342 265 214 193 165 130 96 52 
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53 299 265 171 173 166 124 96 48 

54 285 221 174 156 143 103 58 53 

55 293 250 217 194 184 140 103 57 

56 357 290 221 204 -- 140 108 57 

57 323 253 203 190 182 133 101 53 

58 -- -- 202 166 -- 62 -- 51 

59 312 264 224 200 184 139 107 59 

60 371 215 178 180 179 156 121 73 

62 440 405 319 343 330 257 202 113 

63 663 592 458 437 427 344 285 168 

64 1173 875 700 657 671 615 470 258 

Table 2- UBact15N T2 (in ms) values upon titration with increasing concentrations of 

PGP6. 
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IsoT 
             

Tim

e (s) 

0 1704 3408 5112 8616 8520 1022

4 

1192

8 

1363

2 

1533

6 

1704

0 

1874

4 

2044

8 

B-

G76 

4.25E

+08 

4.05E

+08 

2.55E

+08 

1.40E

+08 

1.14E

+08 

9.79E

+07 

4.55E

+07 

3.30E

+07 

0.00E

+00 

0.00E

+00 

0.00E

+00 

0.00E

+00 

0.00E

+00 

F-

G76 

3.93E

+08 

9.63E

+08 

1.48E

+09 

1.85E

+09 

2.14E

+09 

2.41E

+09 

2.47E

+09 

2.56E

+09 

2.62E

+09 

2.61E

+09 

2.69E

+09 

2.72E

+09 

2.66E

+09 

B-

R74 

5.01E

+08 

3.94E

+08 

3.51E

+08 

2.22E

+08 

1.48E

+08 

1.48E

+08 

8.47E

+07 

6.80E

+07 

5.95E

+07 

0.00E

+00 

0.00E

+00 

0.00E

+00 

0.00E

+00 

F-

R74 

1.24E

+08 

3.13E

+08 

4.93E

+08 

6.62E

+08 

7.90E

+08 

8.23E

+08 

8.30E

+08 

9.17E

+08 

9.78E

+08 

9.36E

+08 

9.32E

+08 

9.23E

+08 

9.30E

+08 

B-

K48 

7.95E

+08 

5.57E

+08 

3.89E

+08 

3.16E

+08 

1.59E

+08 

8.50E

+07 

3.01E

+07 

9.47E

+07 

0.00E

+00 

0.00E

+00 

0.00E

+00 

0.00E

+00 

0.00E

+00 

F-

K48 

1.53E

+08 

3.84E

+08 

5.93E

+08 

8.30E

+08 

1.05E

+09 

1.18E

+09 

1.18E

+09 

1.29E

+09 

1.24E

+09 

1.31E

+09 

1.23E

+09 

1.25E

+09 

1.22E

+09 

Iso 1.49E

+09 

1.19E

+09 

8.73E

+08 

5.76E

+08 

4.20E

+08 

2.56E

+08 

1.41E

+08 

1.08E

+08 

9.37E

+07 

1.17E

+08 

0.00E

+00 

0.00E

+00 

0.00E

+00 

I30 6.89E

+08 

8.64E

+08 

9.83E

+08 

1.15E

+09 

1.22E

+09 

1.33E

+09 

1.38E

+09 

1.42E

+09 

1.46E

+09 

1.45E

+09 

1.38E

+09 

1.45E

+09 

1.47E

+09               

OTU
B1 

             

Tim

e (s) 

0 1706 3412 5118 6824 8530 1023

6 

1194

2 

1364

8 

1535

4 

1706

0 

1876

6 

 

B-
G76 

9.52E
+07 

2.27E
+08 

1.20E
+08 

2.46E
+08 

1.51E
+08 

3.74E
+07 

9.27E
+07 

9.92E
+07 

0.00E
+00 

0.00E
+00 

0.00E
+00 

0.00E
+00 

 

F-

G76 

1.31E

+08 

1.34E

+09 

9.66E

+08 

1.17E

+09 

2.56E

+09 

1.44E

+09 

2.88E

+09 

3.07E

+09 

1.56E

+09 

1.46E

+09 

3.20E

+09 

1.63E

+09 

 

B-

R74 

1.32E

+08 

4.74E

+08 

1.20E

+08 

1.30E

+08 

3.54E

+08 

2.86E

+07 

1.42E
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Table 3-DUB assay volumes compiled. Times are given in seconds. 
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Table 4- Deubiquitinase cleavage rates as measured by change in NMR peak 

volumes. Rates are given in values of min-1. Observed signals for the proximal 

isopeptide cleavage are shaded in gray, and distal isopeptide reporters are in white. 

Overall, there is good agreement between rates measured in signals that disappear and 

signals that appear. CJ stands for conjugated. Units are 10-3 min-1. Errors determined 

as error in the fit. 
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