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ABSTRACT 

The inflammatory and antiviral effects of innate immune cytokines such as tumor 

necrosis factor alpha (TNFα) and type I interferons (IFNs) provide a potent front-line 

defense against viral infection.   Detection of viral components by pattern recognition 

receptors (PPRs) of the Toll-like receptor (TLR) family or the cytoplasmic RNA 

helicases RIG-I and Mda5, induce the expression of these and other immune cytokines by 

activating the latent transcription factors nuclear factor-κB (NF-κB) and interferon 

regulatory factors (IRF3/IRF7).  The production of innate immune cytokines by these 

pathways, and the antiviral effects they exert on the cell, is regulated in part by ubiquitin 

(Ub) and Ub-like molecules.  Ubiquitin and the Ub-like molecule ISG15 share a 

conserved “LRLRGG” C-terminal motif, where the terminal glycine residue becomes 

attached to cellular target proteins.  Nairoviruses and arteriviruses, two unrelated RNA 

viruses, contain an ovarian tumor domain-containing protease (OTU protease), a 

virulence factor that was recently found to corrupt Ub signalling pathways by removing 

Ub or ISG15 from cellular target proteins.  This broad substrate specificity is unlike 

known mammalian deubiquitinating enzymes, which cannot recognize both Ub and Ub-

like substrates.   To understand the structural basis for how viral OTU domain-containing 

proteases remove Ub and ISG15 from cellular target proteins, the crystal structure of a 

viral OTU protease domain from the Crimean-Congo Heamorhaggic Fever nairovirus 

(CCHFV) was determined in complex with Ub to 2.5 Å resolution. Using the crystal 

structure as a guide, a comparative molecular model was built of the CCHFV Otu 

protease bound to ISG15.   Superposing the C-terminus of ISG15 onto the position of Ub 

in the crystal structure resulted in minimal clashing between the CCHFV Otu protease 

and ISG15.   Analysis of these models clearly reveals that the binding groove of the viral 
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protease has a novel β-hairpin loop among other structural differences which has revealed 

a novel binding mechanism for the CCHFV Otu protease unlike the other eukaryotic 

proteases known to date.  The research presented in this thesis will help guide future 

structural and kinetics/inhibition studies for the ultimate goal of helping in the fight 

against CCHFV and other OTU protease containing diseases.   
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1. INTRODUCTION 

1.1. Ubiquitin 

1.1.1.  Ubiquitin: A signalling protein 

Ubiquitin (Ub) is an ~8.5 kDa, 76 amino acid protein that serves as a major 

recognition marker in cellular signalling events (1).   Ub or poly-Ub can be specifically 

conjugated to numerous cellular targets to serve as recognizable scaffolds for other 

biological molecules in an assorted set of signalling pathways.  Ub is tethered to the Lys 

ε-amino group of the targeted protein by an isopeptide bond at the carboxyl terminus of 

the mature Ub protein (2). This bond is referred to as an isopeptide linkage since the 

carboxyl group of Ub forms a peptide bond to the ε-amino group of a Lys residue as 

opposed to a main chain amino group.  Since Ub is expressed as a polymeric protein, 

where a number of Ub proteins are connected head to tail, the pre-mature, polymeric 

form of Ub must be cleaved apart post-translationally to release functional Ub proteins, 

each having a free “LRLRGG” C-terminal motif (3).  The carboxyl group of the C-

terminal glycine residue serves as a site of attachment to cellular target proteins.  Three 

families of enzymes (E1, E2 and E3) are responsible for protein ubiquitination, where 

they partake in activation, recognition and conjugation of Ub to target Lys residues (4). 

The Lys residues may be on a cellular target protein or one of seven Lys residues found 

on Ub itself.  Ub has five Lys residues (K6, K11, K29, K48 and K63) that have been shown 

to be sites of ubiquitination (5).  The location and numbers of Ub bound to target 

molecules create diverse scaffolds that trigger different signalling events.  For example, 

attachment of Lys48 poly-Ub to a cellular protein targets the protein for degradation by 

the 26S Proteasome, while Lys63 poly-Ub tagging of cellular proteins plays a central role 
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in signalling the activation of DNA repair, endocytosis, protein trafficking and a number 

of other cellular processes (6). 

1.1.2.  Ubiquitination: E1/E2/E3 Enzymes 

An enzymatic cascade performed by three groups of enzymes are responsible for 

Ub conjugation to target molecules (7).  A diagram of the general pathway is shown in 

Figure 1-1, where adenylation (reaction A), transthiolation (reaction B) and delivery of 

Ub to their respective cellular targets (reactions C1, C2, C3) is presented.   As a general 

rule, the E2 and E3 enzymes are responsible for substrate specificity in Ub labelling. 
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Figure 1-1: Hypothetical Ub activation, transthiolation and pre-ligation by the 
E1/E2/E3 enzymatic cascade respectively; Free Ub (orange triangle with C-
terminal carboxyl group) from the beginning (left) as it is activated, conjugated and 
prepared for ligation by the E1/E2/E3 enzymes (multi-colored circles); (A) the E1 
enzyme temporarily adenylates the C-terminus of Ub followed by transfer to a E1 
Cys residue side chain; (B) the E1 enzyme then transfers the Ub molecule to an 
accepting E2 enzyme; (*) there can be several different types of E2 enzymes which 
increases the diversity of Ub labelling; the E2-Ub complex can then either: (C1) 
transfer Ub directly to a cellular target from the E2-Ub complex; or (C2) interact 
with a single E3 enzyme prior to attachment; (C3) form a more complex 
macromolecule where several E2 and E3 enzymes may be involved.   

 

1.1.2.1. Ub Activation by E1 enzymes 

The first step in the ubiquitination process is an ATP dependent adenylation of 

Ub’s C-terminus by an E1 activating enzyme to produce a Ub-AMP intermediate (step 

(A) of Figure 1-1) .  During the process, the Ub molecule becomes attached to the E1 

enzyme by a thiol ester linkage producing an E1-Ub intermediate. The yeast 
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Saccharomyces cerevisiae is a classic eukaryotic model that has two generally accepted 

Ub activating E1 enzymes, Uba1 and Uba2, and both contain a conserved Cys residue 

that is the site for thiol esterfication (8, 9).   E1 enzymes have broad selectivity for which 

E2 proteins they will donate the Ub moiety in the next step of Ub conjugation and are 

therefore outnumbered by E2 enzymes (1). 

1.1.2.2. Ub Transthiolation by E2 enzymes 

The next stage in the ubiquitination process is a transthiolation reaction, shown as 

step B in Figure 1-1.  Ub is transferred to an E2 protein to result in an E2-Ub thiol ester 

macromolecule.  It will then form specific interactions with E3s and/or cellular targets 

and play a role in the specificity of Ub labelling.  E2 enzymes in the yeast eukaryotic 

model are termed Ubc1-13 and have been associated with many processes including 

protein degradation and DNA repair (10). E2 enzymes may perform the final conjugation 

reaction transferring Ub to its cellular target protein alone (step (C1) in Figure 1-1) but 

have been shown to work cooperatively with E3 enzymes establishing a greater diversity 

in cellular targeting potential (steps (C2) and (C3) of Figure 1-1).  Some E2 enzymes 

have been shown to work with a single E3 enzyme while others are compatible with 

multiple E3s (1).  

1.1.2.3. Ub Ligation and E3 enzymes 

The E3 enzymes are referred to as the Ub-(protein) ligases due to their function in 

aiding the attachment of Ub to its respective target protein.  The E3 family of enzymes 

share very low sequence homology, which has made their identification difficult however 

over 600 E3 enzymes have been found in the human system and thereby provide high 

specificity for Ub labelling (11).  They also form parts of multi-subunit complexes where 
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it is difficult to determine if a particular E3 protein partakes directly in the ligation of Ub 

to the target molecule or the recruitment of the target to the E2-Ub complex (1).  There is 

still little known about the mechanism and functions of E3 proteins, but along with the E2 

enzymes, they aid in the specific targeting of Ub to a large number of different cellular 

target proteins.  

1.1.3.  Poly-Ubiquitination and the E4 Enzyme 

The ubiquitination process can halt after a mono-Ub addition to a target protein or 

can proceed to poly-ubiquitination events where Ub molecules are linked to substrate 

bound Ub proteins.  Poly-ubiquitination is also mediated by the E1/E2/E3 enzyme 

cascade but may involve enzymes in addition to those responsible for the initial 

attachment of Ub to a target protein (4). Generally, there are E3 enzymes that facilitate 

either Ub-substrate binding or Ub-Ub binding but can interact with the same E1/E2 

enzymes of the ubiquitination cascade (5).  There is also evidence for an additional 

family of enzymes termed E4, which may facilitate E1/E2/E3 poly-ubiquitination, but 

they do not appear to be frequently associated with the Ub attachment cascade (12). 

1.1.4. Diversity in Ub poly-forms 

 In the human Ub conjugation system, there are approximately ten E1, one-

hundred E2, and 600 E3 enzymes involved in the various signal transduction pathways 

(13).  This system allows for a number of different cellular targets to be specifically 

ubiquitinated and accommodates a number of different Ub poly-forms.  Ub has seven 

different Lys residues but only five (K6, K11, K29, K48 and K63) can serve as attachment 

sites for additional Ub molecules to form poly-Ub chains (5). Along with the number of 

Ub attachments to a cellular target, Ub-like molecules also exist, increasing the 
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complexity.  What is important to draw from this knowledge is that Ub can exist in many 

different polymeric forms which in turn can be recognized by a number of  different 

cellular proteins.  These binding interactions are highly specific and generally involve 

proteins containing ubiquitin binding domains (UBDs).   

1.1.5. Ub recognition and Ub Binding Domains 

After the Ub association to a E2/E3 specific substrate, the newly labelled protein 

will have either mono-Ub or poly-Ub associated with at least one of its Lys side-chains.  

The surface landscape of the targeted protein has thus been altered significantly, allowing 

for recognition of the ubiquitinated protein by ubiquitin binding domain (UBD) 

containing proteins. There are two major UBDs (Ub interacting motifs and Ub-associated 

domains) that interact with different surface areas of the Ub molecule, but all interactions 

are known to overlap with Ile44 of Ub (13).  As part of larger proteins, UBDs help bridge 

ubiquitinated proteins to their cellular destinations by forming non-covalent contacts with 

Ub.  The most heavily studied of the Ub signalling pathways is the 26S Proteasomal 

pathway, where ubiquitinated proteins are selectively degraded through recognition of 

K48 poly-Ub labelled substrates (14). A number of proteins are believed to associate 

through protein-protein interactions which send K48 poly-Ub tagged proteins for 

Proteasomal degradation (15).  For example, Rad 23, a protein found in S. cerevisiae, has 

been shown to bind poly-Ub chains through its UBD, while simultaneously interacting 

with a subunit of the Proteasome, Rpn10 (16).  Rad23 and Rpn10 are believed to act in 

concert, shuttling Ub labelled substrates to the degradative pathway (17).  There are many 

UBD containing proteins, many of which perform the same task.  For example, the 

protein ZNF216 also associates with proteins of the 26S Proteasome to provide a bridge 
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between Ub tagged molecules and protein degradation (18).  UBDs must therefore be as 

diverse as Ub polyforms themselves in order to distinguish the purpose of the 

ubiquitinated protein within the various cellular signalling pathways. 

1.1.6. 26S Proteasome and Ub-recycling 

After a protein has been processed by the 26S Proteasome, the end products are 

free-peptides, Ub bound peptides and poly-Ub chains.  C-terminal hydrolases and 

isopeptidases, both exhibiting deubiquitinating activity, can then recycle the Ub by 

hydrolyzing the Gly-Lys isopeptide bonds (19).  The short peptides previously labelled 

by Ub can then be broken down to individual amino acids by cytosolic peptidases (1). 

Thus, eukaryotic cells can efficiently recycle Ub as an intact mature protein. The general 

term for removal of Ub is DUB and will be an important theme for the course of this 

study.  A deubiquitinase is an enzyme that can remove Ub from a target protein (or 

peptide) and it is this class of enzymes that is the primary focus of this research. 

1.1.6. Ub and the Immune system 

Ubiquitin is intrinsically involved in both innate and acquired immunity through 

its role in Nuclear Factor κB (NF -κB) activation in eukaryotic systems (20).  NF -κB is a 

key transcription regulator that is activated in response to stress and various cytokines 

that are triggered by viral and bacterial infections (21). NF -κB activation has become a 

classic example for how Ub controlled proteolysis plays a role in regulating a signalling 

pathway.    
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1.1.6.1. Viral activation of NF-κB 

Toll-like receptors (TLR) found in the membranes of cellular endosomes become 

activated in the presence of degraded viral products to initiate viral induced Type1 IFN 

production (22).  Figure 1-2 shows the overall process specific to RNA virus infection 

where TLR 3, 7 and 8 bind the viral RNA and transmit a signal to the cytosolic 

“Toll/interleukin-1 receptor domain-containing adaptor-inducing IFN-β” (or TRIF).  

TRIF then activates the IKK α/β/γ kinase complex where IKKβ has been shown to be the 

catalytic subunit that will phosphorylate I-κB (23).  I-κB exists as a heterodimer with NF-

κB of unstimulated cells where it serves as an inhibitor to NF-κB.  Phosphorylation of I-

κB stimulates K48 poly-ubiquitination of the inhibitor protein which is the recognition 

marker to associate it with the 20S subunit of the 26S Proteasome (24).  The liberated 

NF-κB travels to the nucleus to promote transcription of specific immunological and 

inflammatory response genes. In the case of viral infection, this system upregulates the 

production of Type1 IFNs (IFNα and IFNβ) which, as secreted factors, bind to their 

cognate IFN receptors to upregulate the production of IFN-stimulated gene products 

(ISGs).  One of the ISGs, known as ISG15, has been shown to play an important role in 

developing an antiviral state however the specific mechanism of ISG15 remains unclear 

(32). 
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Figure 1-2: Type 1 IFN upregulation upon RNA virus infection in a mammalian 
cell; Beginning at the top left of the diagram, the virus in engulfed by the cellular 
endosome and degraded; this results in upregulation of Type 1 IFN transcription as 
described in section 1.1.6.1. 

1.2. Ub-like Molecule ISG15 

The globular fold of Ub is reffered to as a β-grasp fold where a β-sheet structure 

appears to wrap around a prominent α-helix.  The β-grasp fold of Ub provides the 

structural scaffold for a larger group of proteins known as, Ub-like proteins. Examples of 

Ub-like proteins include ISG15, SUMO, RUB, APG12, Nedd8, among others (25, 26) . 

As for Ub, Ub-like protein attachment to cellular proteins is mediated by E1, E2 and E3 

enzymes, some being specific to the Ub-like molecule or shared with the Ub labelling 
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pathway.  Of the known Ub-like proteins, the most important to the immune system and 

to the focus of this study is ISG15 (27). 

1.2.1. ISG15: Similarities and Differences to Ub 

One of the first ISGs discovered, and arguably the most well studied is a 157 

amino acid, ~17 kDa protein called ISG15 (28).   ISG15 is a Ub-like molecule for several 

reasons.   Imperative to all Ub-like proteins is that it shares a similar C-terminal 

“LRLRGG” primary sequence with Ub.  Not all Ub-like molecules are completely 

identical in this region but all share at least the di-glycine C-terminal motif; in the case of 

ISG15, these motifs are exactly the same (29).  The term ISGylation refers to the 

attachment of ISG15 to specific proteins via an isopeptide bond to Lys side-chains, 

exactly the same as the Ub bond to its substrate.  Ub-like proteins also typically share 

tertiary structural homology with Ub and the structure of ISG15 is simply two Ub-like 

domains linked head to tail with differing primary sequences (30).  The C-terminal 

domain of ISG15 (which contains the “LRLRGG” motif at the C-terminus) shares 37 % 

primary sequence similarity with the Ub molecule. 

Although the ISG15 domains are similar in structure to Ub, ISG15 plays a 

significantly different role in cellular signal transduction.  While Ub is used in a variety 

of pathways such as endocytosis, DNA repair and Proteasomal degradation, ISG15 

appears the most important to the anti-viral immune response (27).   

Interestingly, despite the structural similarity of the Ub domain to the domains of 

ISG15 these proteins are specifically recognized by different cellular proteins and thus 
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have very different functions within the cell.  Although subtle, this is due to the 

differences of their respective molecular landscape (Figure 1-3). 

 

Figure 1-3: Ub and ISG15 surface diagram comparison for analysis of differences in 
the surface landscape between both Ub folds; The C-terminal tails of Ub and 
ISG15 are colored light blue due to their identical nature in both structures; Ubiquitin 
is shown in orange; ISG15 is shown in green; (A) Ub molecule visualized from the 
front with the C-terminal tail pointed down; (B) view of Ub looking straight up the 
Ub C-terminal tail ; (C) ISG15 molecule visualized from the front in the same 
relative position to Ub in panel A; (D) view of ISG15 looking straight up the ISG15 
C-terminal tail. 
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1.2.2. ISG15: Interferon stimulated gene product 

Type I interferons (IFNα and IFNβ) are important products of the antiviral 

immune response and are produced as a result of TLR activation during viral infection 

(27).   Type 1 IFNs are secreted from the cell and bind to cell-type specific IFN receptors 

of neighbouring cells to initiate pre-emptive antiviral mechanisms by activating the 

expression of  interferon stimulated gene products (ISGs).  A diagram of the Type 1 IFN 

signalling pathway is shown Figure 1-4.  The Type 1 IFN receptors IFNAR1 and 

IFNAR2c hetero-dimerize upon IFN ligand binding.  Each subunit has an intracellular 

kinase domain that will phosphorylate a specific tyrosine kinase Janus (JAK1) or tyrosine 

kinase (TYK2) (31).  Activated JAK1 and TYK2 proteins then phosphorylate signal 

transducers and activators of transcription (STAT) proteins STAT1 and STAT2.  STAT 

proteins are transcriptional activators that become homo or heterodimerized by JAK or 

TYK phosphorylation.   These dimers then travel to the nucleus where they stimulate 

transcription of the ISGs, including ISG15 (31, 32).   
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Figure 1-4: IFN stimulated gene upregulation caused by Type 1 IFN secretion from 
neighbouring cells; Beginning at the top left with the binding and attachment of 
Type1 IFNs (IFNα and IFNβ) to the respective dimerized IFN receptors; results in 
upregulation of IFN stimulated gene products as described in section 1.2.2. 

1.2.3. ISGylation: E1/E2/E3 Enzymes 

Just like Ub, ISG15 is conjugated to target proteins through an enzymatic process 

that involves activation, conjugation and ligation of ISG15.  An inactive premature form 

of ISG15, known as pro-ISG15, is processed by a specific C-terminal hydrolase enzyme 

to reveal its C-terminal di-glycine motif which serves as the protein attachment site (33, 

34).  Subsequently, the activating enzyme of ISG15 is UBE1L, which performs the same 

reaction as the E1 enzyme in the ubiquitination pathway described in section 1.1.2.1 (35).  

UBE1L expression is stimulated by IFNs and it performs the first step in ISGylation by 
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adenylating the C-terminus of ISG15 and forming a temporary UBE1L-ISG15 thiolester 

conjugate.    

ISG15 has two E2 enzymes, which, interestingly, are also involved in the Ub 

conjugation pathway.  UbcH6 and UbcH8 are conjugating enzymes that will receive the 

ISG15 molecule from UBE1L in a transthiolation reaction (36).  Together with the E2 

enzymes, two E3 enzymes (estrogen-responsive finger protein (EFP) and Herc5) also 

partake in ISG15 conjugation.  The E3 EPF protein was originally identified as a Ub 

specific E3 but recently has been shown to direct ISG15 to the 14-3-3σ protein which is a 

key regulator of pre-mitotic cell cycle arrest following DNA damage (37, 38). HerC5 is 

another E3 protein involved in ubiquitination and ISGylation activity and its molecular 

targeting is different than the EPF protein (27).  Again, just like the Ub conjugating 

cascade, with the use of different ISG15 conjugating and ligating enzymes, a number of 

different proteins may be modified by the attachment of ISG15.  The extent to which the 

proteome is conjugated by ISG15 during an antiviral response remains to be determined.   

1.2.4. De-ISGylation and ISG15 Recycling 

Analogous to the Ub recycling pathway,  ISG15 levels are maintained in the cell 

by recycling the protein by a process called de-ISGylation (DISG).   Similar to DUB 

enzymes, enzymes with DISG activity catalyze the hydrolysis of the isopeptide bond that 

joins ISG15 to its cellular target.   The enzyme Ubp43 has been shown to be the specific 

DISG enzyme for ISG15, and has no effect on Ub or other Ub-like molecules (39).  

Deletions of Usp18, the gene that encodes Ubp43, in a mouse model, results in 

accumulations of ISG15 labelled protein, which has shown to be beneficial in protecting 

from Vesicular Stomititis virus (VSV) and  Lymphocytic Choriomeningitis virus 
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(LCMV) infection (39, 40).  The increased survival of the USP18-/-  mice during 

challenge with these viruses suggests that ISG15 upregulation provides a defense against 

viral infection, the mechanism of which remains unclear. 

1.2.5. ISG15 and Viral Immunity 

The mechanism by which ISG15 conjugation protects against viral infection 

remains largely unknown, however there is substantial evidence demonstrating that 

ISG15 expression plays a key role in the innate antiviral immune response of mammalian 

cells.  ISG15-/- mice show markedly increased susceptibility to several DNA and RNA 

viruses, including Influenza A and B, Sindbis Virus and Herpes virus (41). It was further 

shown that IFNαβ receptor-/- (Type 1 IFN receptors) mice were also susceptible to 

Sindbis virus; however, they could be protected from Sindbis virus challenge by 

heterologous expression of ISG15 in a recombinant Sindbis virus (42).  The Type1 IFN 

receptor deficient mice were unable to express detectable ISG15 and would succumb to 

the wild type (wt) Sindbis virus on average 26 hours post-infection.  When infected with 

a  with an ISG15 recombinant Sindbis virus, the IFNαβ receptor-/- mice showed 

attenuated infection supporting the proteins importance to viral defense (42).  However, 

ISG15 has shown not to be essential in similar studies where ISG15 deficient mice were 

exposed to VCV or LCMV (43)  Based on these results, the antiviral benefits afforded by 

ISG15 expression appear to be targeted against specific viruses for reasons that remain 

unclear.  

1.3. De-Ubiquitination and De-ISGylation  

As mentioned above, deubiquitination (DUB) is the reversal of ubiquitination, 

where the isopeptide bond between the carboxyl terminus of Ub and the side-chain amino 
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group of a lysine residue becomes hydrolyzed.   De-ISGylation (DISG) is the analogous 

process that hydrolyzes the isopeptide bond between ISG15 and the ε-amino group of a 

lysine side chain. All enzymes that are capable of removing Ub and Ub-like molecules 

are referred to as DUB enzymes despite the fact that they may catalyze more than just the 

removal of Ub.  In eukaryotic systems for example, UCH-L3 and USP21 are both DUB 

protease enzymes but can catalyze the deconjugation of both Ub and the Ub-like 

molecule Nedd8 (44, 45). For the purposes of this research, DUB activity will be 

distinguished from DISG.  

There are six classes of DUB enzymes: 1) Ubiquitin-specific processing proteases 

(UBPs); 2) Ub carboxy-terminal hydrolases (UCHs); 3) Ataxin-3/Josephin domains; 4) 

Ovarian tumor domain proteases (OTU); 5) viral processing proteases; and 6) JAMM 

proteases (46).  DUB enzymes have been categorized into three functional categories.  

The first category cleaves premature poly-linear form of Ub, these being nascent Ub 

molecules, not recycled Ub. The second category participate in Ub recycling, which in 

large part facilitates the 26S Proteasomal pathway.  The first category cleave premature 

poly-linear form of Ub, these being nascent Ub molecules, not recycled Ub.  The second 

category participate in Ub recycling, which in large part facilitates the 26S Proteasomal 

pathway in order to maintain Ub levels within the host cell.  A smaller lesser studied 

group play a role in repair of mis-ubiquitinated proteins (11).   

DUB enzymes recognize Ub via a large Ub binding pocket, forming extensive 

interface interactions with the Ub molecule to be removed.  These extensive interactions 

are believed to mediate specificity, thereby allowing DUBs to differentiate between Ub 

and Ub-like proteins.  When in complex with Ub, 20-40% of the solute accessible surface 
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area of Ub is covered by the DUB enzyme, where as typical UBDs only cover 10% of the 

Ub protein is covered (47).  Ile44 of Ub is reported as the most influential residue in 

substrate recognition for UBDs and is likely an important residue in DUB substrate 

recognition as well (13). 

1.3.1. OTU Protease: DUB Enzyme Family 

The research discussed in this thesis focuses on the OTU domain-containing 

family of proteases (OTU proteases).  The OTU domain gene was first discovered in 

Drosophila, where the OTU gene has two proposed roles at the beginning and end of 

oogenesis.  The removal of the OTU gene products resulted in phenotypic differentiation 

during this stage of development (48, 49).   

The first ever OTU protease shown to be capable of DUB activity were the human 

Otubain 1 and Otubain 2 enzymes (50). The crystallographic structures of both proteins 

have been determined and are shown in Figure 1-5 (51).  The OTU protease fold consists 

of 2 lobe domains; one being comprised primarily of a β-sheet and the other comprised of 

α-helicies.  They will be refered to as the β-sheet and α-helical lobes, respectively, 

throughout the thesis.  A recent yeast OTU protease crystal structure in the presence of 

Ub shows that the two lobes form a pocket, where the incoming Ub molecule sits in the 

enzymatically active conformation (52).   
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Figure 1-5: Secondary structure cartoon representation of both human Otubain 
enzymes with bisection of the lobe domains; (A) crystal structure of human 
Otubain1;  (B) crystal structure of human Otubain2 (51, 85). 

To date, over 100 putative Otu domains have been identified in proteins from 

eukaryotes, bacteria and viruses (53).   The OTU domain can be a domain in a larger 

multifunctional protein, as is the case with the mammalian A20 OTU-domain containing 

enzyme (54) .  While not all OTU domains exhibit catalytic activity, many have been 

found to be cysteine proteases, which consist of conserved Cys and His active site 

residues which sometimes include an additional polar side chain (Asp or Asn) residue, 

forming a catalytic triad that is reminicint of that found in the model cysteine protease 

papain  (46).  Interestingly, it appears the most common purpose of OTU domains is to 

carry out DUB activity (55).  The conserved Cys residue at the active site acts as a 

nucleophile to form a thiolate-imidazolium ion pair that facilitates isopeptide bond 

hydrolysis (56).  The catalytic mechanism of Cys OTU proteases is shown in Figure 1-6.  

Interaction with the His side chain lowers the pKa of the Cys residue by a polarization 

event.  In turn, the Cys acts as a nucleophile, attacking the Ub C-terminal carbonyl 

carbon, to form a temporary acyl-intermediate, which results in the cleavage of the 

isopeptide bond and release of the cellular target protein from Ub (11).  Release of the 
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target protein is likely assisted by protonation of the ε-amino group of the Lys by the 

active site His residue of the protease.  A deacylation event follows, where the 

deprotonated imidazole of His acts as a general base, activating an incoming water 

molecule to nucleophilically attack the carbonyl carbon of the Ub terminal Gly and 

thereby release Ub from the enzyme (56, 57).   

 

 

 

Figure 1-6: Catalytic mechanism of the cysteine Otu protease during hydrolysis of 
the cellular target Lys-Ub isopeptide bond adapted from Ma et al. (57) 
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1.3.2. The eukaryotic OTU protease 

 The two Otubain enzymes (Figure 1-5) represent the first two OTU domains 

shown to have DUB enzyme activity.  Below are examples of additional eukaryotic OTU 

protease family members whose crystal structures have been determined.  Eukaryotic 

OTU protease family members are highly specific for Ub poly-forms they can cleave or 

remove from their cellular targets. 

 

1.3.2.1. Mammalian A20 Protein 

 The A20 protein is an interesting OTU domain-containing enzyme for several 

reasons. A20 acts as a Ub E3-ligase in addition to having DUB activity. The dual 

capabilities of A20 begins with E3 Ub-ligase activity, specifically for K48 poly-

ubiquitination, the polyform associated with the 26S Proteasome.  This activity is 

attributed to a seven Zn-finger domain present on the carboxy terminus of the A20 

protein, which is the catalytic E3 domain. The A20 enzyme has been shown to 

ubiquitinate a protein RIP that is involved in upregulation of NF-κB production.  This Ub 

ligation process performed by A20 degrades the RIP slowly through the 26 S Proteasome 

which will consequently slow the immune response, which is supported by the fact that 

A20-/- mice fail to downregrulate the NF-κB response (58, 59).  

The N-terminus of A20 consists of the OTU protease domain that has a preference 

for K63- linked poly-Ub tagged substrates;  this is a different linkage than what is formed 

by the C-terminal E3 ligase found in its C-terminus, which produces K48-linked Ub 

chains. The OTU enzyme is shown to be essential in downregulation of the NF-κB 

pathway by K63 DUB of the Ub-tagged RIP protein that is required for this molecule to 
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signal activation of the TNFα pathway.  It is also theorized that this process is a 

prerequisite to the A20 E3 ligase activity as the K48 poly-Ub is not catalyzed in a A20-

Otu domain mutant, despite having a functional ZnF E3-ligase domain (58).  

1.3.2.2. Yeast Otu1 Protein 

The yeast Otu1 enzyme is also an interesting DUB protease, especially due to its 

recent crystal structure publication where human mono-Ub has been covalently bound in 

the active site of the protease (52).   Yeast and human Ub are both 76 amino acids long 

and differ only in 3 residues that are not involved in the enzyme-substrate interface.  This 

crystal structure has given the only insight into the association between OTU proteases 

and their most common substrate, Ub.  It shares similarities with the A20 enzyme in the 

fact that they both share a ZnF and OTU domain as part of their full length protein.  The 

Otu1 enzyme has a Ub fold-like domain, also known as a UBX domain that associates 

with a chaperone molecule Cdc48, a molecule that is important in the ERAD pathway 

(52).  The yeast Otu1 domain preferably hydrolyzes K48 poly-Ub and has little effect on 

K63 linked poly-Ub (52, 60). 

1.3.3. The viral OTU proteases 
 

1.3.3.1 Crimean-Congo Haemorrhagic Fever Virus (CCHFV) Otu protease domain 

 The research described here focuses on an OTU protease (CCHFV Otu) domain 

that comprises the first 169 amino acids of the N-terminus the CCHFV RNA dependent 

RNA polymerase (RdRp) (61, 62). CCHFV belongs to the genus Nairovirus, family 

Bunyaviridae.  Consistent with other Bunyaviruses, nairoviruses such as CCHFV are 

lipid-enveloped particles that contain a tri-segmented genome of single-stranded RNA, 



 38 

namely a small (S), medium (M) and large (L) segment, which encode a nucleocapsid 

protein, glycoproteins, and the RNA dependent RNA polymerase protein (RdRp), 

respectively (63).   The nairovirus RdRp is massive (3944 amino acid (448 kDa)) (64, 

65).  It is roughly twice the size of those found in the other Bunyavirus genera and is not 

processed into smaller functional units (66).  In addition to a C-terminal RNA 

polymerase, it contains numerous N-terminal functional domains that are unique to the 

Nairovirus genus.  Most striking is the presence of an OTU cysteine protease domain 

(amino acids 1-169) at the far-most N-terminal region of the L-segment coding region.  

Remarkably, in contrast with the Ub-specific activity of known mammalian OTU 

domain-containing proteases, the OTU protease from CCHFV was recently shown to 

proteolytically remove Ub and ISG15 from cellular target proteins (67). The CCHFV Otu 

domain is found in other Nairoviruses, including Dugbe virus and Nairobi sheep virus.  

Similarly, two unrelated RNA viruses from the Arterivirus family, Equine arteritis virus 

(EAV) and porcine respiratory and reproductive syndrome virus (PRRSV) express non-

structural protein nsp2 protein which contains an OTU domain with DUB/DISG enzyme 

activity, the same as the CCHFV Otu (68). The Otu domains of these viruses have been 

shown to catalyze DUB of both K48 and K63 poly-Ub, in addition to DISG of ISG15, 

demonstrating the enzyme has broad specificity that could interfere with numerous innate 

immune defense strategies of the host (67).  Indeed, it was recently shown that the OTU 

domain from CCHFV usurps Ub and ISG15-dependent innate antiviral mechanisms by 

deconjugating both Ub and ISG15 from cellular target proteins.   
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1.3.3.2. The Arterivirus OTU protease domains 

The equine arterititis virus (EAV) and porcine respiratory and reproductive 

syndrome virus (PRRSV) are two positive sense RNA viruses that encode OTU protease 

domains as part of their of their non-structural proteins (nsp) (69, 70). These are both 

members of the Arterivirus family and their OTU domain containing proteins, nsp2, have 

been shown to process the viral replicase enzyme.  The nsp2 protein specifically cleaves 

at the nsp2/nsp3 site, thereby liberating itself from its nsp3 neighbour (70).  Similar to the 

CCHFV Otu protease, the nsp2 proteins possess DISG and DUB capability, a theme that 

appears to be frequent in the viral OTU proteases known to date (67).  The crystal 

structures of the EAV and PRRSV are currently unknown but it is likely that they share 

common properties with the CCHFV Otu protease that is focused on in this study. 

1.3.4. Other relevant DUB/DISG Enzymes 

1.3.4.1. SARS Coronavirus Papain-like protease 

 The SARS Coronavirus Papain-like protease or PLpro is also relevant to this 

research study for several reasons.  The CCHFV Otu protease and the PLpro enzyme are 

cysteine proteases expressed as part of a viral poly-protein and both capable DUB and 

DISG enzymes.  The PLpro enzyme belongs to the papain protease family and contain 

the same catalytic dyad residues as the Otu family, where a His residue aides the catalytic 

Cys form a thiozolium intermediate with an incoming di-glycine peptide sequence 

making the catalytic mechanism identical (71). It is unclear whether the SARS PLpro has 

an influence on host Ub and ISG15 effects during infection but there is a confirmed role 

for the enzyme in the viral life cycle (71).   
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A chemical inhibitor was identified for this enzyme which has shown a novel 

mechanism of inhibition that overcomes the non-specific covalent inhibitors that are 

associated with Cysteine proteases.  The novel inhibitor has been shown to interact with 

the Ub or ISG15 binding cleft, inhibiting the catalytic conformation needed for 

deconjugation (74, 77).  This result provides optimism for a similar inhibition mechanism 

in the CCHFV Otu protease, the long term goal for the viral enzyme.  

1.4. Importance of Studying the CCHFV Otu Structural Domain 

 To date, there is little known about substrate recognition in DUB enzymes and the 

OTU family are not exempt from this group, as they have been shown able to DUB a 

variety of Ub polymers and Ub-like molecules.  The publication of the yeast Otu1 

protease in complex with its substrate Ub provided the first insight into substrate 

recognition by OTU proteases (52).  This enzyme shows clear interactions at the interface 

between the Ub molecule and the Otu1 protease however, its catalytic activity against 

other Ub-like molecules was not reported.  I will show that the yeast Otu1 DUB enzyme 

is incapable of DISG in an ISG15-AMC assay, the analogous kinetics assay to Ub-AMC. 

These commercially available substrates have an isopeptide bond conncting the C-

terminus of Ub or ISG15 to the fluorophore 7-amido-4-methylcoumarin (AMC).  The 

AMC molecule will become fluorogenic upon hydrolysis of the Ub-AMC or ISG15-

AMC isopeptide bond. The CCHFV Otu protease domain on the other hand has the 

ability of liberating AMC from the ISG15-AMC and Ub-AMC fluorogenic substrates.  

This makes the CCHFV Otu protease domain a prime candidate for structural studies in 

the presence of both its substrates, ISG15 and Ub.  As described in this thesis, structural 

studies of this viral OTU protease has provided insight into how viral OTU proteases may 
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recognize Ub and ISG15, a broad substrate specificity that is unlike eukaryotic OTU 

proteases.  ISG15 shares close structural homology with Ub and shares 37% sequence 

identity in the binding domains of each protein, however, the surface area charge 

distribution is quite different (30, 72).  This prompted structural studies to understand 

how these two substrates are recognized and bound by a single deconjugating enzyme. 

1.5. Objectives of Thesis 

 The objective of this thesis was to understand the molecular basis for how viral 

OTU proteases remove both Ub and ISG15 from cellular target proteins using the 

CCHFV Otu protease domain.  This involved determining the crystallographic structure 

of the CCHFV Otu protease in complex with Ub and building a homology model of the 

protease bound to the crystal structure of ISG15. The research published in this thesis 

putatively reveals the structural basis for the broad substrate specificity in the CCHFV 

Otu protease. 
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2. MATERIALS AND METHODS 

 2.1. Biochemicals and common reagents 

 Unless stated otherwise, all biochemicals and reagents used during the study were 

purchased from Sigma Chemical Co. or Fisher Scientific Ltd.  Restriction enzymes, DNA 

plasmids and DNA polymerases were from New England Biolabs (NEB).  

2.2. Bacterial Strains and Growth Conditions 

 E. coli  BL21-Gold (DE3) strain was purchased from Stratagene and used for all 

cloning and protein expression experiments.  This strain has a genome-encoded T7 RNA 

polymerase under the influence of a lacUV5 promoter used for controlled protein 

expression.  IPTG was used as a substrate analog for activation of the lacUV5 promoter 

resulting in recombinant protein expression.  The strain is also endA-, which allows the 

strain to be used for plasmid propagation and isolation. 

2.2.1. LB Media and Storage Media 

 E. coli liquid cultures were grown in LB consisting of 10g/L Tryptone, 5g/L yeast 

Extract, 5g/L NaCl purchased from Difco Laboratories (MD, USA).  Solid media 

consisted of the same LB concentration with 10g/L agar.   Storage of stock strains were 

isolated colonies picked from solid media, suspended in LB + 30% glycerol (v/v) and 

stored at -80˚C. 

2.2.2. M9 Minimal Media  

 Seleno-methionine labelled and 13C/15N labelled proteins were expressed in E. 

coli and grown in modified M9 Minimal media base.  M9 Minimal Media consisted of 
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8g/L NaCl, 0.2g/L KCl, 1.44g/L Na2HPO4, KH2PO4g/L, 1g/L NH4Cl, pH 7.4, 0.5 – 1% 

D-Glucose, 2mM MgSO4, 0.1mM CaCl2. 

2.2.3. Antibiotic Concentrations in growth media 

 All plasmids used in the research were either kanamycin or ampicillin resistant.  

For cell transformants carrying kanamycin resistance plasmids, antibiotic was added to a 

concentration of 35 µg/ml in liquid and solid media forms.  For plasmid-harbouring 

strains carrying ampicillin resistance, the antibiotic was added to a concentration of 150 

µg/ml in liquid and solid media.   

2.3. DNA Manipulation 

2.3.1. DNA isolation and purification 

 Plasmid DNA was isolated according to Qiagen (Hilden, Germany).  Briefly, cells 

containing plasmids were grown to stationary phase in 3ml LB plus the appropriate 

antibiotic and pelleted by centrifugation.  Alkaline lysis of the bacterial cells and DNA 

purification by adsorption to silica membrane was performed according to the QIAprep 

miniprep procedure (Qiagen).  All plasmids were eluted from the membrane in 30-100 µl 

of 20mM Tris, pH 8.0, 1mM EDTA for PCR templates and bacterial transformation 

purposes.  All plasmids prepared for DNA sequencing were eluted in 30 µl of purchased 

Nuclease- and RNase-free water.   

2.3.2. DNA Restriction Enzyme Digestion 

 All restriction enzymes were from NEB and digests were carried out according to 

their protocols.  Reactions were allowed to proceed for a minimum of 3 hrs and 

temperature was controlled using the PTC-200 Pelltier Thermal Cycler (MJ Research).  
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Digested DNA was purified using QIAGEN silica-membrane purification cartridges and 

analysis was performed by agarose gel electrophoresis. 

2.3.3. Agarose Gel Electrophoresis and Gel Purification 

 Electrophoresis of PCR-amplified DNA and restriction endonuclease-digested 

DNA was performed according to Sambrook et al., (1989). Agarose gels containing 2% 

(w/v) agarose and 1-2 µg/ml ethidium bromide were suspended in TAE buffer (40mM 

Tris-Acetate, pH 8.0, 1mM EDTA) and cast in a BIO-RAD Mini Sub Cell Plexiglass 

horizontal electrophoresis trays.  DNA samples were mixed in a 1:1 ratio of gel loading 

buffer (50% glycerol, 0.2M EDTA, pH 8.0, 0.25% bromophenol blue) and wells were 

loaded with 5-10 µl of sample mixture. DNA standards (1 kilobase marker), purchased 

from Invitrogen Canada Inc., served as reference for all DNA electrophoresis 

experiments.  Electrophoresis was performed at a constant voltage of 100V for 20-25 

minutes, depending on the migration of the dye marker or the size of DNA needing to be 

resolved.  DNA bands were illuminated using ultraviolet light and images were captured 

and printed using a Gel Doc 1000 image capture system (BIO-RAD).   

2.3.4. Synthetic Oligonucleotide primers and PCR 

 All synthetic oligonucleotides for PCR amplification were ordered from Alpha 

DNA company (Montreal, Canada) and delivered as lyophilized pellets.  The dried 

product was initially dissolved to 100 µM of 10mM Tris, pH 8.0, 1mM EDTA, and then 

diluted to 5 µM in purchased RNase and DNase free H2O for a working stock 

concentration prior dilution in the PCR reaction.  All dissolved oligonucleotides were 

stored at -20˚C and thawed for use in DNA amplification. For some oligonucleotide 



 45 

orders, the 5’ terminus was phosphorylated.  This was  necessary for blunt end cloning of 

PCR products and performed by Alpha DNA.   

 All PCR reactions performed over the course of this study utilized either VENT or 

Phusion (NEB) polymerase with very similar thermal profile for the PCR amplification of 

cDNA.  The reactions proceeded as follows (Steps 1-7). 

1. 98°C for 5 minutes; 

2. 98°C for 30 seconds; 

3. 63-68°C for 30 seconds; 

4. 72°C for 1 – 2.5 minutes; 

5. (Steps 2 – 4) repeated 25 times; 

6. 72°C for 10 minutes; 

7. Held at 4°C;  

A range of temperatures are indicated for Step 3 of the thermal cycler program due to 

non-specific priming that may have occurred during PCR reactions.  If the PCR 

amplification product did not appear as a single intense band,  a higher temperature was 

favoured during the primer annealing (Step 3).  This was performed on a trial and error 

basis.  A range of durations are mentioned during Step 4 of the program as well.  This 

was due to the length of the PCR product being amplified.  In all basic gene cloning 

experiments (creation of pET-49(b+)-CCHFV-Otu(1-185), pTYB2-Ub, pTYB2-ISG15, 

pET-26(B)+-yeast Otu1(87-301); see section 2.3.6), extension times ran at 1 minute due 

to the less than 1 kilobase size of all genes being amplified.  For the mutagenic 

amplification of pTYB2-ISG15(C78S) linear plasmid, extension times were lengthened to 

2.5 minutes due to the size of the entire plasmid.   
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2.3.5. Chemical transformation into Z-competent E. coli BL21 

 E. coli BL21 was grown in SOB media with added dextrose (SOC media) to an 

OD600 value between 0.4 – 0.6 at 24°C.  Cells were then pelleted and cooled on ice.  After 

this incubation on ice, the cells were washed with the two proprietary buffers from the Z-

competent package available from Zymo Research. The Zymo Research buffer system 

yield highly chemically competent E. coli and their wash protocol was followed prior to 

storing cells at -80°C in the final Zymo Research resuspension buffer.   

 Chemical transformation of the above Z-competent cells was carried out using 3µl 

of purified plasmid or DNA ligation reaction products mixed with 60 µl of semi-thawed 

Z-competent  E. coli cells. Using a programmed thermal-cycler, the cells were held at 

4°C for 30 minutes then shocked at 42°C for 30-60 seconds to allow for uptake of DNA 

into the cells.  The heat shock procedure was followed by at least a 3 minute incubation at 

0°C prior to  rescuing the cells in 1 ml SOC media.  Rescued cells were incubated with 

vigorous shaking for a minimum of 1 hr at 37°C prior to plating on pre-warmed (37°C) 

LB plus antibiotic agar plates.  Plates were generally grown for 16 hrs at 37°C but may be 

allowed to incubate for 24 hrs for isolated colony growth.   

 

2.3.6. Cloning of the CCHFV Otu protease, Ub, ISG15 and yeast Otu1 plasmid 

constructs 

 The CCHFV Otu protease domain open reading frames was PCR amplified from 

cDNA clone pCAGGS-MCSII-CCHFV-L (73) and ligated into E. coli based expression 

plasmids as described below. Table 2-2 is a summary of the resulting plasmid constructs 

that were used in the course of this research.   
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2.3.6.1 pET-49(b+)-CCHFV-Otu(1-185) 

 An expressible CCHFV Otu protease construct plasmid (pET-49(b+)-CCHFV-

Otu(1-185)) was created where the Otu protease was expressed as a chimeric protein with 

a Glutathione-S-Transferase domain (GST) for affinity purification.  The two proteins 

were separated by human Rhinovirus 3c (HRv 3c) protease recognition site for enzymatic 

separation of the GST-Otu protein. A cDNA clone of the CCHFV viral L-segment 

(provided by Dr. A. Garcia-Sastre, Mount Sinai School of Medicine, New York) served 

as the template for amplification of the Otu protease domain.  Oligonucleotide primers 

P1-F and P1-R were used for PCR amplification and are shown in Table 2.1.  These were 

designed to amplify the first 555 bps of the L-segment cDNA (encoding amino acids 1-

185 of the RdRp and comprises the CCHFV Otu protease domain).  The forward primer 

encoded an Xma1 restriction enzyme site, while the reverse primer encoded a Not1 site.  

PCR reactions were carried out using VENT polymerase using the general reaction 

conditions described in section 2.3.4. The PCR amplicon and plasmid pET-49(b)+ were 

restricted with Xma1 and Not1 then ligated together using T4 DNA ligase.  The ligation 

product was used to transform Z-competent E. coli BL21(DE3) Gold.  The resultant  

pET-49(b+)-CCHF-Otu(1-185) (Table 2-2) was isolated from a single ampicillin resistant 

transformant.  Restriction analysis and DNA sequencing were used to verify the plasmid 

construct. 
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Table 2-1 - Oligonucleotide primers used for PCR amplification and mutagenesis 
reactions over the course of the CCHFV Otu protease study 

Primer 
Abbr.Χ 

Primer 
Description Primer Sequence (5' - 3') 

P1-F CCHVF 
Otu(1-185)  

GATATACCCGGGATGGACTTCTTGAGAAGCCTTG 

P1-R CCHFV 
Otu(1-185)  

GATATAGCGGCCGCTTAAGAAGATGATGTCAACTGATCC 

P2-F Human Ub  GATATACATATGCAGATCTTCGTGAAAACC 

P2-R Human Ub  P_TCTCAGACGCAGGACCAGGTGCAGGGΣ 

P3-F Human 
ISG15  

GATATACATATGGGCTGGGACCTGACGGTG 

P3-R Human 
ISG15  P_CCGCAGGCGCAGATTCATGAACACGGTGCTCAGGGGCTTGAGGCCΣ 

P4-F Mutagenic-
ISG15(C78S)  

CCGGCAGCACGGTCCTGCTGGTG 

P4-R Mutagenic 
ISG15(C78S)  

P_CACCAGCAGGACCGTGCTGCCG Σ 

P5-F 
Yeast 
Otu1(87-
301)  

GATATACATATGAAGAGGGTGCTGAAGAGCACTG 

P5-R 
Yeast 
Otu1(87-
301)  

CTATATGGATCCTCTATTTTGGCCAAAATCAACG 

Χ F or R denotes forward and reverse primers respectively 
Σ P at the 5’ end of primer represents a phosphate group present at the terminus 
 

2.3.6.2. pTYB2-Ub 

 The pTYB2-Ub vector was created to produce a chemically reactive form 

of Ub that can be covalently complexed with a cysteine protease to produce an acyl 

intermediate arrested form of the enzyme and substrate; or a OTU-Ub complex.  This is 

the acyl intermediate seen in panel B of Figure 1-6 and was performed using the 

IMPACT kit available from NEB in a modified fashion.   
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The open reading frame of human Ub (amino acids 1-75) was PCR amplified 

using VENT Polymerase and primers P2-F and P2-R (Table 2-1) from an 

OpenBiosystems cDNA clone of the human Ub gene (Catalogue number: OHS1770-

9379886) provided by Dr. J Wilkins, Department of Immunology, University of 

Manitoba.  PCR primers were designed to incorporate Nde1 and Sma1 restriction sites 

flanking the 5’ and 3’-ends of the Ub ORF amplicon, respectively.  PCR reactions were 

carried out using VENT polymerase using the general reaction conditions described in 

section 2.3.4.   The PCR amplicon and the pTYB2 vector were restricted Nde1 and Sma1 

and subsequently ligated with T4 DNA ligase. The ligation product was used to transform 

Z-competent E. coli BL21(DE3) Gold.  The resultant plasmid pTYB2-Ub (Table 2-2) 

was isolated from a single ampicillin resistant transformant.  Restriction analysis and 

DNA sequencing were used to verify the plasmid construct. 

The IMPACT kit contains a pTYB2 vector where recombinant human Ub was 

expressed as a C-terminal chimeric protein with a Chitin Binding Domain (CBD).  A 

diagram of the purification process is shown in Figure 2-1. An Intein region separates the 

two proteins for a favourable post-translational separation of the chimeric proteins using 

a chemical reducing agent; in our case β-mercaptoethanesulfonate (MESNa).    The 

MESNa molecule becomes bound to the C-terminus and can be replaced by a 3-

bromopropylamine group and becomes a covalently binding Ub substrate.  The bromine 

becomes irreversibly replaced by the side chain sulphur of the cysteine DUB enzyme, 

forming the covalent enzyme intermediate. Therefore, the Ub protein is in fact not the full 

length 76 amino acids, and is truly 75 amino acids long with the replacement of Gly76 by 

a propylamine (3CN) group. 



 50 

 

Figure 2-1: Modification of the C-terminus of Ub using the IMPACT protein 
expression system (NEB). 

2.3.6.3. pTYB2-ISG15 and pTYB2-½ISG15  

The pTYB2-ISG15(C78S) mutant plasmid construct was created using the same 

protocol, enzymes and restriction sites (Nde1/Sma1) as the pTYB2-Ub construct. The 

open reading frame of human ISG15 (amino acids 1-156) was PCR amplified using 

VENT Polymerase and primers P3-F and P3-R (Table 2-1) from an OpenBiosystems 

cDNA clone of the human ISG15 gene (Cataloge number: OHS1770-9382253 ) provided 

by Dr. J Wilkins, Department of Immunology, University of Manitoba.  Primers P3-F and 

P3-R were designed to amplify the first 156 amino acids of the ISG15 gene sequence and 

can be seen in Table 2-1.  The pTYB2-½ISG15 was designed to encode amino acids 79-
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156 of the mature ISG15 protein and was performed by Allan Hogg, a summer student 

working in our lab during 2009.   

2.3.6.4. pTYB2-ISG15(C78S) vector by site-directed mutagenesis 

 Cys78 of the ISG15 molecule has a high tendency to form disulfide bonds at this 

site and was mutated to a serine residue (ISG15(C78S)) for crystallographic studies (30). 

For mutagenesis of the ISG15 gene sequence, a primer (P4-F) was designed to mutate 

nucleotide position 233 from guanidine to cytosine resulting in a primary structure 

change of ISG15, from Cys78 residue to a Ser residue.  A second wild-type primer (P4-R) 

was designed for amplification of the entire template pTYB2-ISG15 plasmid and both 

primers are listed in Table 2-1.  Template was serially diluted in replicate mutagenic PCR 

reactions to minimize wild type sequence recovery. The PCR reaction utilized Phusin™ 

polymerase (Finnzymes) designed for robust high-fidelity amplification of large DNA 

regions and the thermal cycler program can be seen in section 2.3.4. Both primers were 

labelled with 5’-phosphoryl groups for ligation of the linear amplified plasmid by T4 

DNA ligase. Mutation incorporation was verified by DNA sequencing. 

2.3.6.5. pET-26(B)+-yeast Otu1(87-301) 

 An expression clone was created of the yeast S. cerevisiae Otu1 protease to test 

for DISG activity using an ISG-AMC assay and its relative activity in a DUB Ub-AMC 

assay.  The coding region was PCR amplified to replicate the yeast Otu1 domain 

expressed in the Otu1-Ub crystal structure that was recently solved (52).  Based on this 

structure, the cloned Otu1 open reading frame did not include the, Ub-like fold (UBX) 

domain removed (amino acids 1-87) which was shown to have no effect on the catalytic 

activity in a Ub-AMC fluorogenic assay .   
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A genomic plasmid preparation of S. cerevisiae strain YPH499  was graciously 

donated to me from Dr. Matt Young of Dr. Deborah Court’s Laboratory at the University 

of Manitoba, Faculty of Science – Department of Microbiology and was used as a PCR 

template.  Primers (P5-F and P5-R of Table 2-1)  were designed to amplify the yeast Otu1 

gene missing its Ub-like fold domain (UBX) but containing its zinc-binding domain. 

PCR reactions were carried out using VENT polymerase where cycle conditions are 

described in section 2.3.4.  The primers were designed to encode BamH1 and Nde1 

restriction sites to flank the gene sequence in order to ligate the gene product into the pET 

vector.  The PCR amplicon and the pET vector were restricted with Nde1 and BamH1 

and subsequently ligated with T4 DNA ligase. The ligation product was used to transform 

Z-competent E. coli BL21(DE3) Gold.  The resultant plasmid pET-26(B)+yeast-Otu1(87-

301) (Table 2-2) was isolated from a single kanamycin resistant transformant.  Restriction 

analysis and DNA sequencing were used to verify the plasmid construct (54).   

2.3.6.6. pGEX6P-1-CCHFV-Otu(1-169) 

 An expression clone of the CCHFV Otu protease domain (L-segment amino acids 

1-169) (pGEX6P-1-CCHFV-Otu(1-169)) was constructed  by N. Frias-Staheli and 

graciously provided by Dr. Adolfo Garcia-Sastre of the Mount Sinai School of Medicine 

in New York (73). 
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Table 2-2: Protein expression plasmids used over the course of the CCHFV Otu 
protease study 

Plasmid Cloning restriction sites Purification tag 
pET-49(b+)-CCHFV-Otu(1-185) Xma1/Not1 GST 
pTYB2-Ub Nde1/Sma1 CBD 
pTYB2-ISG15(C78S) Nde1/Sma1 CBD 
pTYB2-½ISG15 Nde1/Sma1 CBD 
pET-26(B)+yeast-Otu1(87-301) Nde1/BamH1 poly-His-tag 
pGEX6P-1-CCHFV-Otu(1-169)   GST 

2.4. Recombinant protein expression 

2.4.1. Unlabelled protein expression in LB Medium 

 All large-scale (≥ 500 ml)  expression cultures in LB media were initiated by 

inoculation with 3ml LB plus antibiotic cultures that had been grown overnight from 

glycerol stocks of E. coli harbouring an appropriate plasmid.  All starter cultures were 

grown for at least 16 hrs  at 37˚C with strong agitation. 

 The E. coli pET49b(+)-CCHFV-Otu(1-185) and pGEX-CCHFV-Otu(1-169) 

clones were grown in LB medium to an optimal density OD600
 of ~0.5 at 37˚C.  At this 

point, cultures were induced to produce recombinant protein via the addition of IPTG to a 

final concentration of 1mM  followed by incubation at 37˚C for a minimum of 4hrs.   The 

pGEX-yeastOtu1ΔUBX clone was expressed in the same fashion as the CCHFV Otu 

protease.  The E. coli BL21-pTYB2-Hub and pTYB2-ISG15(C78S) plasmid constructs  

cultures were grown to in  LB to an OD600 of 0.6 – 0.8 at 37˚C. Recombinant protein 

expression wasinduced for a minimum of 4 hrs at 30˚C when using these constructs. 
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2.4.2. Seleno-Methionine Labelled Protein Expression in M9 Minimal Media 

 Seleno-methionine substituted Otu protease was generated using 100 ml LB 

starter culture and grown to an OD600 of  ~1.0 at 37°C.  E. coli cells were then removed 

from the LB medium by centrifugation and transferred to 500 ml of M9 Minimal Media 

+Kan/Amp.  OD600 values were monitored until the culture reached a value of ~0.6, at 

which point powdered amino acids were added to the M9 Minimal Media expression to 

shut down the methionine synthetic pathway.  The amino acids were added to final 

concentrations of 50 mg/L of Seleno-methionine, 100 mg/L of Lysine-HCl, 100 mg/L of 

Threonine, 100 mg/L of Phenylalanine, 50 mg/L of Leucine, 50 mg/L of Isoleucine and 

50 mg/L of Valine .  This is performed for incorporation seleno-methionine into the 

protein sequence (CCHFV Otu) and is necessary for phase estimations during the 

processing of crystallographic diffraction data.  30 minutes after the addition of the amino 

acid mixture, IPTG was added to a final concentration of 1mM and the cultures were 

incubated at 37°C for a minimum of 4 hours.  

2.4.3. 13C and 15N Isotope Labelled Protein Expression in M9 Minimal Media 

 All isotope labelling experiments to produce recombinant protein for analysis by 

nuclear magnetic resonance (NMR) spectroscopy were performed using the CCHFV Otu 

protease clones (1-185) and (1-169).  13C and 15N  labelling is required for NMR studies 

as these stable isotope nuclei emit a signal during pulse-field NMR spectroscopy. By 

supplying isotope labelled Minimal media, we can ensure close to 100% incorporation of 

the isotopes into our expression protein.  These isotopes are present in very low-natural 

abundance which can be overcome by supplying the isotope substituted media. 
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For preparation of isotope-labelled protein, 3ml LB cultures were inoculated and 

grown at 37˚C for 16 hrs, inoculated with either E. coli-pET49b(+)-CCHFV-Otu(1-185) 

or E. coli-pGEX-CCHFV-Otu(1-169) clones.  The following morning, the cell 

suspension was subcultured into a new 100 ml LB medium which was grown to an OD600 

of  ~1.0. Cells were then separated by centrifugation and suspended in 500 ml of  15N 

and/or 13C M9 Minimal media and incubated at 37˚C for 4-6 hrs. 13C substituted glucose 

and 15N substituted ammonium chloride were incorporated into the M9 Minimal Media 

recipe (see section 2.2.2). The D-glucose was substituted with 99% 13C6 D-glucose 

purchased from Cambridge Isotope Laboratories (Andover, MA), suspended in water to 

1M and 0.2 µm filter sterilized.  99% 15N ammonium chloride was used for nitrogen 

labelling experiments which was also purchased from Cambridge Isotope Laboratories.  

Once the culture density reached an OD600 value of 0.6-0.7 in the isotope substituted 

Minimal media, IPTG was added to a final concentration of 1mM and the cultures were 

incubated for a minimum of 4 hours at 37˚C. Along with IPTG addition, 3ml of 1M 

glucose (labelled or unlabelled) was added to every 500 ml culture as it was found to 

increase recombinant protein yield. 

2.5. Recombinant Protein Purification 

 Large-scale protein expression cultures were suspended in stable lysis buffers and 

cell contents were extracted by French Press using a 20,000 pounds per square inch (psi) 

limit cell. Cell lysate was centrifuged using a SS-34 rotor (Sorval) with a 10.7 cm 

rotation radius and performed at 17,200 g.  Large scale protein purification was 

performed using AKTA-FPLC with controlled flow-rate, gradient mixing buffer pumps, 
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continuous UV absorption (280 nm) detection of column effluent and automated fraction 

collection.     

2.5.1. CCHFV Otu protease domain purification 

 Typical preparations of both CCHFV 1-169 and 1-185 Otu protease domains 

began with suspension of the IPTG induced cell pellets (section 2.4.) in 50 mM Tris-Cl, 

pH 7.2, 200 mM NaCl, 5 mM EDTA, 5 mM DTT buffer.  Typical suspensions were 

15mls of buffer/1 L of expressed cell culture where 20 mgs of Otu protease could be 

achieved for each litre of cell culture used. Cell suspensions were continuously kept on 

ice and passed through French Press at 20, 000 psi for cell content extraction.   

Purification of the GST-Otu fusion protein expressed from E. coli-pGEX6P-1-

CCHFV-Otu(1-169) and E. coli-pET-49(b+)-CCHFV-Otu(1-185) soluble cell lysate 

(supernatant fraction from above) was performed using GST BindTM resin (Novagen).  

The GST BindTM resin is a reduced glutathione matrix that binds glutathione-S-

transferase containing proteins with high specificity.  Each of these GST-Otu fusion 

proteins encode a HRV 3c protease recognition site exactly between the chimeric GST 

and Otu domains allowing for separation during purification. This consequently results in 

two residual amino acids left behind at the N-terminal end of the CCHFV Otu protease 

after cleavage by the HRV 3c protease recognition site. Cell lysate was passed through a 

GST resin packed XK-16 column (General Electric) at a linear flow-rate of 0.47 cm/min.  

After injection, the column was washed with 2 column volumes of wash buffer (50 mM 

Tris-Cl, pH 7.2, 500 mM NaCl, 5 mM EDTA, 5 mM DTT) to remove contaminating 

proteins.  To elute the GST-Otu fusion protein from the column, the wash buffer was 

supplemented with 15 mM reduced glutathione, a molecule that competes for the GST-
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sites of the GST-Otu fusion proteins, freeing them from the static resin as the buffer 

passes through the column. 

The eluted GST-Otu fusion protein solution was dialyzed twice consecutively 

against an approximate 150-fold excess volume of 50 mM Tris-Cl, pH 7.4, 150 mM 

NaCl, 1 mM EDTA, 1 mM DTT solution for removal of the glutathione. Dialysis was 

performed in each case for a minimum of 4 hrs using a 12,000-14,000 MW cut-off 

membrane for retention of biomolecules.  The fractions containing the fusion protein 

were typically 7-15 ml whereas dialysis buffer volumes were typically between 1-2 L 

(dialysis was performed at 4˚C with stirring).  During buffer exchange non-cleavable 

GST-HRV 3c protease fusion protein  (1-2 mg/ml in 50 mM Tris, pH 8.0, 150 mM NaCl, 

10 mM EDTA, 1 mM DTT, 30% (v/v) glycerol) was added to the GST-Otu sample at 20-

40 ul GST-HRV 3c protease solution per ml of dialyzed GST-Otu fusion protein and 

incubated overnight at 4˚C (~18 hrs). The HRV 3c protease cleaved its recognition 

sequence (Leu-Glu-Val-Leu-Phe-Gln/Gly-Pro), thereby releasing the Otu protease from 

the GST with an N-terminus containing two vector-derived amino acids (Gly-Pro) 

followed by the CCHFV Otu protease sequence. 

Following removal of the GST tag by treatment with GST-HRV 3c protease, the 

sample was injected onto fresh GST-bind resin. A linear flow-rate of 0.47 cm/min was 

used during this step to capture the released GST and GST-HRV 3c Protease. Taggless 

CCHFV Otu protease passed through the column and was collected in the flow-through.  

The purified protease was then dialyzed against 50 mM Tris-Cl, pH 7.5, 150 mM NaCl, 1 

mM DTT solution.   
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 Purified Otu protease that was not used for subsequent covalent complexing with 

Ub or ISG15 was concentrated to 1-2 mg/ml using an Amicon 10, 000 Da MW cut-off 

centrifugal concentrator.  After concentration, the sample was injected onto a Superdex 

75 size-exclusion gel filtration column at a linear flow-rate of 0.64 cm/min. The purified 

native Otu protease was dialyzed against 20mM Tris, pH-7.4, 150mM NaCl, 1mM DTT 

for long term storage or dialyzed against other various buffers for crystallography, 

kinetics, CD spectroscopy and NMR analysis as described below.  The purified protein 

could be stored in the buffer without any noticeable degradation at 4˚C or -20˚C as 

verified by SDS-PAGE and kinetics assays using fluorogenic Ub-AMC (Boston 

Biochem) (described in section 2.7). 

2.5.2. Modification and Purification of Ub-MESNa and Ub-Br3  

 Large scale purification (typically in the range of 4-8 L of cell culture) of Ub and 

ISG15(C78S) proteins began by suspension of cell pellet in 50 mM HEPES, pH6.5, 100 

mM Sodium Acetate, 50 µM PMSF lysis buffer at 15 mls/1L of cell culture pellet.  Cells 

were ruptured by French Press as 20, 000 psi and soluble contents were separated by 

centrifugation (17, 200 g) at 4°C.  Soluble cell lysate was loaded onto a XK-16 column 

(General Electric) packed with 10 ml of Chitin bead resin (New England BioLabs) at a 

linear flow rate of 1.5 cm/min.  Following injection, the column was washed with a 

minimum of 3 column volumes (CVs) of lysis buffer to remove non-specifically bound 

protein.  Following the wash step, the column was equilibrated with 50 mM HEPES, 

pH6.5, 100 mM Sodium Acetate,  50 mM β-mercaptoethanesulfonate sodium salt 

(MESNa) and incubated O/N at 37˚C.    
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The MESNa reducing agent cleaved the intein peptide linker that links the Ub C-

terminus to the chitin binding domain (CBD) affinity purification tag.  As described by 

the IMPACT kit from NEB, reduction of the intein with MESNa initiated self-cleavage of 

the intein linker to release Ub (1-75), where MESNa takes the place of the C-terminal 

Gly76 of Ub.  This chemical modification can be modified with a variety of electrophiles 

to create a terminal reactive group that can form an irreversible covalent linkage with 

DUB enzymes (74) at the catalytic nucleophile (Cys40) of the CCHFV OTU protease. In 

the case of this study, we will use 3-bromopropylamine as the electrophile.  The amino 

end forms a peptide bond with the carboxyl group of Gly75 leaving a Gly75–NH2-(CH2)2-

CH2Br C-terminus.  The bromine becomes replaced by the sulphur atom of the catalytic 

cysteine residue upon incubation.  Therefore, Gly76 of Ub becomes replaced as a 

propylamine group (consistent with previous literature, it will be termed 3CN) where 

there is believed to be no effect on the substrate-enzyme binding (74). 

 The column was incubated overnight at 37°C in the MESNa containing buffer to 

allow complete cleavage of the Ub molecule from the CBD.  The C-terminally modified 

target protein, named Ub-MESNa, was washed from the column in the same buffer and 

concentrated to 1-2 mg/ml using a 3,000 MWCO Amicon spin concentrator.  After 

concentrating, 3-bromopropylamine hydrobromide was dissolved into the protein sample 

at a final concentration of 0.2 mmol/ml along with 200 µl/ml of 2.0 M NaOH ml and 

immediately vortexed for approximately 5 seconds (dissolve any powered 3-

bromopropylamine  hydrobromide).  The reaction was allowed to proceed for 20 min at 

room temperature with occasional mixing, then quenched with the addition of 200 µl of 

2.0 M HCl per ml of protein sample  The neutralized sample was then immediately 
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dialyzed against 50 mM NaOAc, pH 4.5, 150 mM NaCl at 4˚C for 1-2 hrs (removed upon 

precipitation formation), and then against a phosphate buffered saline (PBS), pH7.4 and 5 

mM DTT overnight.  The entire process replaced the C-terminal MESNa group of Ub 

with a three-carbon aliphatic chain with a reactive terminal bromine leaving group 

capable for forming a covalent linkage with Cys40 of the CCHFV Otu protease. The 

modified protein was termed Ub-Br3 and could be stored at -20˚C without any observable 

degradation.   

2.5.3. Production and purification of ISG15(C78S)-Br3 

 Recombinant ISG15(C78S) was expressed from E. coli- pTYB2-ISG15(C78S) and 

purified as described for Ub-Br3 with the following modifications.  Unlike the Ub-Br3 

preparation, which yielded ~2 mg of usable Ub-Br3 for every L of expression culture and 

did not precipitate extensively during the C-terminal modification with Br3, the ISG15 

protein expressed at ~0.25 mg of usable ISG15-Br3 per L of expression culture and was 

prone to precipitation during Br3 modification.  Thus it was necessary to use a minimum 

of 4 L of IPTG induced culture to commence a purification run that would yield enough 

ISG15 for downstream applications.  Compensation for poor yields also included 

reducing dialysis of ISG15(C78S) in NaOAc, pH 4.5 due to the much quicker 

precipitation versus the Ub counterpart.  As for Ub-Br3, the final buffer for the 

ISG15(C78S)-Br3 protein was a PBS, pH 7.4, but also contained 5% (v/v) glycerol to aid 

in stability of the protein.  Also, the ISG15(C78S)-Br3 protein could not be frozen and 

was instead stored at 4°C for a maximum of 2 days prior to use but was used as quickly 

as possible.   
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2.5.4. Purification of the Saccharomyces cerevisiae Otu1 enzyme 

 A single 500 ml expression culture of the yeast Otu1ΔUBX protein began by 

inoculation with E. coli-pET-26(B)+-yeast-Otu1(87-301) clones.  The yeast Otu1 

protease was only tested for relative Ub-AMC and ISG-AMC DUB/DISG activity, 

requiring less than 1 mg of usable protein for all applications.  The entire induced cell 

pellet was suspended in 10 mls of 50 mM Tris-Cl, pH 7.3, 200 mM NaCl, 50 µM PMSF, 

1 mM TCEP .  The cells were lysed on ice by French Press using a pressure differential 

of 20, 000 Pa.  The cell lysate was centrifuged at 17, 200 g for 1 hour at 4°C to pellet 

unwanted insoluble matter and the supernatant then injected onto a XK-16 column 

containing 2 ml of Ni-NTA Superflow (Qiagen) packed using a linear flow-rate of 0.46 

cm/min.  The column was then washed with 50 mM Tris-Cl, pH 7.3, 200 mM NaCl, 

1mM TCEP, 25 mM Imidazole buffer to remove non-specifically bound proteins.  The C-

terminal 6xHis tagged yeast Otu1 protease was then eluted from the column using 250 

mM imidazole.  The eluted Otu1 enzyme was then dialyzed against 20mM Tris, pH-7.4, 

150mM NaCl, 5 mM DTT, 1 mM EDTA and shipped on ice to Dr. Natalia Frias-Staheli 

(Mount Sinai School of Medicine, New York) to measure the catalytic activity of the 

protease against the fluorogenic substrates Ub-AMC and ISG15-AMC (Boston 

Biochem).  See section 2.7 for explanation of kinetics assays using the Ub-AMC and 

ISG15-AMC assay. 

2.5.5. Purification of substrate fused CCHFV Otu protease derivatives  

 The complexing of the CCHFV Otu protease to both its known protein substrates 

(Ub and ISG15) results in a mixtures of enzyme and substrate proteins that require further 

purification without the use of affinity chromatography.  Consistent with previous 
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literature, I performed experimental purifications of both the Otu-Ub complex and the 

Otu-ISG15(C78S) complex using size-exclusion gel filtration chromatography and anion-

exchange chromatography to produce enriched complexed protein samples for 

crystallography.  Ub (~8.5 kDa, pI = 6.56 ), ISG15(C78S) (~17 kDa, pI = 6.83 ) and the 

CCHFV Otu protease (20-22 kDa, pI ~ 4.73, depending on which expression construct 

used) have different molecular weight and isoelectric points that were manipulated for 

purification purposes.   These variables were calculated from the amino acid primary 

structures using the Protparam primary sequence analysis software from the Swiss-

Bioinformatics Institute. 

2.5.5.1.Complexing Ub-Br3 and ISG15-Br3 to the CCHFV Otu protease 

 Both the Ub-Br3 and ISG15(C78S)-Br3 derivatives were reacted with the CCHFV 

Otu protease at 37°C for 1-2 hours with gentle agitation.  The buffer condtions were kept 

the same as the final buffer conditions for each respective protein purification.  The 

CCHFV Otu protein concentration was typically 3 mg/ml; whereas, Ub-Br3 and ISG15-

Br3 were typically 1-2 mg/ml. For each complexing reaction, the Otu protease was mixed 

at a minimum of a 3:2 molar ratio with either Ub-Br3 or ISG15(C78S)-Br3 and were 

mixed in their respective final buffers from their individual purifications.  The 

complexing reactions were either performed in a shaking incubator at approximately 40 

rpm or in a hybridization oven which facilitates temperature control.  Both unlabelled and 

Seleno-Met labelled CCHFV Otu protease were used over the course of the study and the 

identical protocol was applicable to both proteins. After incubation of the mixtures, any 

precipitate that formed during the reaction was removed by centrifugation.  The 
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complexed proteins were then dialyzed against a 50 mM Tris-Cl, pH 8.0, 50 mM NaCl 

buffer in preparation for purification of the complex away from unreacted monomers.   

2.5.5.2.Purification of the CCHFV Otu-Ub Conjugate Protein 

 For (Seleno-met or native) Otu-Ub conjugates, the dialyzed Otu/Ub-Br3 reaction 

mixture was concentrated to a volume of 2-4 mls and injected onto a Superdex75 

(General Electric) size-exclusion gel filtration column at a linear flow-rate of 0.64 

cm/min.  Fractions containing the Otu-Ub conjugate (as determined by comparing the 

volumetric elution standard) were pooled and dialyzed against 50mM Tris-Cl, pH 8.0, 50 

mM NaCl. 

  After buffer exchange, the protein mixture was injected onto a SOURCE™ 15Q 

(GE Healthcare) anion exchange column at a linear flow-rate of 180 cm/min. Any 

unbound Ub flowed freely through the column during the sample injection step due to the 

charge characteristics of Ub.  Once injection was complete, a 20 mM Tris-Cl, pH 8.0, 156 

mM NaCl (ionic strength of 17.5 mS/cm) solution was injected through the column 

which selectively removed the Otu-Ub protein complex while leaving the Otu monomer 

bound to the 15Q Anion Exchange resin  The remaining bound protein was then removed 

from the column using a 0.5 – 1 M gradient of NaCl in 20mM Tris-Cl, pH 8.0.  The 

collected Otu-Ub conjugate was concentrated to 3-10 mg/ml for crystallization 

experiments using a 10,000 MWCO Amicon spin filter.   

2.5.5.3.Purification of the CCHFV Otu-ISG15(C78S) protein complex 

For the CCHFV Otu-ISG15(C78S) conjugates, the reaction mixture would be 

concentrated to 2-4 ml and injected onto a 20 mM Tris, pH 8.0, 50 mM NaCl equilibrated 
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Superdex75 size-exclusion gel filtration column at a linear flow-rate of 0.64 cm/min.   

The fractions containing the Otu-ISG15(C78S) conjugate were then separated by anion 

exchange chromatography in the same stepwise manner as the CCHFV Otu-Ub described 

in section 2.5.5.2.  The NaCl ionic concentration used to elute the CCHFV Otu-

ISG15(C78S) protein was 125 mM compared to 156 mM for the Otu-Ub conjugate.   

The CCHFV Otu-ISG15(C78S) protein was left in 20 mM Tris, pH 8.0, 125 mM 

NaCl for crystallization screening.  Due to the low protein quantity yields from the 

ISG15(C78S)-Br3 purification and modification, the sample was often concentrated to 

100-500 µl volumes for crystallization screening.  I would always concentrate the Otu-

ISG15(C78S) to a minimum of 3 mg/ml and would scale back my crystallization drop 

sizes in order to compensate for the small sample volumes (see section  2.9).  

2.6. Analyses of protein purification 

2.6.1. SDS-PAGE analysis of the protein containing fractions 

 Rough molecular weight determination was performed using SDS-PAGE.  

Stacking gel (5% PA) consisted of the top 10% while the remaining 90% consisted a 

separating gel (12-15% PA) for molecular weight resolution.  Gels were cast in lab and 

had dimensions of 10 mm x 10 mm x 0.75 mm (thickness).  Gels contained either 10 or 

15 wells for samples consisting of 5-40 µg protein for the best resolution.  The gel casting 

apparatus was purchased from BIORAD.   

Protein samples were boiled for 10 minutes at 100˚C in a 1:1 mixture of a 

reducing/denaturing buffer (24.3% glycerol, 4.87% SDS, 150mM Tris-Cl, pH 6.8,   

0.01% bromophenol blue) prior to gel loading.    All gels were run at a constant voltage 

of 200V in a vertical BIO-RAD Mini-Protean II electrophoresis system.   
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Protein staining was done at room temperature with gentle agitation using a 0.1% 

Coomassie blue, 50% Methanol, 10% Acetic acid solution for 1-2 hours.  Following the 

incubation, the solution was exchanged for a 20% methanol, 5% acetic acid solution for 

destaining.  Gels were allowed to destain until the background was judged to be clear. 

The solution was then exchanged for a 20% ethanol, 6% glycerol gel drying solution and 

continued incubation for a minimum of 1hr.  Gels were then mounted between two sheets 

of cellophane purchased from IDEA Scientific Company and dried between room 

temperature and 37˚C.   

2.6.1.1. Molecular weight standardization for SDS-PAGE Analysis 

 All SDS-PAGE analysis of protein fractions were referenced for approximate 

weight determination using a broad molecular weight protein standard (BIO-RAD).  The 

molecular weight standard referenced in all the Figures of this thesis is seen in Figure 2-

2.  Aprotinin (the smallest of all the proteins in terms of molecular weight) would travel 

across the gel at the same rate as our loading dye.  
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Figure 2-2: Reference molecular weights of the broad molecular weight standards 
used during the course of this study; 
 

2.6.2. Protein Concentration Determination 

2.6.2.1. Bradford assay method for protein concentration determination 

 Throughout the majority of this study, a Bradford reagent based protein assay was 

performed for protein concentration that was rounded to a single mg/ml unit.  Single 

ampules of 1 mg/ml Bovine Gamma Globulin (BGG) (Pierce) were diluted to create a 

standard linear curve from 0 – 20 µg/ml measuring absorbance at 595 nm to reference 

experimental samples. Every Bradford assay sample was performed in 1 ml volumes, 

where 200 µl of Bradford Reagent (BIO-RAD) was mixed with 800 µl of a water diluted 

protein sample.   Samples were vortexed and measured anywhere from 1 minute to 10 
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minutes post-protein incorporation.  Absorbance values exceeding the standard curve 

values were rejected and new diluted samples were made.  

 Extinction coefficient methods for more precise measurements were performed 

only for the CCHFV Otu protease calculated using the ProtParam tool from the ExPASy  

server (72, 75).  The extinction coefficient (ε) for the CCHFV Otu protease was 

determined to be 28,420 while the ISG15(C78S) variant was determined to be 13, 980. Ub 

is unsuitable for extinction coefficient methods of protein concentration determination 

due to their lack of UV  absorbing residues (primarily tryptophan)  in its primary 

sequence.  The extinction coefficient method was generally only used for kinetics and 

NMR samples where more precise protein measurements are needed.  The diluted OTU 

samples were measured using a 1 cm quartz cuvette where 400 µl of protein sample was 

added and recovered after use.  Absorbance values were measured at 280 nm and the 

sample concentration was calculated using the Beer-Lambert Law based equation below.  

Absorbance = ε (L/mol x cm)  x concentration (mol/L) x cell length (cm) 

 

2.7. Kinetics analysis of the CCHFV Otu protease 

We measured relative OTU DUB activity using a commercially available 

fluorogenic Ub-7-amido-4-methylcoumarin (Ub-AMC) substrate (Boston Biochem).  Ub-

AMC is a monomeric Ub substrate with a cleavable AMC molecule attached to the C-

terminus of Ub.  Upon removal of Ub from by a DUB enzyme, the released AMC 

becomes fluorogenic which can be assayed with a excitation source at 380 nM; AMC 

emission is then monitored at 460 nM.  All reactions were carried out at room 

temperature using Biotek Synergy II plate reader in the Department of Microbiology 
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(Faculty of Science) at the University of Manitoba.  There is also an analogous ISG15-

AMC substrate that can test for DISG activity which was used over the course of this 

experiment (Boston Biochem). 

The purchased Ub-AMC substrate was diluted to usable concentrations in 

RNase/Nuclease-free water and used in a 1:19 volumetric ratio with the protein solution 

during enzymatic reactions. Reactions were performed in 96-well black polystyrene assay 

plates (Corning) where 190 µl of a known OTU protein suspension was injected with a 10 

µl sample Ub-AMC to a final concentration of 124 nM.  The plate was then immediately 

mixed using the plate reader for 10 seconds on the fastest setting.  The  plate was then 

continuously monitored for fluorescence emission in 1-2 minute intervals for 60 – 120 

min.   

2.8.  Protein Crystallization 

2.8.1. Crystallization Screening Products 

 All crystals in the course of this study were grown using the hanging drop vapour 

diffusion method at three temperatures: 4°C, 14°C and room temperature.  All native Otu 

protease and Otu-Ub/Otu-ISG15 conjugates were screened against 96-well NeXtal Deep-

Well block crystallization screens available from Qiagen.  Upon arrival to the laboratory, 

the NeXtal blocks were aliquoted (75 µl/reservoir) into 96-well MicrotestTM flat bottom 

tissue culture plates (Falcon) and sealed with foil tape until used.  Optimization of 

crystallization conditions was performed in 24-well limbro plates (Hampton Research) 

with 500 µl/reservoir. All drop sizes were 3-5 µl/drop at 1:1 ratios of protein solution to 

crystallization mother liquor.  
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2.8.2. Crystallization of native and selenomethionyl CCHFV Otu-Ub complex  

 Diffraction quality crystals of the both native and selenomethionyl labelled 

complex were obtained using a protein concentration of  7-10 mg/ml mixed in 1:1 

volumetric ratio with 100 mM Na-Acetate, pH 5.4-5.6, 25-28% PEG 4000-6000, 0.19 – 

0.22 M Ammonium Sulphate mother liquor.  The crystals exhibited a hexagonal habit and 

prior to cryogenic exposure for x-ray data collection, the mother liquor was substituted 

with 20% glycerol to prevent ice crystal formation.  To achieve this, drops containing 

crystals were removed from the reservoir and injected with 2-3 µl of the glycerol 

substituted mother liquor and allowed to equilibrate in a humid environment for 30 

seconds.  After equilibration, crystals were harvested from the drop using an 

appropriately sized nylon loop and briefly transferred into a fresh drop of the 20% 

glycerol substituted mother liquor for a final wash.  Crystals were then plunged into 

liquid nitrogen prior to mounting on the x-ray goniometer. 

2.8.3. Crystallization of the native CCHFV Otu-ISG15(C78S) complex 

 X-ray diffraction screening and data collection was only performed with native 

Otu-ISG15(C78S) protein crystals during the course of this study.  Protein concentrations 

between 3-7 mg/ml were mixed in 1:1 volumetric ratio with 100 mM MES, pH 6.3-6.5, 

22-25% PEG 6000 or 8000.  To achieve this, drops containing crystals were removed 

from the reservoir and injected with 2-3 µl of the glycerol-substituted mother liquor and 

allowed to equilibrate in a humid environment for 30 seconds.  CCHFV Otu-ISG15 

crystals formed in stacked “coverslip” arrangements and needed to be broken apart prior 

to final cryogenic buffer exchange.  This was performed with a variety of tools and best 

results were obtained when breaking up the crystal arrangements vigorously and 
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recovering isolated fragments.  After equilibration, crystals were harvested from the drop 

using an appropriately sized nylon loop and briefly transferred into a fresh drop of the 

20% glycerol substituted mother liquor for a final wash.  Crystals were then plunged into 

liquid nitrogen prior to mounting on the x-ray goniometer. 

2.7.4. Methods for X-ray data collection and structure determination 

 X-ray data were collected at the selenium absorption edge from crystals of 

selenomethionyl CCHFV Otu-Ub protein complex at the Canadian Light Source, beam 

line 08ID-1.  Diffraction data were processed using MOSFLM (76) and SCALA (77) and 

phased by a single wavelength anomalous dispersion (SAD) phasing experiment using 

the PHENIX AutoSol routine (78).  As implemented in the routine, six of the seven 

selenium atom sites within the CCHFV Otu structure were located using the program 

HySS.  Refinement of heavy atom parameters and phasing using the program PHASER 

produced initial phases with an overall figure of merit of 0.326.  Phase quality was 

improved by statistical density modification using RESOLVE to an overall figure of 

merit of 0.66.  After reserving a random subset (5%) of reflections for cross-validation 

using the free R-factor, an initial model was autobuilt using the PHENIX AutoBuild 

routine and was completed by iterative rounds of manual rebuilding using COOT (79) 

and refinement of the atomic coordinates using phenix.refine (78).  Stereochemical 

quality of the final model was assessed using MolProbity (80). Data collection and model 

refinement statistics are listed in Table 3-3. 
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2.9. CCHFV Otu NMR sample preparation and data collection 

 During initial attempts to crystallize the CCHFV Otu apo-enzyme, there was 

interest developed in solving the structure by NMR methods.  Initial 15N-Heteronuclear 

Single Quantum Coherence (15N-HSQC) spectral data were collected at the University of 

Manitoba – Faculty of Science, Department of Chemistry NMR lab under the guidance of 

Dr. Joe O’Neil and Dr. Kirk Marat.  Due to the chronology of this study, initial 

experiments were analyzed of 15N-labelled CCHFV Otu (1-185) protease to assess the 

protein’s viability for NMR studies.  Final data sets for the complete resonance 

assignment of the apo-enzyme were collected from a  (13C)-15N-labelled CCHFV Otu (1-

169) sample, expressed and purified according to sections 2.4.3 and 2.5.1. respectively. 

The only deviation in the purification experiment came with the final size-exclusion gel 

filtration purification of the protease where the column was equilibrated with 10 mM 

Phosphate buffer, pH 6.5, and 50 mM NaCl, the optimized NMR buffer used during the 

course of the experiment.  After the purified sample was eluted from the column, it was 

dialyzed against the same buffer, however, the pH of the dialysis solution was carefully 

monitored and adjusted over a minimum of 2 hrs (up to 16 hrs) to ensure the final sample 

pH be 6.5.  After equilibration, the sample was concentrated in a 10,000 MWCO Amicon 

Spin centrifugal concentrator to approximately 600 µl, regardless of protein quantity.  

The CCHFV Otu protease is a robust protein that can withstand concentrations above 30 

mg/ml.  The sample was removed from the concentrator and adjusted to 570 µl, where the 

excess was generally kept at -20°C and used for protein concentration determination (see 

section 2.6.2).  The 15N-CCHFV Otu sample was then filtered through a NMR buffer 

equilibrated micro centrifugal 0.2 µm filter to remove any particulate followed by the 

addition of 30 µl of 100% deuterated water (D2O) to a total of 5% D2O in the sample.  
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The final step was to homogeneously add 5 µl of a stock DSS (4,4-dimethyl-4-

silapentane-1-sulfonic acid) solution to the protein sample followed by transfer to cleaned 

and buffer equilibrated Wilmad NMR tube.  The sample was then transferred to the 

appropriate location for data collection.   Final data acquisition collected on the 13C-15N-

labelled CCHFV Otu (1-169) was performed at the National High Field Nuclear 

Magnetic Resonance Center at the University of Alberta (Edmonton, Canada) on the 800 

MHz Spectrometer with the help of Dr. Ryan McKay.    
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3. RESULTS 

3.1. CCHFV Otu protease apo-enzyme 

 The initial goal of this research was to solve the structure of the CCHFV Otu 

protease using X-ray crystallographic methods.  As will be described, the journey to 

reach this goal did not end up being a direct route, but rather a winding road which has 

revealed more information about the viral family of Otu proteases than we had ever 

hoped.   

3.1.1. Construction of the CCHFV Otu protease expressible vectors 

 Two forms the CCHFV Otu protease domain were used in this study, varying in 

length at the C-terminus.  The first expression construct (pGEX6P-1-CCHFV-Otu(1-

169)) coded for amino acids 1-169 of the CCHFV genomic L-segment.  This expressible 

vector was given to us from the Garcia-Sastre Lab at Mount Sinai School of Medicine in 

New York and was shown to express a functional OTU domain containing protease based 

on confirmation of DUB activity by a fluorogenic Ub-AMC assay (67).   

 However, numerous unsuccessful attempts to crystallize the 169 amino acid 

protease domain lead to the hypothesis that amino acids 1-169 of the L-segment only 

represented part of the complete protease domain, which although active, may be 

unstable due to missing structural components from the C-terminus.   To gain insight into 

whether the first 169 amino acids of the L-segment comprised the complete OTU 

domain, or whether additional amino acids were required, secondary structure prediction 

of the N-terminal domain of the L-segment product was compared to the secondary 

structure and prediction of recently crystallized structure, the yeast Otu1 protease, from 
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the yeast Saccharomyces cerevisiae (52).  It was hypothesized that the yeast Otu1 

structure would help determine the true extent of N-terminal amino acids encoded by the 

CCHFV L-segment comprising the OTU protease domain.  Both sequences were aligned 

using the Predict Protein server (81).  The secondary structure predictions matched very 

closely and can be seen in Figure 3-1.   

 

Figure 3-1:  Secondary structure prediction alignment based on primary sequence 
of the yeast Otu1 and CCHFV Otu protease; (A) prediction of the secondary 
structure (below) is aligned with the actual structural distribution (above; blue and 
red lines);  (B) prediction of the secondary structure (below) is aligned with the 
structural distribution (above); solid black line represents length of the crystallized 
protein (162 amino acids); the strong prediction and correlation to a C-terminal α-
helix lead to the lengthening of the CCHFV Otu coding region to 185 amino acids; 

 Alignment of the predicted secondary structure of the yeast Otu1 protease (top) 

with the predicted secondary structure of the first ~200 amino acids encoded by the 

CCHFV L-segment open reading frame indicated that the secondary structure predictions 
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matched very closely.  Interestingly, it appeared that expressing only amino acids 1-169 

of the L-segment may generate an OTU protease domain that was truncated at the C-

terminus and missing a long C-terminal alpha helix.  It was feared that a prematurely 

truncated sequence could be resulting in a CCFHV Otu protease domain that was 

partially disordered.  The predicted disorder did not appear to affect DUB enzyme 

activity but was thought to be inhibiting crystallization.  Thus, a decision was made to 

create a CCHFV Otu protease expression construct that encoded the first 185 amino acid 

coding region of the CCHF viral genome L-segment.  The added extension is marked by 

the hashed lines in Figure 3-1.  L-segment cDNA was used as template to PCR amplify 

the new lengthened Otu domain open reading frame and was ligated into pET-49(b+) 

vector and sequenced as described in section 2.3.6.1.  Recombinant protein expression 

from this vector could be purified in a manner identical to that expression from pGEX6P-

1-CCHFV-Otu(1-169). 

3.1.2. Purification and stability of the CCHFV Otu protease domain 

Recombinant expression and purification of both the 1-169 and 1-185 amino acid 

CCHFV Otu protease domains was very reliable and robust.  A purification summary of 

the CCHFV Otu-GST fusion proteins by fast-protein liquid-chromatography (FPLC) and 

subsequent fractional analysis by SDS-PAGE is shown in Figure 3-2. The purification 

process resulted in a homogenous protease sample of approximately 17 kDa for the 1-169 

construct and 20 kDa for the 1-185 as determined by SDS-PAGE. Optimal expression 

yields were approximately 30 mgs of protein per litre of culture.  No significant decrease 

in yield was observed when using M9 Minimal medium for the production of 

selenomethionyl labelled or isotopically labelled protein.  Both CCHFV Otu protease 



 76 

constructs were highly soluble and would remain stable at concentrations above 30 

mg/ml and retain activity in the presence of DTT for greater than 14 days at 4C. 

The catalytic activity of the 169 and 185 amino acid versions of the protease were 

assessed by Ub-AMC assay in a variety of favourable NMR buffer conditions (see 

section 3.4.1).  The conditions tested used conditions previously tested by Dr. N. Frias-

Staheli and compared to solutions buffered exclusively by 10 mM phosphate (phosphate 

undetectable in 1H NMR spectra) and were kept in low ionic strength conditions (50 mM 

NaCl).   These tests were also important prior to NMR data collection to assess the 

stability of the proteins over extended periods of time at room temperature.  Both the 

CCHFV Otu protease domains (1-169 and 1-185) retained more than 50% of their 

catalytic activity after 2 weeks at 4°C and could be frozen without significant loss of 

catalytic activity.  Breakdown in the primary structure could only be observed after 

storage at room temperature for longer than 7 days, as observed by multiple banding on 

SDS-PAGE.  No degradation was ever observed at temperatures of -20°C or 4°C with 

times as long as 6 weeks.  Cysteine protease enzymes are notorious for losing activity due 

to oxidation of the active site cysteine and so purified protease samples routinely 

contained 2-5 mM DTT.    
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Figure 3-2: Continuous A280 measurements (mAu)  by effluent volumetric flow for 
the purification of both the 1-169 and 1-185 CCHFV Otu protease constructs 
with verification by SDS-PAGE; (A) Elution of the CCHFV GST-Otu fusion 
protein (iv) from GST bind resin using reduced glutathione buffer after injection of 
soluble cell lysate (ii); column injection flow-through (iii); left y-axis measures mAU 
(milli-absorption units) in the column effluent giving estimation of protein presence; 
right y-axis measures ionic concentration as conductivity (mS/cm); (B) Injection of 
HRV3c treated GST-Otu and collected column flow-through containing the Otu 
protease (vii);  elution of GST tagged proteins from GST Bind resin using 
glutathione (viii); (C) 1-185 CCHFV Otu protease (viii) purified by size-exclusion 
gel chromatography ; 1-169 Otu protease (ix) purification by gel filtration 
chromatography produced a similar profile to panel C with a slight peak shift; (D) 
SDS-PAGE analysis of various protein fractions that can be traced through panels A-
C; exceptions, (i) is the broad molecular weight marker (see section 2.6.1.1.); (vi) is 
the product of the Otu-GST/HRV3c protease reaction liberating the Otu-protease 
from the affinity tag.   
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3.1.3. Crystallization of the CCHFV Otu protease apo-enzyme 

Crystallization screening was performed according to the protocol in section 2.8.2 

and performed with both 169 and 185 amino acid versions of the protease.  The search for 

a crystallization solution was extensive, with over 500 different solutions screened at a 

range of protein concentrations between 3 and 27 mg/ml.  A complete list of all the 

screens used with the CCHFV Otu protease constructs are shown in Table 3-1.  There 

were no observable protein crystallization events in any of the conditions tested using  

CCHFV Otu apo-enzyme domains (1-169 and 1-185).  Given these results, we explored 

crystallization of the 185 amino acid version of the protein bound to Ub.  This required 

the implementation of a method to irreversibly bind Ub to the enzyme in a manner that 

mimics the acyl-enzyme intermediate step of the catalytic mechanism (see Figure 1-6).  

The inspiration for this came from the methods described for the yeast Otu1 crystal 

structure bound to Ub published by Messick et al. (52) showing a covalent enzyme-

substrate complex. 
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Table 3-1: Crystallization screening summary for all the CCHFV Otu 
protease constructs performed over the course of this study 

Protein Construct Screen 
Name 

Protein Concentration 
(mg/ml) 

169 aa apo-Otu AmSO4 3, 7, 26 
 Classics I 3, 7, 17 
 Classics II 3, 7, 26  
 PEGS II 3, 7, 17, 26  
 Pro Complex 3, 7 
186 aa native Otu Classics I 7, 12  
 PEGS I 7, 12 
 PEGS II 7, 12 
186 aa native Otu-Ub PEGS I 7 
 PEGS IIψ 7 
186 aa seleno-Met Otu-Ub AmSO4 4 
169 aa native Otu-ISG15 PEGS Iϕ 3, 10 
 PEGS II 3, 10 
 Classics II 10 
 AmSO4 10 
169 aa native Otu-½ISG15 PEGS I 3 
 PEGS II 3 
 AmSO4 3 
  Classics II 3 
ψ produced crystals in conditions 100 mM NaOAc, pH 5.6, 30% PEG 4000 and 0.2 M 
AmSO4  
ϕ produced crystals in conditions 100 mM MES, pH 6.5, 25% PEG 6000 or 8000 
 
 

3.1.4. Circular Dichroism Analysis of the CCHFV Otu protease domain 

 The first investigation into the structural effect of lengthening the CCHFV Otu 

construct from 169 to 185 amino acids was performed by circular dichroism (CD) 

spectroscopy.  This was also performed in-conjunction with preliminary tests for NMR 

buffer conditions where lower pH’s provide optimal signal enhancement for biological 

protein samples.  Under the guidance of Dr. Joe O’Neil, I collected a series of spectra of 

purified CCHFV Otu protease in 50 mM NaCl,  10 mM Phosphate at variable pH’s just 
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below 7.0.  The spectral data was deconvoluted using the CDSSTR algorithm that could 

be calculated with the Dichroweb (82) server and the results are shown in Table 3-2.  

Fortunately, lowering the pH from 7.4, to 6.5, to 5.5 had little effect on the apparent 

secondary structure distribution of the 185 amino acid version of the protease.  However, 

it was also found that enzyme activity was lost between pH 6.0 and 6.5 using the Ub-

AMC fluorogenic assay.  Thus, all NMR analyses were conducted in a buffer of 10 mM 

Phosphate, pH 6.5. 

 The lengthened CCHFV Otu (1-185) protease domain was then compared to its 

169 amino acid counterpart and analyzed by CD as well.  There was no clear change in 

secondary structure revealed from the CD analysis but it was decided that the 1-185 form 

of the CCHFV Otu protease domain would be used for structural studies moving forward.   

Table 3-2:  CD Spectrum deconvolution results for the CCHFV Otu (1-169) and 
(1-185) proteases at differing pH in a 10mM Phosphate, 50mM NaCl buffer 

CCHFV 
Otu 
Length 

pH Helix1 Helix2 Strand1 Strand2 Turns Disorder RMSD 

169 aa 5.5 0.05 0.08 0.19 0.12 0.25 0.31 0.05 
169 aa 6.5 0.05 0.08 0.18 0.12 0.24 0.33 0.044 
185 aa 5.5 0.13 0.06 0.19 0.14 0.22 0.27 0.034 

 

3.2. CCHFV Otu-Ub conjugate protein 

3.2.1. Purification and modification of Human Ub-Br3 

The CCHFV Otu protease is capable of both DUB and DISG activity and 

therefore two options for substrate complexing were available: Ub and ISG15.  Given 

that the yeast Otu1 crystal structure had been determined in complex with Ub, it was 
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decided to pursue a CCHFV Otu-Ub construct first to determine if binding to substrate 

would stabilize the protein, making it more amenable to crystallization.  The cloning and 

purification were designed to replicate the Ub(1-75)-bromopropylamine (Ub-Br3) 

expression system described by Messick et al. (52), a method that had been developed 

previously (74). SDS-PAGE analysis of the FPLC elution profile for the purification of 

Ub is shown if Figure 3-3.  Typical yields after treatment with 3-bromopropylamine 

hydrobromide were ~10 mg of protein from a 2L culture of induced E. coli cells.  The 

Ub-Br3 derivative could be frozen in PBS buffer with no observable precipitate or loss in 

complexing ability.  The only time-sensitive variable in this experiment was the oxidation 

of 3-bromopropylamine hydrobromide powder, which seemed to expire 6-10 months 

after opening.  The brominated group is vulnerable to atmospheric oxidation and the 

compound should be stored under inert gas. 
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Figure 3-3: Continuous A280 measurements (mAu)  by effluent volumetric flow from 
purification of the Ub-MESNa derivative with verification by SDS-PAGE; (A)  
FPLC elution profile of the Ub-MESNa purification from soluble cell lysate; large 
volume required multiple injection points (dashed pink); column equilibration with 
50mM MESNa is shown followed  by interruption for 24 hrs @ 37°C to chemically 
reduce the intein domain  (B) verification by molecular weight of the fractions 
collected in the adjacent column purification;   (ii) soluble cell lysate prior to 
injection on the chitin bind resin and column washing fractions were collected (iii) 
and (iv); releasing Ub-MESNa for collection (v) and is known to run ahead of its 
molecular weight at 5 kDa in panel B; (i) denotes the broad molecular weight 
standard (see section 2.6.1.1). 

3.2.2. Purification of the CCHFV Otu-Ub Conjugate Protein 

 All experiments for the Otu-Ub derivative used the 185 amino acid form of the 

CCHFV Otu protease.  During the complexing reactions, CCHFV Otu protease and Ub 

proteins were mixed at 3:2 stoichiometric ratios and ~80% conversion of Ub to Otu-Ub 

could often be achieved.   After the reaction was complete, the mixture was purified by 

size-exclusion gel filtration chromatography followed by anion exchange 

chromatography (see Figures 3-4 and 3-5).  
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 The reaction mixture contained Otu, Ub-Br3 and Otu-Ub proteins and from 

experimental observations it was found that size-exclusion chromatography needed to be 

employed first, prior to anion exchange chromatography.  Interestingly, the Otu-Ub 

conjugate (~30 kDa) and native Otu protease (~22 kDa) eluted from the column in the 

same fraction despite an 8.5 kDa difference in molecular weight.   Figure 3-4 panels A 

and B show this phenomenon.  The FPLC elution profiles consistently showed two peaks 

during the molecular weight dependent experiment where the first always contained Otu-

Ub and apo-Otu protease.  A second peak was measured at the appropriate molecular 

weight and was assumed to be the apo-form of the CCHFV Otu protease and was 

discarded.  The doublet of peaks at the end of the profile correlated to unbound Ub 

molecules that were unreactive, and are not shown by SDS-PAGE.  One benefit was that 

gel filtration chromatography facilitated a buffer exchange needed for the following anion 

exchange purification. 
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Figure 3-4: Continuous A280 measurements (mAu)  by effluent volumetric flow from 
gel filtration purification of the CCHFV Otu-Ub derivative with fractional 
verification by SDS-PAGE; (A) FPLC elution profile measuring A280 and 
conductivity (mS/cm) of the column efluent measured by volume (ml); column 
output was fractionally separated for analysis by SDS-PAGE; (B) SDS-PAGE 
analysis of flow-through fractions from elution profile in panel A; regions in (*) 
bracket for both panels A and B indicate fractions separated by the gel 
electrophoresis; (i) fraction of original complexing reaction with Otu-Ub, 1-185 
CCHFV Otu, and Ub-Br3; (ii) final lane of gel in panel B is a broad MW Standard; 

After gel filtration-mediated equilibration of the apo-Otu and Otu-Ub mixture in a 

suitable ionic solution (see section 2.5.5.2), it was injected over the anion exchange resin.  

Initial purification experiments were run using a linear increasing NaCl gradient to 

determine ionic strengths for protein elution.  A breakdown of this experiment can be 

seen in Figure 3-5, panels A and B, where A280 measured in mAu and conductivity in 

mS/cm (conductivity is directly correlated to ionic strength of the solution) were 

measured continuously from the column effluent measured in ml.  It was found that the 

Otu-Ub complex protein eluted from the column optimally at an ionic strength of 17.5 

mS/cm, while the native Otu protease was eluted from the charged resin at levels above 

20 mS/cm.  After the initial determination of ionic elution strengths, a step-wise NaCl 

gradient was employed to avoid any potential mixing of the two forms of the protein.  
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The step-wise gradient can be seen in Figure 3-5, panels C and D.  After collection of the 

Otu-Ub conjugate, it was concentrated for crystallization studies.   

 

Figure 3-5: Graphical representation of continuous A280 measurements (mAu)  by 
effluent volumetric flow from linear and step-wise anion exchange purification 
of the Otu-Ub derivative with fractional verification by SDS-PAGE; (A) depicts 
the elution profile of the Otu-Ub protein using a linear NaCl gradient; (*) indicates 
the range of fractions separated by SDS-PAGE in panel (B);  (B) shows the 
approximate molecular weights of the proteins collected by the purification in the 
previous panel;  the first peak corresponds to the CCHFV Otu-Ub protein; (C) 
depicts a stepwise NaCl gradient for purification of the Otu-Ub protein; the CCHFV 
Otu-Ub is separated from the column at 15-17 mS/cm; (D) shows fractional analysis 
of the stepwise purification; (i) is the original Otu and Ub-Br3 reaction after 
incubation; (ii) depicts the flow through from the injection of the reaction mixture 
onto the resin; (iii) corresponds to the purified CCHFV Otu-Ub; (iv) and (v) are the 
removal of any non-specific proteins and excess Otu protease. 
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3.2.3. Crystallization of the CCHFV Otu-Ub protein 

 It did not take long for the identification of a successful crystallization solution 

for the CCHFV Otu-Ub protein, unlike the apo-Otu protease.  Using the PEGS1 screen, 

one solution (100mM MES, pH 6.5, 25% PEG 8000) yielded small cover-slip shaped 

crystals when using the 96-well crystallization solutions.  Attempts to reproduce these 

crystals using in-lab conditions yielded smaller rod-shaped crystals that did not diffract to 

the quality of the following additional solution that was found. 

 A second screen (PEGS2) identified another solution that resulted in better 

reproducibility and crystal quality.  This solution consisted of 0.1 M sodium acetate pH 

5.6, 30% PEG 4000 and 0.2 M AmSO4 gave rise to hexagonal crystals that were used for 

structural data collection which can be seen in Figure 3.6. The crystals belonged to space 

group P6222 with unit cell dimensions of a=b=146.0 Å and c=58.2 Å  (α=β=90° and 

γ=120°).  As described in the methods, the PHENIX program suite was used to determine 

the structure to 2.5 Å resolution by a SAD phasing experiment and to build an initial 

model of the complex.  The initial model generated by PHENIX was completed by 

alternating rounds of model rebuilding using COOT and refinement of the atomic 

coordinates using REFMAC and PHENIX.REFINE.  The R-factor and R-free values for 

the final model were 21.4% and 24.9%, respectively. A complete crystallographic 

structure data table is shown in Table 3-3. 
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Figure 3-6: Pictures of the CCHFV Otu-Ub crystals used for structure 
determination; (A) Seleno-methionine substituted Otu protease in complex with 
unlabelled Ub; (B) Initial crystals obtained from screening native CCHF Otu-Ub. 
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Table 3-3: Crystallographic data and model refinement for CCHFV 
Otu-Ub crystal structure 

CCHFV Otu-Ub (Se-Met 
labeled Otu)  Crystal Information 

(PDB: To be entered)  
Space group P62 2 2 
Solvent content (%) 0.61 
  

a = 146.01,  b = 146.01,  c 
= 58.14 Unit cell dimensions (Å) 

α = 90.0º, β = 90º, γ = 120º 
  
Wavelength (Å) 0.9796 
Resolution range (Å) 52.8 – 2.5 
High-resolution shell (Å) 2.64 - 2.5 
Total observations 92953 
Unique reflections 13116 
I/σI 5.2 
Completeness (%) 99.9% (100%) 
Rmerge 0.093 (0.401) 
Redundancy 7.1 (7.3) 
Anomolous Completeness 100 (100) 
Anomolous Multiplicity 3.8 (3.8) 

Refinement Statistics  

  R work 0.21 
  R free 0.25 
  
Number of atoms       
  Non-solvent Protein 1911  
  Solvent 39 
  Average B (Å2) 28.834 
    
Rmsd from ideality       
  Bond lengths (Å) 0.01 
  Bond angles (deg.) 1.169 
    
Ramachandran plot       
  Most favored (%) 92.50% 
  Additionally allowed (%) 7.5 %  
a values in parentheses refer to the high-resolution shell 
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3.2.3. Structural analysis of the CCHFV Otu-Ub model 

 Interestingly, only residues 1-162 of the CCHFV Otu protease portion of the Otu-

Ub complex could be modeled in the crystal structure, whereas all 75 amino acids 

(including the propylamine linker (3CN) that replaces Gly76) of the Ub moiety could be 

modeled.  Thus, residues 163-185 appear to be disordered and did not contribute to the 

stabilization of the CCHFV Otu protease domain as anticipated.  The 16 amino acid 

extension onto the C-terminus was therefore not necessary and the inability to crystallize 

the apo enzyme instead appeared to be due to flexibility of the protease in the absence of 

its substrate. A cartoon representation of the main chain CCHFV Otu-Ub complex is 

shown in Figure 3-7.  The vector-derived GlyPro sequence on the N-terminus of the Otu 

protease was removed from the model to highlight the physiologically relevant form.  

The modified 3CN terminal group of Ub is covalently bound to the C40 side-chain 

sulphur atom forming the irreversible attachment that stabilizes the interaction and allows 

for crystallization of the complex.  

The CCHFV Otu protease consists of two globular lobes, in between which a 

concave binding groove is formed to accept the Ub molecule (Figure 3-7, panel C; the 

hashed line separates the α-helical lobe and β-sheet lobes).  The larger of the two lobes is 

dominated by a seven-stranded β-sheet that flank one side of the bound Ub molecule.  

The right lobe is an exclusively helical domain, comprised of 5 α-helices (α-3 - α-7) that 

encompass the other side of the Ub molecule.  A large loop between α-6  and α-7 forms 

the majority of the interactions with the “LRLRG-(3CN)” C-terminal tail of Ub.  The left-

lobe forms a large β-sheet region whose secondary structure sequence reads β3↓-β7↑-

β6↓-β4↓-β5↑-β2↓-β1↑ from bottom to top and shown in Figure 3-7, panel C.  Two 
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small peripheral helices, α-1 and α-2, pack against the sheet and most likely stabilize the 

lobe since they do not directly contact the Ub molecule.  Four of the β-strands have 

residues that flank the Leu side-chains of the “LRLRG-(3CN)” C-terminal motif of Ub.   
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Figure 3-7: X-ray crystal structure cartoon representation of the CCHFV Otu-Ub 
complex primary sequence at 2.5 Å;  (A) Front view cartoon representation of the 
CCHFV Otu protease (blue) bound to a mono-Ub protein (orange); (B) side view of 
the Otu-Ub complex; (C) secondary structure labelling of the CCHFV Otu protease 
with separation of the α-helical and β-sheet lobes by the hashed line (88).  
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 3.2.4. Sites of Interaction between the Otu and Ub in the CCHFV Otu-Ub 
crystallographic model 

Using the Protein Surfaces, Interfaces and Assemblies Service (PISA) server (83), 

the CCHFV Otu and Ub molecules were found to share a large buried interface where 

both proteins lose a combined 1933  Å2 of solvent accessible area.  This is consistent with 

the only other OTU-Ub crystal structure where the yeast Otu1-Ub complex loses roughly 

40% of the total Ub surface (52). This large surface can be divided into three distinct 

binding areas as shown in Figure 3-8, panel A and are tabulated in Table 3-4.   

Region 1 of the CCHFV Otu is a hydrophobic patch that consists of several non-

polar residues (Val12, Val18, and Ile131).  It is located on the β-sheet lobe of the Otu 

protease and makes complementary packing interactions with residues Leu8, Ile44 and 

Val70 of Ub (shown in green in Figure 3-8).  Region 2 consists of residues within helical 

lobe of the protease and comprise a patch of polar residues (Gln16, Asn20, Pro77, Glu78, 

Arg80) that form favourable polar interactions with residues Arg42 and Gln49 of Ub 

(shown in red in Figure 3-8).  Finally, region 3 or the C-terminal binding region, is 

subdivided into two subregions that flank each side of the Ub “LRLRGG” motif, and are 

both shown in blue in Figure 3-8.  These two subregions will be referred to as the α-

helical clamp and β-sheet clamp, since the contributing residues from the α-helical lobe 

and β-sheet lobes bind and stabilize the position of the C-terminal tail of Ub.  It is 

convenient to differentiate region 3 from regions 1 and 2 since the C-terminal motif of 

ISG15 is identical to Ub and it is expected that region 3 would bind ISG15 in an identical 

manner.  Thus, the viral OTU protease appears to contain unique unknown features 
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within regions 1 and 2 that allow them to bind both Ub and ISG15, unlike known 

mammalian OTU proteases. 

 

Figure 3-8: Interface surface regions of the CCHFV Otu-Ub crystal structure with 
map of the participating Otu residues;  (A) surface representations of the 
separated Otu-Ub complex with corresponding 1 (green), 2 (red) and 3 (blue) 
binding regions (B) depicts the molecular scaffolding that form the interface for the 
binding of Ub with the catalytic Cys40 at the base of the model; (C) view into the 
interior of the CCHFV Otu binding cleft highlighting important residues involved in 
the Otu-Ub interaction (88). 
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Table 3-4: Buried surface residues of the CCHFV Otu 
protease in the Otu-Ub protein complex 

Residue 
Number 

Region 
Color Amino Acid 

H-bonds 
(H) or Salt 
Bridge (S)  

10  Thr     
12   Val  
13   Ile  
14  Ala  
16   Gln H    
18   Val  
20   Asn H    
38  Gly  
40   Cys  
41   Phe  
77   Pro H    
78   Glu HS   
80   Arg H    
81   Leu  
82  Val  
98   Glu HS   
99   Trp  
100   Gly H    
101   Ser H    
102   Thr    H    
103  Leu  
118   Ile  
120  Thr  
128  Glu  
129   Ala  
131   Ile  
133  Phe  
146   His H    
149  Gln  
150   Thr  
152   Phe   
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3.2.4.1. Region 1: Non-polar hydrophobic interface 

 Region 1 is a hydrophobic pocket where side chains from the CCHFV Otu 

protease (Val12, Ile13, Val18, Ile118, Ala129, and Ile131) are forming van der Waals 

interactions with residues Leu8, Ile44, and Val70 of Ub in the catalytically arrested 

complex.  The viral Otu protease has a number of non-polar side chains protruding from 

the β-sheet lobe that lose their solvent accessibility when Ub is bound. All the residues 

associated at the interface are listed in Table 3-4 and are highlighted green.  Three 

residues in particular, found at the top of the of the β-sheet lobe, Val12 (β-1), Val18 (β-2) 

and Ile131 (β-5), form an uncharged region for non-polar side-chains of Ub to interact 

with.  These residues consist of Leu8 (loop between β-1 and β-2), Ile44 (β-3) and Val70 (β-

4) of Ub and are highlighted in the Figure 3-9, panels A and B.  This is particularly 

interesting since Ile44 of Ub is reported as the most important recognition marker for all 

DUB enzymes where it is shown to form the interface with all the families of DUB 

enzymes (84).  Importantly, two of the three contributing residues of region 1 of the 

CCHFV Otu protease are found on an N-terminal β-hairpin (β-1 and β-2 of Figure 3-7, 

panel C) that appears to be unique to the CCHFV Otu protease compared to crystal 

structures of mammalian OTU domain containing proteases (A20, Otubain1 and 2, yeast 

Otu1, see Figures 4-3 and 4-5).  The presence of this β-hairpin appears to provide a key 

component for the broad substrate specificity of viral OTU proteases since it allows the 

protease to bind Ub in an entirely different orientation compared to eukaryotic OTU 

proteases (see Discussion and Figure 4-1).   
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Figure 3-9: Characterization of the hydrophobic interface (Region 1) between 
protein moieties of the CCHFV Otu-Ub crystal structure; Representation of the 
hydrophobic pocket interface to show the region of both proteins involved at this site 
with identification of residues partaking in the interaction (88). 

 

3.2.4.2. Region 2: The charged interface 

 Region 2 is a patch of hydrophilic side chains that are spatially positioned to 

accommodate a complimentary hydrophilic patch on Ub and together with region 1 fixes 

the binding orientation of Ub with the protease.   This region is depicted in Figure 3-10, 

showing the interatomic distances of the electrostatic interactions formed in the region 

between the protease and Ub. The strongest interaction results from the side chain amino 

group of Ub Gln49 forming a 2.9 Å hydrogen bond with the main chain carbonyl group of 

the Otu protease Pro77.  The main chain carbonyl oxygen of Ub Gln49 also appears to 

form a weak interaction with one of the guanidinium amino groups of Otu Arg80 

measured at 3.4 Å.  Ub-Arg42 forms a bidentate hydrogen-bonding interaction with Otu 

Glu78 and Otu Gln16 and this pair of interactions are measured at 3.2 and 3.1 Å 
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respectively.  Interestingly, Otu Gln16 is found on the novel “β-1/β-2 β-hairpin” position 

in the CCHFV Otu protease that is not found in other members of the OTU family.   

 

Figure 3-10: Characterization of the charged interface (Region 2) between protein 
moieties of the CCHFV Otu-Ub crystal structure; Cartoon model of the CCHFV 
Otu-Ub structure analyzing the electrostatic interaction region with identification of 
residues partaking in the interaction (88).   

3.2.4.3. The β-sheet clamp of Region 3: “LRLRG-(3CN)” interaction site 

 Although the C-terminal tail of our modified Ub substrate differs at position Gly76 

(replaced by 3CN), we assume that the observed interactions of the protease with the 

LRLRG(3CN) of Ub are likely very similar to those occurring with wild type Ub.  The C-

terminal tail of Ub is flanked by the two lobes (α-helical and β-sheet) of the protease as 

shown in Figure 3-7, panel C.  The contributing residues that are stabilizing the C-

terminal tail form separate regions that will be referred to as the α-helical clamp and β-

sheet clamp, depending on which lobe the respective residues originate from.  The clamp 

regions do not include the putative catalytic residues of the CCHFV Otu, which are 



 98 

located at the site of Ub75 attachment via the propylamine group (Cys40, His151, Asp153) 

(Figure 3-13).    

 The left clamp is shown in Figure 3-11 and appears as a relatively non-specific 

interaction site between the Otu scaffold and the C-terminal tail of Ub.  His146 of the 

CCHFV Otu protease forms a hydrogen bond with the main chain oxygen of Arg74 and 

appears to be the only significant contact in this region.  Three non-polar side chains of 

the Otu protease (Ile118, Phe146 and Phe152) occupy the majority of the density that flanks 

the C-terminal Ub tail.  Side-chains of both Ub Leu71 and Leu73 point toward the left lobe 

but do not appear to form any relevant interactions with the CCHFV Otu .   

 

Figure 3-11: Characterization of the β-sheet clamp interface (Region 3) between 
protein moieties of the CCHFV Otu-Ub crystal structure; Front view of the left 
clamp of the CCHFV Otu protease as it interacts with the C-terminal tail of Ub; ;  
single hydrogen bond between side chain amino group of OtuHis146 and UbArg74 
measure at 2.8 Å (88). 
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3.2.4.4. The α-helical clamp: “LRLRG-(3CN)” interaction site 

 Examining the other side of the Ub LRLRG-(3CN) tail, Figure 3-12 shows the 

model complete with bond distances between the relevant residues of the Otu protease 

right lobe and the C-terminal tail of Ub.  A stretch of five amino acids, Glu98, Trp99, 

Gly100, Ser101 and Thr102 (EWGST), found on the loop between α-6 and α-7 of the Otu 

protease form numerous H-bonding and salt bridge interactions with the C-terminal 

“LRLRG-(3CN)” motif of Ub.  There is a stretch of three main-chain H-bonds that are 

formed between the EWGST and LRLRGG motif of each protein.  The carbonyl oxygen 

and amino group of Ub-Gly75 form 3.1 Å β-strand like hydrogen bonding interactions 

with the amino group  and carbonyl groups of Otu Gly100, respectively.    

 The side-chains of the two Arg residues found in the “LRLRG-(3CN)” sequence 

are associating with two residue side-chains found in the EWGST α-helical clamp 

sequence.  The guanidinium η-amino group of the side chain of Ub-Arg72 forms a 2.9 Å 

hydrogen bond with the side chain hydroxyl group of Otu-Ser101, whereas the same group 

of Ub-Arg74 bends downward to form a weaker 3.5 Å hydrogen bond with the carboxyl 

group of Otu-Glu98 (Figure 3-12).   Given that the LRLRGG motif must be precicely 

aligned with the catalytic residues of the enzyme, it is not surprising to see a number of 

stabilizing interactions occurring between the enzyme and this highly conserved Ub 

motif.  Interestingly, the solvent exposed side chain of CCHFV Otu Trp99 appears to act 

as a flap and is folded over the C-terminal extension of Ub and partially shielding the 

protease active-site. The protease would certainly have had to undergo conformational 

changes to occlude the C-terminal extension of Ub in this manner and may protect the Ub  

from hydrolytic side-reaction during cleavage of the targeted isopeptide bond.  



 100 

 

Figure 3-12:  Characterization of the α-helical clamp interface (Region 3) between 
protein moieties of the CCHFV Otu-Ub crystal structure; Front view of the 
interactions formed between the LRLRG(3CN) motif of Ub and the α-helical clamp 
residues of the CCHFV Otu (88). 

 

3.2.4.5. Catalytic Residue conformations in the Otu-Ub conjugate protein 

The active-site is characteristic of the catalytic triad residues found in OTU 

proteases (51, 52, 84, 85) and is reminiscent of the catalytic triad found in the classic 

cysteine protease papain (51).  Cys40 is located at the N-terminus of α-3, as shown in 

Figure 3-13 and serves as the cysteine residue that forms the thiozolium intermediate 

during catalysis.  The crystallographic complex clearly reveals this since the reactive 

3CN species on the C-terminus of Ub selectively formed a covalent bond to the thiol 

group of Cys40, and it was previously shown that mutation of this residue to Ala could 

abolish catalytic activity (67).  According to the general catalytic mechanism for cysteine 

proteases, His151 is positioned to serve as a general acid/base catalyst and Glu153 aids in 

this the catalytic activity of the His residue by polarizing the amino acid.  Both residues 
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are situated on the N-terminal end of β-7 of the Otu protease.  The internuclear distance 

measured between the carboxyl oxygen of Otu Asp153 is situated close to the His amino 

group measured at  2.7 Å facilitating the polarization of the His residue.  Figure 3-13, 

panel B shows the electron density map used for building the protein model where we 

have confirmed density for the bond between the side chain sulphur of Otu Cys40 and the 

modified C-terminal carbon of the Ub moiety.  Electron density is a maximum-likelihood 

weighted 2Fobs - Fcalc synthesis contoured at 1 σ where the map is biased by a factor of 

two towards observed data obtained from the crystal (Fobs).  Fcalc is the density map 

calculated from the model which I refined during the building process.  Although the 

electron density is not shown for the other  interaction sites discussed in this research, the 

model fit to density in Figure 3-13 is representative of the entire CCHFV Otu-Ub model.   

 

Figure 3-13: Molecular characterization of the catalytic triad suspended in 
temporary active site conformation. 
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3.3. CCHFV Otu-ISG15(C78S) conjugate protein 

 After the determination of the Otu-Ub crystal structure, the focus of my research 

quickly shifted to solving the CCHFV Otu-ISG15 crystal structure.  I wanted to see if the 

two molecules (Ub and ISG15) that share such similar secondary structures yet possessed 

a significant different surface charge distribution bind in the same orientation relative to 

the CCHFV Otu protease.  Given that the C-terminal domain of ISG15 is very similar to 

Ubiquitin, it is possible that the C-terminal domain of ISG15 binds the CCHFV protease 

in an identical manner to that of Ub.  I set out to perform the same set of experiments that 

led me to the determination of the CCHFV Otu-Ub crystal structure and explore the 

question at hand.  This was also particularly appealing as the structure of ISG15 has 

never been solved in the presence of any other biological molecule. 

3.3.1. Purification and modification of human ISG15(C78S)-Br3 and ½ISG15-Br3 

ISG15 and Ub have the identical C-terminal “LRLRGG” C-terminal motif and 

therefore the same method of purification and modification used for Ub was employed 

for preparing ISG15 with a reactive C-terminus.  The ISG15(C78S)-CBD recombinant 

protein did not have the same expression levels as the Ub construct. Typical yields were 

~5 mg the Ub-MESNa protein per L of LB expression media; ISG15 however yielded on 

average ~2 mg per L of LB expression media, making the purification very challenging. 

Purification of the initial ISG15(C78S)-MESNa was identical to the Ub-MESNa and an 

SDS-PAGE fractional analysis of the purification can be observed in Figure 3-14, panel 

A, where the only difference observed is in the size of the output protein, with ISG15 

being twice the size of Ub. 
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During the chemical modification of the C-terminus with 3-bromopropylamine 

hydrobromide, the ISG15 protein would precipitate quite heavily, especially during the 

dialysis at pH 4.5 described in section 2.5.2.3.  More than 75% of the protein was 

typically lost during this step as measured by the Bradford assay, leaving approximately 

0.5 mg of usable protein for every litre of expression media. Also, ISG15(C78S)-Br3 was 

precipitated during single freeze-thaw cycles, unlike the Ub-Br3.  The combination of 

these two problems made the ISG15 much more of a challenge to prepare, but the 

procedure was reproducible and the ISG15(C78S)-Br3 purified nicely as seen in lane v of 

Figure 3-14, panel A. 

 

Figure 3-14: Fractional analysis of the ISG15(C78S)-MESNa, ISG15(C78S)-Br3 and 
CHFV Otu-ISG15(C78S) purifications by SDS-PAGE; (A) Purification of the 
ISG15(C78S); (i) molecular weight standard (see section 2.6.1.1); (ii) soluble cell 
lysate of an ISG15(C78S)-CBD expressed culture; (iii) and (iv) show the column cell 
lysate injection flow through and washing fraction respectively; (iv) the single band 
shown in the lane is the eluted ISG15(C78S)-MESNa protein after O/N chemical 
cleavage of the intein linker domain; (v) concentrated ISG15(C78S)-Br3 protein 
used for covalently complexing with the CCHF Otu protease; (B) CCHFV Otu-
ISG15(C78S) complexing reaction; (C) Seperation of the CCHFV Otu-ISG15 by 
anion exchange chromatography. 
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3.3.2. Purification of the Otu-ISG15(C78S) conjugate protein 

 The initial purification scheme for the Otu-ISG15(C78S) conjugate protein was 

modelled after the Otu-Ub method described in section 2.5.2. The CCHFV Otu protease 

and ISG15(C78S)-Br3 derivative were mixed in 3:2 stoichiometric ratio to a total volume 

of 5-10 mls and incubated at 37°C for 30-60 mins.  The volume and amount of protein 

complexing reaction was always limited by the amount of ISG15-Br3 that could be 

recovered from the chemical treatment.  Unlike the Ub-Br3 reaction, precipitate would be 

observed over the course of the reaction, and was likely due to the instability of the 

ISG15(C78S) protein.  The result of the reaction is shown in the final lane of Figure 3-14 

panel B  with reactive ISG15-Br3 and Otu still present indicating the incomplete binding.  

The complexed protein of approximately 37 kDa would be observed by SDS-PAGE 

analysis which can be seen in Figure 3-14, panels B and C.  It should also be noted that 

for Otu-ISG15(C78S) studies, the (1-169) Otu protease construct was used due to 

knowledge we gained from the CCHFV Otu-Ub structure, there was no observable 

electron density observed beyond amino acid 162 in the CCHFV Otu-Ub crystal 

structure.  Thus, it was hypothesized that using the 169 amino acid construct would likely 

produce a more compact structure that would be more apt to crystallize.  

 Purification of the complexed proteins was successful by anion exchange 

chromatography and size-exclusion gel filtration.  The complete result of the anion 

exchange chromatography as shown by a fractional analysis by SDS-PAGE is shown in 

Figure 3-14, panel C.  The Otu-ISG15(C78S) protein and unbound Otu protease are 

shown on the gel.    
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3.3.3. Crystallization of the CCHFV Otu-ISG15(C78S) conjugate protein 

 Given the success of the CCHFV Otu-Ub protein crystallization, there was 

optimism for a second structure with ISG15 covalently bound to the protease.  The 

protein was screened against a short list of conditions listed in Table 3-1 and two 

successful crystallization conditions were identified.  Both conditions were taken from 

the PEGS I screen and only differed in the molecular weight of the PEG precipitant: 100 

mM MES, pH 6.5, 25% PEG 6000 or 8000.  The two molecular weight PEGs were used 

during subsequent optimization tests in 24-well Limbro plates, since there was no 

distinctively better crystal formations in one versus the other. 

 Optimization of these conditions called for a decrease in PEG concentration, 

where approximately 20-22% PEG was deemed optimal for the growth of crystals that 

could be used for X-ray diffraction studies.  A reduced PEG concentration lowered 

crystal nucleation events in the drop and allowed for larger crystal growth.  Ammonium 

tartrate and MgCl2 were discovered as useful  additives to the original mother liquor 

condition and helped produce better quality crystals when used at 50-100 mM.  Slower 

nucleation events, which could take as long as 2-3 weeks, would often result in better 

quality crystals and was in part due to their “fanned playing card” appearance as seen in 

Figure 3-15.  In crystallization drops that had low numbers of nucleation events (2-5) the 

crystals tended to grow larger and more dispersed (Figure 3-15, panel A), making single 

crystal “blades” on the extremities of the clusters more easily isolated without damage.  

Such single crystals were flash cooled in liquid nitrogen as described in section 2.8.3.  

Clustered crystals had to be broken up with various tools and manipulation procedures, 

nonetheless single crystals could be recovered and buffer exchanged into a suitable 
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cryosolution.  Crystal recovery was very difficult and larger crystals would often become 

damaged during extraction; however, they were very robust during cryosolution buffer 

exchanges.  Recently, a complete X-ray diffraction data set has been collected from a 

single crystal of the CCHFV Otu-ISG15(C78S) complex to 2.5 Å resolution and is 

currently being used to determine the structure of the complex by molecular replacement 

using the CCHFV Otu-Ub complex and CCHFV Otu-ISG15 homology model as search 

models; however, this final structure determination has been carried out by Dr. John-Paul 

Bacik and does not comprise part of this thesis research.  Instead, I will discuss the 

comparative molecular model that was constructed of this complex using the Otu-Ub 

crystal structure as a guide.  It should be stated however, that the recent work by Dr. 

Bacik has confirmed that the comparative model is essentially identical to the CCHFV 

Otu-ISG15(C78S) crystal structure he is currently refining.   

 

A B

 

Figure 3-15: CCHFV Otu-ISG15(C78S) crystals used for data collection; Individual 
blades from the crystal clusters were isolated and used for X-ray data collection. 
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3.3.4. Computational model of the CCHFV Otu-ISG15 complex 

I created a computational model where the Ub moiety of the CCHFV Otu-Ub 

structure was used as reference to superpose the C-terminal domain of ISG15 into the 

CCHFV Otu cleft.  The previously determined ISG15 crystal structure (pdb accession 

code 1Z2M) by Narasimhan et al.(30) was modified slightly because only residues 3 - 

153 were modeled, that is, only up to the first Arg of the LRLRGG C-terminal motif.  I 

therefore removed amino acids 152 and 153 from the pdb file and incorporated the entire 

LRLRGG C-terminal motif of Ub from the CCHFV Otu-Ub crystal structure, where the 

terminal Gly was modeled in place of the propylamine group (3CN).  Given that this 

sequence is identical between the two proteins, it can be assumed that the CCHFV Otu 

protease-bound conformation of these residues is identical for both structures. 

 As hoped, the ISG15 C-terminal domain fit very well into the active site cleft of 

the CCHFV Otu protease with no little clashing observed.  Figure 3.16, panel B shows 

the computational model output with ISG15 represented as a green stick model and the 

CCHFV Otu protease shown as a blue surface representation.  Although the model can 

not be accepted as an exact representation of the interaction,  preliminary refinement of 

the CCHFV Otu-ISG15(C78S) complex demonstrates that it is very similar, with the 

exception of a few side chain rotamers.   

 A good indicator that the model is correct is the observance of minimal clashing 

between both proteins despite the difference in surface landscape between Ub and the C-

terminal domain of ISG15 (Figure 1-3).  A single loop region of the ISG15 molecule has 

side-chain conformations that occupy unaccepted intermolecular distances with the 

CCHFV Otu, but nowhere are there significant overlapping occupancies.  The only 
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evidence for observable clashing is seen between the main chain carbonyl group of Otu-

Glu98 and the side chain nitrogen of ISG15-Lys90 where the internuclear distance is 

measured at 2.3 Å.  Right next to Lys90, both oxygen atoms of Asn89 occupy positions 2.4 

and 2.5 Å away from nuclei of the CCHFV Otu protease crystal structure.  This was not 

alarming as these side-chain conformations are likely different when ISG15 is truly 

bound to the CCHFV Otu protease.  Most importantly, there are no mainchain-mainchain 

clashing in the computational model, and simple adjustments in side chain rotomer 

conformations could relieve stearic clashes within the CCHFV Otu-ISG15 model.  The 

computational model provides strong evidence for the physiological interaction between 

the CCHFV Otu protease and ISG15 and may also provide the structural basis for how 

the viral OTU protease family is capable of DISG and DUB activity.   The remaining step 

towards a complete understanding of how the proteases functions at the structural level  is 

to determine the structure of the CCHFV Otu apo-enzyme structure, which is currently 

being investigated by solution NMR analysis.  
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Figure 3-16: Computational model for the CCHFV Otu-ISG15 crystal structure; (A) 
depicts the main chain cartoon model of ISG15 as it sits in the α-helical and β-sheet 
cleft of the CCHFV Otu protease;  (B) depicts a stick model of the ISG15 crystal 
structure sitting in a surface representation of the CCHFV Otu taken from the Otu-
Ub crystal structure shown in Figure 3-7 (30, 88); 

 

3.4. NMR analysis of the CCHFV Otu protease apo-enzyme 

 Prior to the crystallization of the CCHFV Otu-Ub construct, I began experiments 

for solving the structure of the CCHFV Otu protease using NMR protein structure 

methods.  Under the guidance of Dr. Kirk Marat and Dr. Joe O’Neil in the Chemistry 

department (Faculty of Science) at the University of Manitoba, I carried out preliminary 

experiments to determine if the characteristics of the protease were suitable for structure 

determination by NMR.  Prior to any spectral data collection, I had to first assess activity 

of the CCHFV Otu protease in a favourable NMR buffer condition.   

3.4.1. NMR buffer selection 

 Phosphate buffered solutions are ideal for suspension of biological NMR samples 

as they do not interfere with the acquisition of 1H resonance decay during data collection.  
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Also, lower pH levels favor lower hydrogen exchange rates, which aides in experimental 

sensitivity.  Dr. Frias-Staheli had been using buffer conditions of 20 mM Tris, pH 7.4, 

150 mM NaCl, 2 mM DTT, 5 mM MgCl2 during her Ub-AMC kinetic assays.  I decided 

to do a comparative Ub-AMC DUB assay using the previously used conditions and 

compare those to new phosphate buffered solutions with lower NaCl levels and lower 

pHs.  The results can be seen in Figure 3-17 where I found that the protease appeared to 

be slightly more active in a phosphate buffered solutions and that at pH 6.5, the protease 

appears to be in an enzymatically active form.  In a previous pH titration experiment, I 

had determined that the CCHFV Otu protease loses considerable activity around pH 6.0.  

Background levels of AMC emission from Ub-AMC never exceeded 10 fluorescence 

units in any DUB assays performed over the course of this study. 

 From the results observed in Figure 3-17, it was decided to collect all NMR 

spectral data in 10 mM Phosphate, pH 6.5, 50 mM NaCl (Series 3).  These buffer 

conditions also included 5% D2O addition during NMR sample preparation (see section 

2.9).  It was decided to remove the 2 mM DTT from the final NMR buffer because there 

was no need to keep the CCHFV Otu protease from oxidation.  DTT may cause 

interference in data collection and the use of deuterated DTT did not seem necessary.    
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Figure 3-17: Comparative Ub-AMC deubiquitination assay using the CCHFV Otu 
protease in buffers; Every series consists of a 5 nM CCHFV Otu protease solution 
suspended in buffers listed in the table legend correlate to Table 3-5 (see below); 
every reaction was injected with 10 µl of Ub-AMC to a final concentration of 124 
nM; reactions were performed at room temperature.  

 
Table 3-5: Buffer compositions used during the CCHFV Otu Ub-AMC assay for 
selection of an optimal NMR protein solution. 

Series 
Number   Buffer  

Series 1   50 mM Tris-Cl pH7.6, 5 mM MgCl2, 2 mM DTT 
Series 2   50 mM Tris-Cl pH7.6, 50 mM NaCl, 5 mM MgCl2, 2 mM DTT 
Series 3   10 mM Phosphate pH 6.5, 50 mM NaCl, 2 mM DTT 
Series 4   10 mM Phosphate pH 6.5, 50 mM NaCl, 5 mM MgCl2, 2 mM DTT 
Series 5   10 mM Phosphate pH 7.4, 5 mM MgCl2 2 mM DTT 
Series 6   10 mM Phosphate pH 7.4, 50 mM NaCl, 5 mM MgCl2 2 mM DTT 
Series 7   10 mM Phosphate pH 7.4, 50 mM NaCl, 2 mM DTT 
Series 8   50 mM Tris, pH 7.4, 150 mM NaCl, 2 mM DTT 

 

3.4.2. NMR Data collection 

The first experiment performed was a simple 2-dimensional HSQC spectrum from 

15N labelled CCHFV Otu protease. The trial experiments revealed good peak intensities 

and distribution throughout the spectrum  The approximate number of peaks were also 
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consistent with the theoretical amount of nitrogen nuclei found in the protein.  It was 

decided temporarily that the structure would have to be obtained through NMR 3-

dimensional methods; however, with the advent of CCHFV Otu-Ub crystals, the extent of 

my research ended with the collection of a complete suite of triple resonance NMR 

spectra from the 169 amino acid variant of the CCHFV Otu protease.  The quality of the 

data collected at the Canadian National High Field NMR Centre (NANUC) was 

exceptional using a single 13C/15N labelled 169 amino acid version of the CCHFV Otu 

protease sample.  A 2-dimensional HSQC spectrum collected by Dr. Ryan McKay can be 

seen in Figure 3-18.  It is my desire to leave this data for a willing individual looking to 

solve a three-dimensional NMR model and provide insight into the unliganded structure 

CCHFV Otu protease domain.  This research will provide important information into the 

conformational flexibility of the protease and may provide reasons why I could not obtain 

crystals of the protein in the absence of Ub or ISG15.   
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Figure 3-18: 2D-HSQC Spectrum from a 13C-15N-labelled prepration of the CCHFV 
Otu (1-169) protease in 10mM Phosphate, pH 6.5, 50 mM NaCl; 

3.5. Purification and kinetics analysis of the yeast Otu1 protease 

 The crystal structure of the yeast Otu1-Ub crystal structure gave the first insight 

into a OTU-Ub interaction but there was no report of a test for DISG activity.  I wanted to 

determine whether the yeast Otu1 enzyme was capable of DISG activity and to compare 

the relative activity to that of the CCHFV Otu protease.  Here I present a simple 

comparison of a Ub-AMC assay where the CCHFV Otu and yeast Otu1 protease are 

compared.  In this experiment, I was also testing the importance of MgCl2 in the catalytic 

activity of the CCHFV Otu enzyme and the results can be seen in Figure 3-19.  Both 

CCHFV Otu and yeast Otu1 proteases were suspended in 20 mM Tris, pH 7.4, 150 mM 
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NaCl, and 2 mM DTT and enzymatically compared at a protein concentration of 5 nM.  

The addition of MgCl2 had minimal effect on the enzymatic activity of the CCHFV Otu 

protease in 124 nM Ub-AMC.  It was also found that the yeast Otu1 protease DUB 

activity was minimally above the background levels.  I therefore performed a yeast Otu1 

titration to ensure that I had a catalytically active recombinant protein.  

 

Figure 3-19: Comparative kinetics assay measuring fluorescence unit production 
over time in a Ub-AMC DUB assay by the CCHFV Otu and yeast Otu1 
protease; The CCHFV Otu and yeast Otu1 proteases were measured at 5 nM in the 
presence of 124 nM of Ub-AMC (200 µl reaction volumes); reactions were 
incubated at room temperature. 

It was in fact found during these trials that it took twenty times the molar 

equivalent of the yeast Otu1 protease to match the DUB activity of the CCHFV Otu in 

the Ub-AMC kinetics assay.  The results can be seen in Figure 3-20 where the CCHFV 

Otu was assayed at 5 nM and the yeast Otu1 protease was assayed at 20 nM.  Although 

this may be an in vitro assay, upon initial investigation, the viral OTU protease appears to 

be more catalytically active than the eukaryotic counterpart.  This may be a benefit in 

disrupting global cellular signalling during infection of a OTU domain containing virus.  
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Figure 3-20: Comparative kinetics assay measuring fluorescence unit production as 
a product of time in a Ub-AMC DUB assay using CCHFV Otu and yeast Otu1 
proteases; The CCHFV Otu and yeast Otu1 protease were measured at 5 nM and 
100 nM respectively in the presence of 124 nM of Ub-AMC (200 µl reaction 
volumes); reactions were incubated at room temperature. 

 The final question to be answered was whether the yeast Otu1 was capable of 

DISG activity as this will be an important point to contrast during discussion of the viral 

versus eukaryotic OTU proteases.  I shipped a preparation of the yeast Otu1 protease to 

my collaborator, Dr. N. Frias-Staheli, where she performed a comparative Ub-AMC and 

ISG15-AMC assay.  It was found that the yeast Otu1 protease was incapable of DISG 

activity at a range of enzyme concentrations.  The same sample was also being confirmed 

for DUB using the Ub-AMC assay, indicating that this was in fact a catalytically active 

recombinant protein.  This confirms that the yeast Otu1 protease is a Ub-specific DUB 

enzyme while the CCHFV Otu protease is capable of both DUB and DISG.  
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4. DISCUSSION 

4.1. The CCHFV Otu-Ub crystal structure 

 Having determined the first crystal structure of a viral OTU protease, I had the 

opportunity to gain insight into the structural basis for how viral OTU proteases remove 

Ub and ISG15 from cellular target proteins, versus the highly specific DUB activity of 

mammalian OTU enzymes.  I show here that the major structural determinant underlying 

the ability of the CCHFV Otu protease to cleave both Ub and ISG15 from cellular target 

proteins is due to a fundamental difference in the orientation with which Ub (and likely 

ISG15) sit in the substrate binding groove of the viral protease versus its eukaryotic 

counterparts.  Limited in the number of structures for comparison, first I will discuss the 

yeast Otu1 enzyme as it is the only eukaryotic OTU protease solved in complex with Ub 

substrate.  The OTU family of enzymes are believed to be dynamic and disordered prior 

to substrate binding and a substrate complexed structure should give the best 

representation of a catalytically active conformation (11).  This makes the yeast Otu1-Ub 

complex the most relevant of all structures to compare and is indeed considered a model 

example of how OTU proteases bind Ub (52).   After an indepth comparison of the yeast 

Otu1 with the CCHFV Otu, I will compare the CCHFV Otu protease to other apo-OTU 

structures of mammalian origin and discuss potential insights into differences in substrate 

recognition. 

4.1.1. CCHFV Otu-Ub vs. the Saccharomyces cerevisiae Otu1-Ub crystal structures 

 Messick et al. (52) recently suggested that their crystal structure of the S. 

cerevisiae Otu1-Ub complex should be considered a model example for how Ub binds to 

OTU proteases.  This may very well be the case for mammalian OTU proteases, but the 



 117 

research conducted in the course of this study reveals that viral OTU domain-containing 

proteases have an entirely different mode of binding Ub compared to eukaryotic OTU 

proteases.  This difference provides a mechanism that brodenens their substrate specifity 

to include ISG15 and possibly other Ub-like proteins, which is very unlike the highly 

specific nature with which eukaryotic OTU enzymes bind Ub.  This can be observed in 

Figure 4-1, panels A-B, where the CCHFV Otu and yeast Otu1 crystal structures are 

compared with the protease domains superposed.    

In panel A of Figure 4-1, we have a structural overlay of the two proteases 

looking straight into the substrate binding groove and active site.  Clear homology in the 

protein fold of both OTU domains (CCHFV Otu in blue, yeast Otu1 in magenta) exists 

with the exception of the additional β-hairpin at the N-terminus of the viral enzyme 

(discussed below).  However, if we look closely at the Ub moieties (CCHFV specific Ub 

in orange, yeast Otu1 specific Ub in magenta) there is a difference in the binding 

orientation for each Ub to their respective protein.  This is more obvious by rotating the 

complex 90° to see the top surface of each Ub, where in panel B, two hashed lines are 

drawn down the most prominent helical domains of both Ub molecules to highlight the 

difference in orientation.  There is almost an 80° difference between both molecules 

which will be explained through differences in the structural scaffolds of both proteases.  

I believe that these differences also have implications in viral versus eukaryotic substrate 

recognition.  First, I will examine specific changes in the enzyme structures to address the 

difference in binding orientation. 
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Figure 4-1: Crystal structure superposition of the CCHFV Otu protease and yeast 
Otu1 protease bound to mono-Ub (52); (A) front view of the CCHFV Otu-Ub 
(blue-orange) overlayed with the yeast Otu1-Ub (magenta-magenta); (B) top view of 
the same overlay as panel A; hashed lines represent the difference in rotation 
between the Ub molecule and each respective OTU protease; (C) side view of the 
yeast Otu1-Ub (magenta-orange) crystal structure; (D) side view of the CCHFV Otu-
Ub (blue-orange) crystal structure (88).  
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Row 1 - CCHFV Otu residues interacting with Ub with appropriate denotation 
Row 2 - CCHFV Otu sequence alignment with yeast Otu1  
Row 3 - Yeast Otu1 sequence alignment with CCHFV Otu 
Row 4 - Yeast Otu1 residues interacting with Ub with appropriate denotation 
 
                H   E H E                  A  A 
1   MDFLRSLDWT QVIAGQYVSN PRFNISDYFE IVRQPGDGNC 
88  --MKRVLKST EMSIGGSGEN -------VLS VHPVLDDNSC 
                                           A  A 
 
 
    C                                        EE  
41  FYHSIAELTM PNKTDHSYHY IKRLTESAAR KYYQE--EPE 
121 LFHAIAYGIF KQDS------ VRDLREMVSK EVLNNPVKFN 
                                            E 
 
 
     EE                 C CCCC                H 
79  ARLVGLSLED YLKRMLSDNE WGSTLEASML AKEMGITIII 
155 DAILDKPNKD YAQWILKMES WGGAIEIGII SDALAVAIYV 
     HH E      C          CCCC                C 
 
 
               H  H              A    C C 
119 WTVAASDEVE AGIKFGDGDV FTAVNLLHSG QTHFDALRIL 
195 VDIDAVKIEK FNEDKFDNYI LILFNGIHYD SLTMNEFKTV 
                EE  C        C    C 
 
 
  
159 PQFE------ ---------- --------- 
235 FNKNQPESDD VLTAALQLAS NLKQTGYSF 
 

Figure 4-2: Structural sequence alignment of the CCHFV Otu and yeast Otu1 
protease highlighting residues forming interactions with their respective Ub 
moieties;  For interacting residues I have highlighted residues that form interactions 
with the Ile44 hydrophobic patch of Ub in green; highlighted residues forming 
electrostatic and hydrogen bonds with Ub in red; highlighted “clamp” regions that 
interact with the C-terminal LRLRGG tail of Ub in blue with a “C” in the centre; 
highlighted active-site residues in blue as well but denoted with an “A”, as all these 
residues are conserved. 

4.1.1.1. Deviations in the β-sheet lobe 

 Examining the β-sheet lobe of the CCHFV Otu protease domain, there is the 

addition of a unique β-hairpin (Figure 4-3, panel A, box) sitting atop an otherwise 
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conserved 4-stranded β-sheet (see the hashed box of Figure 4-3, panels C and D).  

Examining the topology and distribution of the secondary structure in the CCHFV Otu 

versus the yeast Otu1, both contain the N-terminal β-hairpin, however, the yeast Otu1 β-

hairpin forms the bottom two strands of the β-sheet domain while the N-terminal β-

hairpin of the CCHFV Otu domain forms the top 2 strands of the same domain.  This 

rearrangement of the secondary structure thus appears to be a key component in dictating 

the binding orientation of Ub with the viral protease (see section 3.2.4.1.). 
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Figure 4-3: Cartoon overlay representation of the CCHFV Otu (blue) and yeast 
Otu1 (magenta) protease highlight differences in the beta-sheet lobe with 
secondary structure topolgy diagrams for both proteins (54);  (A) CCHFV Otu 
(blue) and yeast Otu1 (magenta) overlayed with Ub removed from both crystal 
structures; β-hairpin (box) present represents a novel region that forms part of a 
hydrophobic contact; (B) protease overlayed again highlighting the presence of a C-
terminal α-helix (α-6, box) that is not present in the CCHFV Otu protease;  (C) 
secondary structure topology of the CCHFV Otu protease;  (D) secondary structure 
topology of the yeast Otu1 protease; the 4 stranded β-sheet highlighted by the dashed 
box (panels B and C) show the conserved β-sheet core found in all OTU proteases to 
date. 

This additional secondary structure contributes to the different binding mode of 

Ub to the viral enzyme versus the yeast Otu1 enzyme.  The β-hairpin is comprised of 
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strands β-1 and β-2 of the CCHFV Otu protease present at the very N-terminus of the 

enzyme (residues 1 - 20) (Figure 4-3, panel A).  This motif is not present in the same 

structural region in the yeast Otu1 enzyme and the yeast Otu1 only has a 6 stranded β-

sheet where the N-terminal β-strands are found at the bottom of the β-sheet (see 

secondary structure topologies of each protein in Figure 4-3, panels C and D).  This 

makes the CCHFV Otu protease pocket much deeper, whereas the pocket in the yeast 

enzyme reported by Messick et al. is described as shallow (52).  The N-terminal β-hairpin 

motif of the viral protease holds Ub more upright (Figure 4-1, panels C versus D).  The 

added domain of the viral OTU protease also contains two residues forming the interface 

with the important Ile44 residue of Ub (11).  This may in fact be the reason for the 

difference in binding orientation if the orientation does in fact depend on the hydrophobic 

binding surface location of the protease (see section 3.2.4.1.) 

Lastly, a major structural difference between the two enzymes is shown in Figure 

4-3, panel B, where a C-terminal α-helix is found on the peripheral edge of the β-sheet 

lobe (does not form any part of the interface with Ub).  I wanted to mention this region as 

this C-terminal helix was predicted (see section 3.1.1.) and it was believed that the 

CCHFV Otu protease would also have a similar secondary structure found in its domain.  

This was the reason for lengthening the CCHFV Otu expression domain from the first 

169 amino acid coding region of the CCHFV L-segment to the first 185 amino acids.  

However, the crystal structure of the CCHFV Otu protease has revealed no density in this 

region and there is no evidence for this domain in the CCHFV Otu protease.  This can 

also be observed in the secondary structure topology diagrams shown in Figure 4-3, 

panels C and D.  In panel C, the C-terminus of the CCHFV Otu protease follows the β-7 
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strand while in the yeast Otu1 protease (panel D), there is the presence of a large C-

terminal helix (α-6).  It may be that the alternative arrangement of the β-1/β-2 hairpin to 

the top of the β-sheet in the CCHFV Otu protease structure may impede the formation of 

this C-terminal helix that is seen in the yeast Otu1 structure. 

4.1.1.2. Deviations in the α-helical lobe 

 The interface region that binds Ile44 of Ub in the yeast Otu1 structure is mapped to 

two residues (Ala156 and Ile157) found on the α-helical domain; specifically the magenta 

α-helix located in the box of Figure 4-4.  Interestingly, the main-chain atoms of the Ala156 

residue also form H-bonds with the side chain groups of Ub residues Arg40 and Gln49, 

making this region dependent on both hydrophobic and electrostatic interactions. The 

analogous helical region of the CCHFV Otu protease does not form the same 

hydrophobic interactions and adopts a different conformation than its eukaryotic 

counterparts.  Two residues (Arg80 and Pro77) found on this helix of the CCHFV Otu 

form the electrostatic interaction region described in section 3.2.4.2.  The conformational 

difference is shown in Figure 4-4 where the CCHFV Otu protease is shown in blue and 

the yeast Otu1 protease is shown in magenta. The occupancy of the CCHFV Otu helix 

also sterically interferes with the Ub moiety taken from the yeast Otu1 protease therefore 

making the same arrangement in the CCHFV Otu protease impossible.   
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Figure 4-4: Cartoon overlay representation of the CCHFV Otu and yeast Otu1 
protease highlight differences in the α-helical lobe (54); CCHFV Otu (blue) and 
yeast Otu1 (magenta) overlayed with Ub removed from both crystal structures;  α-
helices (box) of both proteases have alternate conformations to accommodate the 
respective orientations of the binding Ub molecule. 

 

4.1.1.3. Differences in the binding regions of CCHFV Otu-Ub and yeast Otu1-Ub 

structures with respect to Ub 

 The divergence in structure between the yeast and viral OTU enzymes has 

resulted in a different binding groove for Ub and consequently a different binding 

orientation. This divergence may explain the broad-specificity capability seen in the viral 

OTU family.  A complete network of interactions between the CCHFV Otu and Ub is 

described in section 3.2.4.  In Figure 4-5, panels A and B, I have shown a surface model 

of Ub to contrast different binding regions each OTU map to their shared substrate.  The 

surface depicted in grey are regions where the Ub molecule becomes buried within both 

the CCHFV Otu and the yeast Otu1 protease substrate binding grooves.  Surface residues 

that are interacting exclusively with the yeast Otu1 enzyme are depicted in red, while 
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those interacting exclusively with the viral CCHFV  protease and shown in green.   

Although the majority of the interface residues of Ub are buried in the cleft in both 

protease structures, some are exclusive to each respective protease.  Structurally, both Ub 

molecules have the same conformation as their differences in structure are measured with 

an RMSD of 0.0 using the Dali protein structure analysis server (86).  This further 

supports that the binding mechanism is entirely dependent on the protease scaffold and 

not due to alterations in the conformation of Ub. 

 

Figure 4-4: Examination of buried surface area similarities of the Ub moiety in the 
CCHFV Otu-Ub protease and yeast Otu1 protease crystal structures; Surface 
area that forms the interface with both the CCHFV Otu and yeast Otu1 protease is 
shown in grey; surface regions that form the interface exclusively with the CCHFV 
Otu protease are shown in green; surface regions that form the interface exclusively 
with the yeast Otu1 are shown in red; regions that do not form an interface with 
either OTU domain is shown in orange. 

4.1.1.4. Similarities in the interaction mechanisms of Ub for both the CCHFV Otu and 

yeast Otu1 enzymes 

When we compare the binding interactions of the CCHFV Otu and yeast Otu1 

proteases with Ub to their respective Ub molecules, each protease has a three part binding 

interface which are separated and discussed separately. These binding regions are 
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discussed thoroughly in section 2.3.4 of this thesis and a similar binding scheme is 

discussed in the yeast Otu1 crystal structure publication (52).  In relation to Ub, these 

regions include it’s C-terminal LRLRGG tail, a hydrophobic patch that is important to Ub 

binding domains as well (13), and a charged interface region that interacts with the 

opposite lobe of the OTU protease as the hydrophobic interaction.  An interesting 

observeation of the above described interactions is that they both share common 

properties, however, the respective locations of each region of interaction are swapped 

between the CCHFV Otu and yeast Otu1.  For example, Region 1 (the hydrophobic 

region), forms the interface on the β-sheet lobe of the CCHFV Otu protease, while the 

same region forms an interface with the α-helical lobe of the yeast Otu1.   

 First, the canonical Ile44 of Ub will be discussed as it is the most important residue 

involved in binding to mammalian Ub binding domains and the yeast Otu1-Ub crystal 

structure.  In the case of the CCHFV Otu, three residues present on the β-sheet lobe 

(Val12, Val18, and Ile131) form an interaction surface for complimentary non-polar side 

chains of Ub, which include Ile44.  In the case of the yeast Otu1, the Ile44 of Ub forms a 

similar type of interaction with two alanine side-chains; however, because of the 

difference in binding orientation of Ub on the two enzymes, these alanines are found on 

helix α-5 of the alpha helical lobe.   

 Next, if we examine the yeast Otu1 crystal structure, Messick et al. (52) describe a 

network of water moleule mediated H-bonding interactions between the polar side-chains 

protruding from the left β-sheet lobe of the enzyme to a region of complementary polarity 

on Ub.  Since Ub is rotated almost 80 degrees in the binding groove of the viral enzyme 

compared to the yeast enzyme,  the analogus interactions occur on the opposite lobe of 
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the CCHFV Otu protease. As described above, the CCHFV β-sheet lobe is instead 

dominated by non-polar side chains, while the α-helical lobe forms the extensive H-

bonding network between the Ub moiety.  Although these complementary interactions 

are important for binding Ub to the OTU protease family, the polar and nonpolar sites of 

interaction have swapped positions on the lobes of the viral versus eukaryotic proteases.  

Given the crystallographic and molecular modeling studies, it is likely that while the viral 

enzyme has an OTU domain fold, these changes in the substrate binding pocket have 

allowed expansion of the viral OTU substrate specificity to include both Ub and ISG15.   

4.1.2. Comparison of the CCHFV Otu-Ub to other OTU family crystal structures 

 It is difficult to compare the structures of unliganded OTU domain–containing 

enzymes to the enzyme-substrate complexes CCHFV Otu-Ub and yeast Otu1-Ub crystal 

structures. While the overall OTU domain fold can be observed for all crystal structures, 

there appears to be significant substrate induced conformational changes that occur upon 

interaction with Ub.  Figure 4-6 is a superposition of all the OTU domain proteins for 

which crystal structures have been determined.  The CCHFV Otu domain represents the 

only OTU domain from a virus, all others are from eukaryotic organisms.  Examining the 

superposed models, the secondary structural elements forming contacts with Ub seen in 

the CCHFV Otu domain are highly conserved throughout the entire family with the clear 

exception of the additional N-terminal β-hairpin (discussed in section 4.1.1.1).  The 

addition of this β-hairpin may be a signature of viral OTU enzymes and help in the 

manifestation of broad substrate specificity.  This theoretical observation may be 

confirmed with the discovery of new crystal structures from the same family.  The yeast 

Otu1 and human Otubain1 and 2 are the most similar of all the proteases,  while the 
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CCHFV and A20 appear to have a number of additional structural elements. The 

structure of A20 suggests that the apo-enzyme likely undergoes significant structural 

rearrangements upon substrate binding as they possess interfering structural elements in 

the proposed binding pockets of each enzyme.  This further supports the theory that this 

family of enzymes are highly dynamic and undergo structural stabilization upon substrate 

binding (11).   In the structure of human Otubain1, the catalytic His and Cys are not in 

the proper alignment to facilitate catalysis as well (85).  The 3-dimensional NMR 

structure of the CCHFV Otu protease will provide interesting information to whether the 

CCHFV Otu protease adopts a different conformation in the absence of Ub. 
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Figure 4-5 - Secondary structure superposition of all solved OTU proteases known 
to date (51, 52, 84, 85); Structural superposition of all the known OTU domain 
structures know to date;  there is a high conservation for the α-helical lobes; a 6 
stranded β-sheet domain is highly conserved in the β-sheet domain;  the majority of 
the structural divergence occurs in regions of the β-sheet domain and are not found 
in the substrate interacting regions which are conserved; the Ub moiety of the 
CCHFV Otu-Ub and yeast Otu1-Ub crystal structures have been removed (88). 

4.2. The CCHFV Otu-ISG15 computational model 

 Understanding the structural basis for the dual substrate recognition capabilities of 

the CCHFV OTU protease began to emerge with the CCHFV Otu-Ub crystal structure, 

which showed a novel binding orientation of the Ub fold.  The question was then asked if 

this binding orientation could facilitate its other known substrate, ISG15.  This was 
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examined by building a comparative molecular model of the Otu-ISG15 complex using 

the previously determined crystal structure of ISG15 and superposing its C-terminal 

domain onto the Ub corrdinates of the CCHFV Otu-Ub crystal structure. The result is 

shown in section 3.3.4 and demonstrates that the ISG15 molecule fits very well into the 

CCHFV active site cleft.  Indeed, the bound orientation of Ub also allowed for the C-

terminal domain of ISG15 to fit into the CCHFV Otu substrate binding groove with 

essentially no clashing and with complimentary charge distribution between the enzyme 

and substrate. 

4.2.2. The “yeast Otu1-ISG15” computational model 

 To understand why the viral OTU protease bound Ub, and apparently ISG15, in 

an orientation different from the yeast OTU enzyme, I superposed the C-terminal domain 

of ISG15 molecule onto the Ub corrdinates of the yeast Otu1-Ub protease complex 

despite the fact it is incapable to cleave ISG15-AMC (section 3.5).   These investigations 

are ideal given the known structural conservation of the Ub-fold and the ability to swap 

Ub-like molecules in and out of the respective complexes.  As expected, a major 

structural clash between ISG15 and the yeast Otu1 enzyme occurs at the most significant 

deviation in the surface landscapes of Ub versus ISG15 (considering only the binding 

interface) (Figure 4-6).  This is also the same region of ISG15 that the CCHFV Otu-

ISG15 model exhbits minor clashing.  I believe that once the CCHFV Otu-ISG15(C78S) 

structure is solved, alternative conformations of the amino acid side chains of both the 

CCHFV Otu protease and ISG15 will accommodate this minor clashing.  This is not the 

case in the hypothetical yeast Otu1-ISG15 model, where ISG15 clearly undergoes 

significant clashing. The loop region of ISG15 Asn89/Lys90 form the closest internuclear 



 131 

contacts, some measured at less than 1 Å.  Simple changes in side-chain conformations 

would not be able to accommodate this clashing region.  

4.2.3.  Asn89/Lys90 of ISG15: Potential key recognition site for DISG enzymes 

 Given the homology of the LRLRGG C-terminal motifs of Ub and ISG15, the 

subtle predicted molecular clashing at the Asn89/Lys90/Arg91 loop of ISG15 with the yeast 

Otu1 may explain its specificity for Ub.  I examined the analogous amino acid positions 

in Ub which are occupied by Leu8/Thr9/Gly10,  substantially smaller residues than the 

Asn/Lys/Arg counterparts in ISG15.  Figure 4-6 shows a superposition of Ub and ISG15, 

highlighting the three proposed residues involved in ISG15 substrate recognition.  These 

residues may inhibit eukaryotic OTU proteases from recognizing ISG15 as a removable 

susbstrate. This may be expanded to be a key recognition site for E1/E2/E3 enzymes 

functioning in ISG15 labelling of proteins.  The ISG15 activating enzyme UBE1L 

(introduced in section 1.2.3) must be able to accommodate the Asn89/Lys90/Arg91 loop in 

order to bind and activate ISG15.  UBE1L has been shown to be homologous to other E1-

activating enzymes of the Ub and Ub-like molecule E1 activation pathway.  Perhaps the 

UBE1L accommodates ISG15 in an alternative binding orientation to other E1-activating 

enzymes and their respective Ub-fold containing substrate.  This might also occur for E2 

enzymes that bind ISG15 as well (ISG15 has two, UbcH6 and UbcH8, see section 1.2.3) 

where UbcH6 has been shown to catalyze Ub transthiolation as well.   Structural insight 

into the UbcH6 molecule’s interaction with ISG15 has yet to be investigated. 
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Figure 4-6: Surface representation of superimposed Ub (orange) and ISG15 (green) 
molecules; Superposition of the C-terminal domains of Ub and ISG15; surface of 
LRLRLGG C-terminal motif removed from both structures to highlight the 
differences at the binding interface of Ub and ISG15; C-terminal tail is for all 
intensive purposes exactly the same in both molecules and shown as a single ribbon 
(88); 

 ISG15 has only been crystallized as itself, and never in the presence of an 

activating of a DISG or E1/E2/E3 enzyme limiting the knowledge of how these enzymes 

recognize this type of Ub-like molecule.  Ub has been solved in complex with numerous 

activating and DUB enzymes, which have revealed the importance of Ub Ile44 residue for 

recognition and binding. Given that the Asn/Lys/Arg motif provides a distinctive feature 

on the C-terminal domain relative to Ub, it may be a key recogniton site for all ISG15 

processing enzymes.  I believe that the E2 enzymes UbcH6 and UbcH8 have evolved to 

accept this bulky loop of ISG15 similar to how the viral OTU protease enzymes have 
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evolved to DUB and DISG.  Time will tell with the discovery of new complexed ISG15 

crystal structures, similar to what is currently being done with Ub.  

4.3. Future directions for the CCHFV Otu protease 

 Performing the intitial structural studies on the CCHFV Otu protease has certainly 

been very exciting with the identification of this novel binding mechanism.  This is the 

first viral OTU protease domain structure to be determined, as well as the first ISG15 co-

complexed crystal structure with a deconjugating enzyme.  The work revealed the 

structural basis for the broad substrate specificity of viral OTU proteases and is the first 

structure determination of a virulence factor from a haemorhaggic feaver causing virus. 

Using this structural information, many additional questions can now be answered.  The 

following are a few experiments I believe should be important to the CCHFV Otu 

protease and other viral OTU domains.  

4.3.1. The prospective CCHFV Otu-ISG15 crystal structure: knowledge to be gained 

 The computational CCHFV Otu-ISG15 model appears to fit into the proposed 

binding mechanism we have proposed above.  When the crystal structure is determined, 

relative orientations of the enzyme and ISG15 will be compared to the computational 

Otu-ISG15 model that was made to confirm the accuracy of the prediction.  I anticipate a 

nearly identical orientation for ISG15 bound to the viral protease as was found for Ub in 

the CCHFV Otu-Ub crystal structure.  Next will be to investigate how the three residues 

proposed in section 4.2.3 fit into the CCHFV Otu protease cleft and if the conformation 

of the cleft is different when in the presence of Ub vs. ISG15.  I speculate that that the 

overall structure of the viral protease will remain unchanged; however, subtle 
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conformational rearrangements of side-chains within the enzyme and ISG15 may be 

present to help accommodate ISG15 within the substrate binding groove. 

 With the help from our collaborators in New York, future research will involve 

mutational kinetics assay comparisons using Ub-AMC and ISG15-AMC fluorometric 

substrates.  Mutational analysis of the hydrophobic region that forms van der Waals 

interactions with the important Ile44 (amongst others) surface residue of Ub to give a 

relative importance of this region in the DUB and DISG activity have already begun.  

With the conclusion of the CCHFV Otu-ISG15 crystal structure, I am very curious about 

the Asn89, Lys90, Arg91 loop region of ISG15 and how the CCHFV Otu accommodates for 

this structurally divergent region from Ub.  This may lead to other mutations guided at 

potentially inhibiting DISG activity rather than DUB.   

 The deterrmination of the CCHFV Otu-ISG15(C78S) crystal structure will likely 

confirm the proposed computational model above.  From there, it would be interesting to 

identify residues within the substrate binding groove that are necessary for binding one 

substrate over the other.  The conserved nature of these sites may help better understand 

potential binding orientations of other OTU proteases and the keys to broad substrate 

specificity.  One of the immediate next steps will be to do primary sequence alignments 

of the known OTU domains and assess whether the residues in the CCHFV Otu 

contributing to the protein interface are conserved among members of the viral OTU 

family.  In particular, it would be interesting to determine whether the viral OTU protease 

families contain the β-hairpin rearrangement discussed in section 4.1.1.1 and share a 

hydrophobic patch of residues on its β-sheet lobe, as opposed to the α-helical lobe. 
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4.3.2. Propective chemical inhibition of the CCHFV Otu protease domain 

 It has been confirmed that the CCHFV Otu protease is not essential for RdRp 

activity in the CCHFV lifecycle and there is no evidence to suggest that the L-segment 

encodes a poly-protein that requires processing by the OTU protease domain (66).   

Given the size of the expressed L-segment and the N-terminal location of the CCHFV 

Otu protease, there must be a reason for the virus to keep this active protease encoded in 

its genome.  From the evidence to date, it is likely it used to evade the human immune 

defense system through disruption of Ub and ISG15 pathways. Development of an in vivo 

infectious animal model system, a viable CCHFV with a L-segment Otu(C40A) mutation 

or deleted Otu domain may provide clarity into the biological requirment of this enzyme 

by the virus. 

 If a viable CCHFV-L-segment(C40A) mutant virus proved less lethal than wild 

type CCHFV using an animal model, viral Otu proteases would garner significant 

attention as a potential drug target.  This could be accomplished using a large chemical 

compound library to screen for DUB inhibition using the fluorogenic Ub-AMC and 

ISG15-AMC assays.   

 The identification that the CCHFV Otu protease domain binds its substrate in a 

different orientation than the eukaryotic and mammalian OTU proteases known to date 

provides opitimism for development of a chemical inhibitor that selectively inhibits the 

viral OTU proteases.  Similar to OTU proteases, a member of the papain-like protease 

family (PLpro) from the SARS coronavirus causes global DUB but is also involved in 

viral polyprotein processing (69).  Using a high-throughput chemical inhibition screen 

they identified a non-covalent inhibitor that interferes with the binding of the enzyme 
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with its substrate, Ub. (87).  In fact, the papain-like protease family shares the same 

catalytic diad (Cys/His) residues as the OTU protease family (69).  This inhibition 

mechanism is very interesting as the chemical has been shown to bind at a site far 

removed from the active site.  

4.3.2.1. Potential for non-covalent viral specific OTU protease inhibitors 

Cysteine protease inhibitors are typically non-specific covalent inhibitors that 

target cysteine side-chains and are not suited for therapeutic use due to the related 

toxicity (87).  These inhibitors become futile in cellular systems where they will severely 

disrupt the cell host machinery.  Therefore, given the homology of the active site residues 

amongst all cysteine proteases, chemical inhibition of active site residues becomes much 

more challenging, if not impossible.  The authors of the SARS PLpro circumvent this 

problem by targeting a site removed from the active site (87).   Specifically, one single 

hydrogen bond and a number of hydrophobic interactions dominate the interference it 

causes at the Ub binding interface.  It is now known with the CCHFV Otu-Ub crystal 

structure that the protease has an extensive hydrophobic surface on the β-sheet cleft that 

forms the interface with Ub.  Perhaps a similar type of chemical inhibition method could 

be applied to the CCHFV Otu protease in an attempt to attenuate the virulency of this 

disease.   

The identification of a CCHFV Otu protease chemical inhibitor may also provide 

optimism for other similar antivirals in the fight against other OTU domain containing 

viruses.  Now that we have a model for the viral Otu-Ub interaction, it will be interesting 

to do a genetic alignment and investigate the presence of similar binding regions as 

discussed in sections 3.2.4.1 and 3.2.4.2.   Recalling the importance of Ub Ile44 and how 
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this residue interacts with opposite lobes in the CCHFV Otu-Ub versus the yeast Otu1-

Ub crystal structures, we may be able to predict Ub binding orientations based on primary 

sequence distributions in uncomplexed crystal structures.  It may also become apparent 

that the viral OTU protease domains contain an extra β-hairpin turn at the top of its β-

sheet lobe, giving them an 8 sheeted lobe as opposed to the conventional 6 β-sheets seen 

in the eukaryotic OTU proteases to date. These may be unique characteristics that can be 

the focus of chemical targets for all viral OTU proteases. 
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