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Abstract 
 

Viral infection accounts for significant morbidity, mortality, and economic loss worldwide. At no 

time in modern history has this been more apparent than it is now given the current global 

pandemic. This problem is compounded by the emergence of viral strains resistant to currently 

available therapeutics. Therefore, the identification and characterization of antiviral compounds 

with novel targets and mechanisms of action is urgently required. One such underexplored target 

that has recently shown promise is viral nuclease enzymes. These enzymes are required for the 

replication of several viruses including herpesviruses, influenza viruses, SARS-CoV-2, HIV, and 

others. 

In this thesis, I expressed and purified nuclease enzymes from three clinically relevant human 

viruses with the goal of developing biochemical systems to allow us to understand the mechanism 

of action of antiviral drugs. To this end, I expressed and purified the terminase complex of 

cytomegalovirus, the RNA dependent RNA polymerase heterotrimer of influenza B (FluB-ht), and 

the proofreading exonuclease complex of SARS-CoV-2. These enzymes were chosen as they had 

been shown to either be the target of or involved in resistance to recently approved FDA approved 

antiviral drugs. For example, terminase is the target of letermovir, FluB-ht is the target of baloxavir 

marboxil, and the SARS-CoV-2 proofreading exonuclease may be involved in resistance against 

nucleoside analogue inhibitors of SARS-CoV-2 such as remdesivir. 

First, I successfully expressed and purified the cytomegalovirus (CMV) terminase complex and 

developed assays to monitor its ATPase, nuclease, and DNA binding activities. As this complex 

is known to be the target of letermovir, it was our goal to elucidate the mechanism of action 
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underlying this new FDA approved drug. The assays that I have developed will facilitate this 

process. Furthermore, by truncating our expression construct, I was able to show that a small 

protein lacking enzymatic activity, UL51, is necessary for terminase expression. 

Secondly, with regards to the influenza B polymerase heterotrimer (FluB-ht), I developed assays 

to monitor the endonuclease and transcriptional activities of the complex. These assays revealed 

that the active form of the FDA approved influenza endonuclease (PA) inhibitor baloxavir 

marboxil, baloxavir acid (BXA), is a slow tight binding competitive inhibitor. Furthermore, I was 

able to show that BXA is a selective inhibitor of the endonuclease as it displays a greater than 50-

fold selectivity for the endonuclease activity. 

Finally, with respect to the SARS-CoV-2 exonuclease, I successfully purified the active complex 

and showed that this complex can excise incorporated nucleotide analogues with analogues that 

represent mismatched base-pairs being more readily excised. Furthermore, I was able to show that 

under the right circumstances, the excision of the FDA approved SARS-CoV-2 inhibitor 

remdesivir is possible. This revealed a possible avenue for the development of resistance against 

nucleoside analogue inhibitors of SARS-CoV-2 and produced an assay for the excision of 

nucleoside analogue inhibitors in vitro. 
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Chapter 1: Introduction 
 

1.1 The Public Health Burden of Viral Disease 

Viral infection has been and continues to be responsible for significant morbidity, mortality, and 

economic loss worldwide. The severe public health threat posed by viruses has at no time in 

modern history been as apparent as it is now amid the devastation wreaked by the current SARS-

CoV-2 pandemic which, at the time of writing, has infected 160 million people around the globe 

leading to 3.3 million deaths. However, this pales in comparison to the 1918 influenza pandemic 

and for that reason any discussion of pandemics must begin with the Spanish influenza pandemic 

of 1918 which has been referred to as “the mother of all pandemics” (1). This grim moniker is well 

deserved given that the 1918 Spanish influenza virus infected approximately one third of the 

world’s population resulting in 50 million deaths (1). However, despite this, we still do not 

understand the factors underlying the unusual pathogenicity of the influenza strain(s) responsible 

for the 1918 pandemic (1). However, it has been hypothesized that the pathogenicity of these 

strains may have resulted from the fact that the virus crossed the species barrier from birds to 

humans (1-3).  This is because recent zoonoses, that is viruses that have recently crossed the 

species barrier to infect humans, are often highly pathogenic because they are poorly adapted to 

replicating in a human host (4). Given this, viral zoonoses represent a major public health threat 

worldwide. 

The significant public health threat posed by viral zoonoses is illustrated by the emergence of 

several viral diseases from wild animals in recent times including human immunodeficiency virus 

(HIV), ebola virus, the middle east respiratory syndrome coronavirus (MERS), severe acute 

respiratory syndrome coronavirus (SARS), and, the causative agent of COVID-19, severe acute 
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respiratory virus coronavirus two (SARS-CoV-2). Specifically, HIV originated in chimpanzees 

while Ebola and the MERS, SARS, and SARS-CoV-2 coronaviruses are hypothesized to have a 

bat origin (5-7). However, while all these viruses are important in their own right, HIV and SARS-

CoV-2 are arguably the most relevant today given the profound, recent, and continuing public 

health impacts of the HIV and COVID-19 pandemics. 

In the early 1980s, increasing numbers of young gay and bisexual men perished due to 

opportunistic infections and rare cancers (5). This was determined to be the result of an 

immunodeficiency which would later be described in the medical literature as acquired 

immunodeficiency syndrome (8). Soon after, the retrovirus (HIV-1) was isolated and determined 

to be responsible for this disease via its effects on CD4+ T-cells (8-11). This virus would spread 

around the world leading to a pandemic that, to date, has resulted in the mortality of over 40 million 

people (12). This is partly because, before the mid-1990s, few antiviral treatments were available 

and treatment of HIV infection largely consisted of prophylaxis for opportunistic infections and 

supportive care (13). Due to a lack of effective treatments, HIV infection was largely considered 

a “death sentence” as patients would almost invariably progress to develop acquired immune 

deficiency syndrome (AIDS) and succumb to opportunistic infections (14). However, with the 

advent of small molecule inhibitors targeting viral enzymes, i.e., reverse transcriptase and protease 

inhibitors, it became possible to inhibit viral replication which would in turn prevent patients from 

developing AIDS (13,14). Thus, HIV infection went from being a fatal disease to a treatable, 

chronic condition (12,15). However, despite these advances much still remains to be done to work 

towards an eventual cure as approximately 700,000 people succumbed to complications resulting 

from AIDS in 2019 (16). 
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Furthermore, the significant public health burden imposed by emerging viral disease is highlighted 

by the continuing COVID-19 pandemic. While several treatments and effective vaccines have 

emerged since the pandemic began, vaccine hesitancy, and the potential of the virus to mutate and 

acquire resistance to currently available therapeutics mean that the public health and economic 

impacts of COVID-19 may continue for years to come (17-19). 

Thus, biochemical systems that allow for the characterization of viral enzymes and the elucidation 

of the mechanisms surrounding antiviral action and resistance are urgently required to combat the 

significant worldwide public health burden imposed by viral infection. This is addressed in this 

thesis where we develop such systems to study antivirals targeting nuclease enzymes from several 

clinically relevant human viruses including influenza, SARS-CoV-2, and cytomegalovirus. 

1.2 What is a nuclease? 

 

Nucleases are, as the name suggests, enzymes that cleave the phosphodiester backbone bonds of 

nucleic acid polymers, i.e. DNA or RNA (20). These enzymes are generally classified with regards 

to the type of cleavage they perform as either endo or exonucleases (20). The difference being that 

exonucleases cut at the end of the DNA or RNA polymer while endonucleases cut at an internal 

position (20). These enzymes are integral to many biological processes including but not limited 

to nucleic acid replication and metabolism, DNA repair, transcription, and cell signaling (20-22). 

Furthermore, nucleases are involved in the replication of many viruses including herpesviruses, 

influenza viruses, coronaviruses, retroviruses, and others (21,23-27). Given the significant burden 

of viral infections on human health, in this thesis, we chose to study the function and inhibition of 

viral nucleases. 



4 

 

1.3 Nuclease Biochemistry 

 

So far, all nucleases that have been described can be assigned to one of three classes based on the 

metal ions involved in their biochemical mechanism of action (20). These are two-metal ion-

dependent nucleases, one-metal ion-dependent nucleases, and metal ion independent nucleases 

(20).  

Metal ion-dependent nucleases are those nucleases that exhibit their function by coordinating 

divalent metal ions. Specifically, these endonucleases contain negatively charged resides such as 

aspartic or glutamic acid. These residues co-ordinate (either one or two) divalent metal ions 

(usually Mg2+ or Mn2+) which generally polarize a water molecule (20). This polarized water 

molecule then acts as a nucleophile and attacks the phosphate backbone of the nucleic acid polymer 

facilitating cleavage. Metal ion independent nucleases are similar except they use the sidechain of 

a polar residue such as serine, threonine, or histidine as a nucleophile (20). 

Of all of these, two metal ion-dependent endonucleases are the most commonly observed and they 

facilitate the widest range of biological functions (20). It is perhaps unsurprising then that the 

nucleases studied in this thesis fall into this category (25,27-29). 

1.4 Role of Nucleases in the biology of clinically relevant mammalian viruses 

 

Nucleases are involved in the replication of several mammalian viruses, as previously noted, and 

their inhibition is a promising avenue for drug design as evidenced by the recent FDA-approved 

antivirals targeting these enzymes (30,31). As these enzymes are now validated drug targets, 

nucleases from some clinically relevant viruses and antiviral compounds targeting these enzymes 

will be discussed in detail. 
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1.4.1 HIV, RNAse H, Integrase, and Inhibitors 

 

Since human immunodeficiency virus (HIV), the virus responsible for acquired immune 

deficiency syndrome (AIDS) first emerged and became widely recognized in the 1980s significant 

progress has been made with regards to the management of HIV infection (32). Specifically, with 

the advent of antiretroviral therapy HIV patients receiving treatment now have a normal life 

expectancy (33,34). This development was borne out of years of research on compounds that 

inhibit several enzymes involved in the life cycle of HIV including protease, integrase, and reverse 

transcriptase (RT) (35). Both integrase and the RNAse H activity of reverse transcriptase (RNase 

H) have similar active sites, a two-metal ion catalytic mechanism, and have been studied in detail 

(26,36-38).  

 

Reverse transcriptase (RT) is a multifunctional enzyme that is essential to the lifecycle of HIV 

(39). RT encodes an RNA-dependent RNA polymerase activity (RdRp), RNA-dependent DNA 

polymerase activity (RdDp), DNA-dependent DNA polymerase activity (DdDp), and an RNase 

activity (RNAse H) (26,39). Specifically, the polymerase activities of RT are responsible for 

converting the RNA genome of HIV into double-stranded DNA (dsDNA) so that it can be 

integrated into the genome of the host cell by integrase (39). RNAse H is responsible for degrading 

the RNA portions of RNA/DNA intermediates that arise during this process (39).  Thus, inhibition 

of RNAse H or integrase prevents HIV replication and this has been exploited for the development 

of inhibitors (26,40-43). 

 

Most inhibitors function by binding to and chelating metal ions at the active site of RNAse H or 

Integrase thereby preventing the interaction of the enzyme with its nucleic acid substrate 
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(26,36,41-44). This research has led to the FDA approval of several integrase inhibitors for the 

management of HIV infection, while RNase H inhibitors are still investigational (26,40). 

Nevertheless, these nucleases are a validated target for the development of antivirals and the 

similarity of the two-metal ion active sties of HIV RNAse H and integrase to other viral nucleases 

is significant (25,31). For example, the FDA-approved integrase inhibitor raltegravir was used as 

a scaffold for the development of the now FDA-approved influenza cap snatching endonuclease 

inhibitor baloxavir marboxil (25). Indeed, the similarity of the active sites of HIV RNAse 

H/Integrase and the nuclease actives sites of herpesviral terminases, and the influenza cap 

snatching endonuclease provided a theoretical basis for much of the research detailed in this thesis. 

1.4.2 Herpesviral DNA elements (Pac Elements) involved in genome packaging. 

 

To date, the majority of antivirals against herpesviruses work by inhibition of the viral DNA 

polymerase (45). This prevents viral genome replication, however many other aspects of the viral 

lifecycle can be targeted by antiviral drugs. For example, to successfully replicate a virus must 

enter a susceptible cell, replicate its genome, package these newly produced genomes into virions, 

and finally release these from the cell (Figure 1.1). One aspect of the herpesviral life cycle that has 

recently been targeted for antiviral drug development is genome packaging (30). Therefore, the 

genetic elements involved in herpesviral genome packaging will be discussed here. 
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Figure 1.1 Schematic detailing the lifecycle stages of a typical herpesvirus. 

 

 The genomes of the prototypical herpesvirus herpes simplex virus 1 (HSV-1) and other 

herpesviruses consist of covalently linked long and short segments of dsDNA referred to as the 

unique long (UL) and unique short (Us) regions. In general, the UL and Us regions are flanked by 

highly repetitive repeats referred to as the a, b, and c sequences, respectively.  Of these sequences, 

the a sequence is thought to be crucial for genome maturation and packaging (46). This is because 

these sequences are found at both ends of the genome and they contain conserved cis-acting 

sequences referred to as Pac1 and Pac2. Pac1 consists of a 3-7 base pair poly A region that is 

flanked by poly C tracts while pac2 consists of 5-10 base pair conserved A rich region (47,48). 

These sequences were first identified by Deiss et al. in 1986 and shown by subsequent studies to 

be required for viral cleavage and packaging (47,49-60). These sequences are found at opposing 
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ends of the genome, separated by approximately 60 base pairs, and are thought to be recognized 

by the viral packaging machinery such that a cut is generated between the two motifs (Figure 1.2). 

(60)  This is important because herpesvirus replication produces high molecular weight 

concatamers, consisting of head to tail linked genomes, that must be resolved and packaged to 

generate infectious virions (Figure 1.2 and 1.3) (61). This process is discussed in further detail in 

section 1.4.3. Due to the conservation and location of the a sequences, they were hypothesized to 

be important for recognition by the viral DNA packaging enzymes, here referred to as the viral 

terminase (62). 
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Figure 1.2 Position of packaging motifs (a) in a prototypical herpesviral genome or genome 

concatamer. A. Position of the a sequence (red boxes) relative to the unique long UL and unique 

short Us genome sequences. B. Orientation of the a sequences in a typical herpesviral concatemer. 

C. position of the Pac 1 and Pac 2 motifs relative to the position at which endonucleolytic cleavage 

and concatemer resolution occurs. 
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1.4.3 Herpesvirus Terminase Proteins 

 

Herpesviral replication produces high molecular weight concatemers of several genomes linked 

head to tail (Figure 1.2 and Figure 1.3) (63,64).  

 

 

Figure 1.3 Schematic detailing herpesviral genome structure and the genome elements 

involved in viral genome packaging. A. Schematic of a herpesviral genome with the sequences 

involved in packaging (a sequences) indicated with red boxes. B. Schematic diagram of a 
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circularized herpesvirus genome which serves as a template for the generation of head to tail linked 

concatamers of genomic DNA. (*) indicates that this replication mechanism of herpesviruses is 

still controversial. C. Schematic diagram of a herpesviral genome concatemer. 

 

This was historically considered to be the result of rolling circle replication, however, this is 

controversial as data exists which suggest an alternative recombination based mechanism (65). 

Nevertheless, regardless of the nature of the replication mechanism, these concatamers are 

produced and they must be packaged into viral capsids to produce infectious virions (66,67). This 

packaging is performed by an enzyme referred to as the viral terminase (61). In CMV, terminase 

is a heterotrimer consisting of three proteins UL51, UL56, and UL89 (61,67). Models for genome 

packaging in CMV and other herpesviruses were first derived based on analogy to mechanisms 

utilized by dsDNA bacteriophages (68,69). This is logical given the evolutionary relatedness of 

herpesviruses and tailed dsDNA bacteriophages(69,70). Specifically, two main mechanisms, 

headful and sequence specific packaging have been described in dsDNA bacteriophages (71,72). 

Headful packaging, utilized by phages such as T4, is a biophysical process by which a capsid is 

packed to completion, at which point the nuclease is activated to cleave the concatemer (72). This 

is in contrast to sequence specific packaging mechanisms, such as those described for phage T3 

and phage T7, where conserved sequences found within the viral concatemer determine where 

packaging begins and where cleavage occurs (71). This later mechanism is reminiscent of those 

which have been described for herpesviruses. 

In herpesviruses, the viral terminase binds to conserved sequences at the terminus of the genome 

referred to as pac elements (73). These sequences are thought to drive the initiation of and 

completion of viral genome packaging (54,62,74). Specifically, the prevailing model of herpesviral 
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genome packaging suggests that the terminase binds to pac elements at the end of the genome and 

then, uses energy derived from  ATP hydrolysis to translocate a single genome through the portal 

vertex, which serves as a channel for genome packaging, and into the viral capsid (61) (Figure 

1.4).  
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Figure 1.4. The CMV Terminase complex UL51/UL56/UL89 and viral genome packaging. 

A. Schematic diagram detailing both the composition of the CMV terminase complex and its role 

in viral genome packaging. The portal vertex is depicted as a dodecameric complex based on 

analogy to phage T4 (75). 

Once a single genome is packaged, the terminase then cleaves the concatemer releasing a single 

genome into the capsid (61). Currently, the precise biochemical mechanisms responsible for this 

packaging are unclear. However, it has been suggested that interactions between the conserved pac 

sequences described above, the terminase, and the portal vertex proteins are crucial for packaging 

and this has been supported by recent structural work (76). 

Previous work aimed at a biochemical characterization of the CMV and herpesviral terminases in 

general have been primarily limited to cell culture based approaches and have been largely focused 

on HSV-1 (77). Specifically, it has been shown that mutation or inhibition of terminase proteins 

results in the accumulation of uncleaved concatemeric DNA and empty capsids within the nucleus 

(30,77).  Furthermore, the components of the HSV-1 terminase (UL15, UL28, and UL33) were 

shown to form a complex based on the fact that these components copurified both from infected 

cells and when expressed endogenously using a baculovirus based expression system (78,79). 

 

The components of the CMV terminase complex, UL51, UL56, and Ul89, were identified based 

on homology to their counterparts in HSV-1 UL15, UL28, and UL33 (61,80). Similarly, these 

components were demonstrated to form a complex based on the fact that they can be copurified 

when expressed endogenously using a baculovirus based system (67,80). However, the 

biochemistry of the CMV terminase complex remains understudied (61). What little work that has 

been done with the CMV terminase has utilized cell lysates, truncated isolated domains, or more 
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recently full length UL89 outside of the context of the larger terminase complex (25,81-84). As a 

result, the CMV terminase complex remains poorly characterized and the nature of both the 

endonucleolytic cuts and ATPase activity produced by the CMV terminase remain to be described 

adequately. Furthermore, these nuclease assays here utilized agarose gels and plasmid DNA 

(25,84). While linearization of a plasmid containing CMV a sequences was demonstrated, the low 

resolution of these gels and the use of truncated proteins was not sufficient to characterize the 

precise biochemical nature of the endonucleolytic cutting performed by CMV (81,84,85). 

Additionally, the natural substrate of the CMV terminase is linear dsDNA, which suggests that 

results obtained from plasmid based assays, showing non-specific cleavage and degradation, may 

not adequately capture the biology of the CMV terminase complex (25). 

This is further complicated by the fact that some authors have reported nuclease activity in both 

UL89 and UL56 using data obtained from impure protein preparations and without the necessary 

active site mutants (81-83,85). Indeed, in these studies the nature of the nuclease active sites is not 

discussed. Furthermore, UL56 lacks domains that are commonly associated with nuclease and 

ATPase activities. Thus, these data are inconclusive and significant ambiguity exists with regards 

to the location of the HCMV terminase nuclease and ATPase active site(s). 

However, the nuclease active site of UL89 has been crystalized, and its fold resembles the nuclease 

active sites found in phage terminases (25,69,84). Therefore, we hypothesized that any 

endonucleolytic activity observed would be due to the presence of UL89. 

Literature on the ATPase activities of the complex are similarly convoluted with ATPase activities 

being proposed for both UL89 and UL56 but only demonstrated biochemically (via 

polyethyleneimine based TLC assays) for UL56 (82,83,86). However, these studies worked with 
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truncated proteins, impure protein preparations, and in many cases lacked active site mutants 

complicating data analysis. 

The lack of biochemical assays utilizing full length terminase represents a major barrier to antiviral 

development as no in-vitro biochemical system for the identification and characterization of 

inhibitors of the CMV terminase complex, such as the FDA approved CMV terminase inhibitor 

letermovir, exists. To address this, we set out to express, purify, and develop assays to characterize 

enzymatic activities of the full length CMV terminase complex. 

1.4.4 Influenza PA Cap Snatching Endonuclease 

 

The influenza RNA-dependent RNA polymerase (RdRp) is a heterotrimer consisting of three 

proteins PA, PB1, and PB2 (87,88). PA contains the “Cap-snatching” endonuclease and is required 

for transcription (89). Specifically, influenza lacks the machinery necessary to generate its own 

capped mRNA molecules (90). Therefore, it utilizes PA to hijack cellular mRNAs which are then 

used as primers for the generation of influenza transcripts (87). Thus, inhibition of PA prevents 

transcription and viral replication (91). 

1.4.5 Coronavirus Proofreading Exonuclease 

 

The RNA dependent RNA polymerases (RdRp) of coronaviruses are error prone and this is a 

general feature of RdRp enzymes found in RNA viruses (92). To counteract this and improve 

replication fidelity, coronaviruses encode a proofreading exonuclease referred to as nonstructural 

protein 14 (nsp14) (23,24,93-95). Indeed, it has been hypothesized that increased replication 

fidelity afforded by the presence of the proofreading nuclease may account for the fact that 

coronaviruses, and other members of the nidovirus family, have larger genomes than other RNA 
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viruses (96). However, the biochemical mechanisms by which proofreading occurs in these viruses 

is still poorly understood. Therefore, to develop a basis from which to understand coronavirus 

proofreading we looked at what is known about DNA polymerases with proofreading functions as 

these enzymes are more well studied. 

1.4.6 Proofreading in DNA polymerases 

 

DNA polymerases are involved in cellular replication and are responsible for high fidelity DNA 

replication (97). These polymerases possess a low error rate and the ability to correct the insertion 

of misincorporated bases using a 3’-5’ proofreading activity (97,98). This proofreading function 

increases the fidelity of DNA replication by anywhere between 10 and 1000 times (97). However, 

the factors that trigger a polymerase to shift from a mode favoring nucleic acid extension to a mode 

favoring excision are still poorly understood. Recently, it has been suggested that the 

misincorporation of nucleotides can trigger changes in the translocation state of the polymerase 

leading to activation of the proofreading exonuclease (99). Specifically, this model suggested that 

increased exonuclease activity is observed under conditions favoring the pre-translocation state of 

the polymerase (99). As models for viral proofreading are lacking, we used this as a starting point 

for our work examining the activity of the SARS-CoV-2 proofreading exonuclease nsp14. 

1.4.7 Mismatch excision and “proofreading” in coronaviruses. 

 

To date, the excision of mismatched nucleosides and nucleoside analogues has only been directly 

demonstrated using recombinant SARS coronavirus nsp14 (23). nsp14 is a bifunctional protein 

containing both exonuclease and methyltransferase activities (28). The methyltransferase activity 

is involved in RNA capping which is necessary for viral transcription and evasion of the host's 
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innate immune defense while the exonuclease functions to increase replication fidelity 

(24,28,93,100). 

Nsp14 has been shown to cleave both single and double-stranded RNA with a 3’-5’ directionality 

(28,101). However, a second protein, nonstructural protein 10 (nsp10) is required for efficient 

activity (28). Based on structural studies, nsp10 forms a 1:1 complex with nsp14 and stabilizes the 

exonuclease active site of nsp14 (28). Thus, in this work, nsp14 was expressed in tandem with 

NSP10 and purified the resulting complexes using both affinity and size exclusion 

chromatography. 

1.5 Why target nucleases? 

 

As described above, many viral nucleases have highly similar active sites and mechanisms of 

action. This is made evident by the fact that similar inhibitors that chelate divalent metal ions 

present in the active site have been developed to target nucleases from several distinct viruses 

including HIV RNAse H, Integrase, herpesviral terminase proteins, and the influenza PA cap 

snatching endonuclease (25,31,36,102). Thus, nucleases are a validated drug target as the potential 

exists not only to develop highly potent inhibitors, but to develop inhibitors with a broad spectrum 

of action due to the structural similarity of these active sites. This similarity is highlighted in the 

attached figure. (Figure 1.5) 
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Figure 1.5 Similarity of the nuclease active sites between Integrase, RNAse H, and CMV-

UL89. The nuclease active sites of HIV-1 RNAse H, SFV Integrase, and CMV UL89 with metal 
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ion coordinating residues are shown. Beta sheets are represented by pink arrows. Alpha helices are 

shown in blue. Manganese ions are shown as magenta-colored balls. 

1.6 CMV, Influenza, and SARS-CoV-2 

 

As noted previously, CMV, influenza, and SARS-CoV-2 are responsible for significant morbidity 

and mortality worldwide necessitating the development of novel antivirals. All of these viruses 

encode nuclease enzymes with related active sites providing a good basis for a drug development 

program. For this reason, we chose to study these viruses and both the clinical relevance of these 

viruses, and available inhibitors are discussed below. 

1.6.1 Global burden of CMV 

 

Herpesviruses are double-stranded DNA viruses that cause disease in both humans and a wide 

range of animal hosts (103). Following primary infection, these viruses generally establish a 

lifelong latent infection in lymphoid tissue or neurons (104). Infection by these agents produces a 

wide range of syndromes ranging from skin legions to meningitis (104). While initial infection 

generally results in mild disease in an immunocompetent host, if the immune status of the host 

changes these viruses can reactivate from latency leading to disease recrudescence (104). Among 

the herpesviruses, infection with human cytomegalovirus is particularly problematic and is 

responsible for considerable morbidity and mortality worldwide (105). Although, exposure to 

CMV generally leads to an asymptomatic latent infection in immunocompetent hosts, CMV causes 

severe disease in the immunocompromised, transplant recipients, and in newborns (105-107). This 

results in significant disease given that the virus is ubiquitous (108). For example, seroprevalence 

is ~50% in the United States and in many developing countries this approaches 100% (108,109). 
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This is further complicated by the fact that many of the currently used antivirals require IV 

administration and are plagued by the emergence of resistance, nephrotoxicity, and potential 

teratogenicity (105). Thus, the development of novel antiviral agents against CMV is urgently 

required and we hope that the work presented in this thesis will contribute to this effort. 

1.6.2 Commonly used anti-CMV Antivirals. 

 

Management of CMV infection commonly relies on the use of drugs that inhibit the viral DNA-

dependent DNA polymerase (105). These include the nucleoside analogues ganciclovir, 

valganciclovir, and the pyrophosphate analogue foscarnet (105). (Figure 1.6) Letermovir has a 

novel mechanism of action and was shown to target the CMV terminase complex (30). 

Specifically, mutations providing resistance to letermovir arose in the terminase complex, and 

treatment with letermovir was shown to produce empty capsids (30). Resistance conferring 

mutations in the terminase complex have also arisen in the clinic (110). These data suggested that 

letermovir targets the CMV terminase complex preventing viral genome packaging. However, the 

biochemistry of this inhibition has yet to be established as no enzymological assay has been 

established for the study of CMV terminase function. 
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Figure 1.6. Clinically relevant CMV inhibitors targeting the viral polymerase. The structures 

of commonly used CMV polymerase inhibitors are detailed. The base portion of the nucleoside 

analogues is outlined with a thatched line. 
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These antivirals, while commonly used, are associated with the development of drug resistance 

and have significant side effects as described above (105). This has necessitated the development 

of antivirals with novel mechanisms of action. One of these, letermovir, has been recently 

approved by the FDA for the prophylaxis of CMV disease in solid organ transplant recipients (30). 

1.6.3 Global Burden of Influenza   

 

Influenza is a severe, contagious respiratory illness caused by infection with the influenza virus 

(111). Influenza viruses are segmented negative-sense RNA viruses that together comprise six of 

the eight members of the family Orthomyxoviridae. Four genera of influenza, Influenza A, B, C, 

and D have been identified two of which, A and B, cause significant morbidity and mortality 

worldwide (112). For instance, the WHO reports that influenza A and B together account for up 

to 5 million severe illnesses and 650,000 deaths annually (113). This accounts for a total economic 

burden of $87 billion per year in the United States alone (112). This is despite the availability of 

effective vaccines against both influenza A and B (114).  

1.6.4 Baloxavir and other antivirals targeting the Influenza RNA-dependent RNA 

polymerase (RdRp). 

 

Antivirals represent an important tool for the treatment and management of influenza infection. 

Traditionally, Influenza virus infection has been treated using M2 ion channel and neuraminidase 

inhibitors (115). Unfortunately, in recent seasons >99% of circulating influenza strains have been 

resistant to M2 ion channel inhibitors limiting treatment options (116). This has necessitated the 

development of antivirals with novel mechanisms of action. To this end, inhibitors of the influenza 

RNA-dependent RNA polymerase (RdRp) (PA/PB1/PB2) have been developed.  
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The RNA-dependent RNA polymerase of influenza is a multifunctional heterotrimer encoding cap 

dependent endonuclease, polymerase, and 7-methylguanylate cap binding activities (117). These 

activities make the viral RdRp an attractive drug target as it is essential to viral transcription and 

genome replication.   

 Influenza performs transcription via a well described process known as “cap snatching”(87-

89,117-121). Briefly, PB2 binds host mRNAs bringing them into proximity to PA which cleaves 

them producing short, capped primers that are subsequently extended by PB1 to produce viral 

transcripts. Each aspect of this process has currently been targeted for drug development and 

compounds targeting each component of the polymerase are currently available. 

For example, the first in class PA endonuclease inhibitor baloxavir marboxil (BXM) was approved 

by the FDA in December of 2018 for the treatment of uncomplicated influenza in adults. A single 

dose of BXM results in the alleviation of influenza symptoms approximately 23-28 hours faster 

than placebo (122). This is likely because baloxavir is highly potent and capable of inhibiting 

influenza viruses in the low nM range (31).  BXM is a prodrug, the active form of which, baloxavir 

acid (BXA), binds to divalent metal ions in the PA endonuclease active site preventing catalysis 

(123).  Baloxavir is active against all known genera of influenza including viruses resistant to 

neuraminidase inhibitors (31,124). This, in addition to the fact that BXM can be administered 

orally as a single dose make BXM highly attractive for clinical use (122). However, soon after the 

discovery of BXM, resistant strains emerged. The majority of described resistance mutations are 

substitutions in the I38 position, with I38T/M/F resulting in a 2-50-fold increase in EC50 with I38T 

having the largest effect (122,123). It has been postulated that this reduced susceptibility is due to 

the fact that I38T may reduce van der Waals contacts with the inhibitor (123) .  It has been reported 

that these mutations have a significant adverse effect on viral fitness so it is unknown how 
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prevalent they may become should the use of BXM become widespread (123). However, the 

development of widespread resistance appears possible as in clinical trials the emergence and 

transmission of viruses containing BXM resistance mutations has been documented (122,125). 

The RNA synthesis activity of the PB1 subunit of the polymerase has been targeted by the use of 

the nucleotide analogue favipiravir which is approved in Japan for the treatment of pandemic 

influenza (126).  Favipiravir has been evaluated in clinical trials and while the exact mechanism 

of action requires clarification, it is thought to function through the induction of lethal mutagenesis 

(127). Specifically, it is thought that incorporation of favipiravir leads to an increase in G to A and 

C to T transversion mutations (127). However, resistance to favipiravir has been reported. 

Specifically, the PB1 K229R mutation located within the conserved F motif of the RdRp has been 

shown to confer resistance to favipiravir at the cost of viral fitness (128). However, this loss of 

fitness is restored by the PA P653L mutation (128). 

Several unpublished clinical studies on the efficacy of favipiravir for the treatment of 

uncomplicated influenza have been performed with somewhat variable results (129). For example, 

studies have reported anywhere between a 6 and 14 hour decrease in time to influenza symptom 

resolution versus placebo (129). This moderate effect when combined with the fact that 

teratogenicity has been observed in multiple animal models at doses similar to those used in 

treatment limit the utility of favipiravir in the treatment of uncomplicated influenza (129). Despite 

these limitations, favipiravir still possesses a high degree of utility for the treatment of pandemic 

influenza. 

The PB2, or cap binding subunit of the influenza polymerase, has been targeted by pimodivir 

(130). Pimodivir binds to the cap binding domain of PB2 at nanomolar concentrations preventing 
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the binding of capped host mRNAs. This, in turn, prevents “cap-snatching” and viral transcription 

(131). However, pimodivir is only active against Influenza A viruses likely owing to significant 

amino acid sequence divergence in the cap binding domain of PB2 between different genera of 

influenza (131). Additionally, resistance to pimodivir has been reported with the PB2 Q306H, 

S324I, S324N, S324R, F404Y, and N510T mutations conferring a greater than 10-fold decrease 

in susceptibility (132). Furthermore, resistant strains of influenza containing PB2 substitutions 

have also emerged in clinical trials examining the efficacy of pimodivir (129,130). The most 

common of these is the PB2 M431I variant which has been shown to confer a 57-fold reduction in 

pimodivir susceptibility in cell culture (129,130). However, interestingly, in patients treated with 

a combination of a neuraminidase inhibitor (Tamiflu) and pimodivir the emergence of resistant 

strains was greatly reduced (129,133). 

Taken together, the Influenza RdRp represents a promising, validated target for the development 

of antiviral drugs. 

1.6.5 Global Burden of SARS-CoV-2 

 

Coronaviruses are single-stranded positive sense RNA viruses that are responsible for disease in 

humans and animals (134,135). Members of this family are known to cause a variety of pathologies 

ranging from mild cold-like illness to severe respiratory syndromes such as those resulting from 

infection with SARS-CoV (severe acute respiratory syndrome coronavirus), MERS-CoV (middle 

east respiratory syndrome coronavirus), and SARS-CoV-2 (severe acute respiratory syndrome two 

coronavirus), the causative agent of COVID-19 (135,136). In late 2019, SARS-CoV-2 emerged in 

Wuhan, China (135,137,138). Current evidence suggests that the virus was of zoonotic origin and 

that it crossed the species barrier from bats into humans (139). The virus then spread around the 
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world leading the WHO to declare a global pandemic (138,140). To date, SARS-CoV-2 has 

infected 160 million people leading to approximately 3.3 million deaths worldwide. This is 

because SARS-CoV-2 is highly transmissible and can cause severe respiratory disease in 

vulnerable populations, i.e., the elderly and those with preexisting conditions (138). Thus, there is 

an urgent need to develop antivirals against SARS-CoV-2. 

1.6.6 Remdesivir and SARS-CoV-2 

 

To date, the only small molecule inhibitor approved by the FDA for the treatment of infection with 

SARS-CoV-2 is remdesivir. Remdesivir is a nucleoside analogue inhibitor of the SARS-CoV-2 

polymerase nsp12 (134,141). Remdesivir is an ATP analogue that was first developed by Gilead 

Pharmaceuticals for the treatment of Ebola virus infection (142) and was shown to function via 

inhibition of the viral RNA-dependent RNA polymerase (134,142,143). Before the emergence of 

SARS-CoV-2 remdesivir had also been shown to be active against coronaviruses in a laboratory 

setting (144). Thus, when SARS-CoV-2 emerged there was interest in testing remdesivir against 

the virus and it was ultimately shown to inhibit SARS-CoV-2 replication via inhibition of the viral 

polymerase nsp12 (134,141,145). This inhibition of the viral polymerase occurs by a twofold 

mechanism (141,145). Firstly incorporation of remdesivir was shown to result in chain termination 

at a position three nucleotides downstream of the point of incorporation (141). This is referred to 

as “delayed chain termination”(141). This inhibition can be overcome at high nucleotide 

concentrations leading to the incorporation of remdesivir into the viral genome (145). However, 

the incorporation of nucleotides across from RDV in the template strand leads to polymerase 

stalling and this represents a second mechanism by which remdesivir functions to inhibit SARS-

CoV-2 polymerase (145).  
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In clinical trials, treatment with remdesivir was shown to reduce time to recovery by 31% 

compared to placebo and based on this data the compound was approved by the FDA (134). While 

many antiviral therapies have shown promise, at the time of writing, remdesivir is the only FDA-

approved small-molecule inhibitor for the treatment of COVID-19. Therefore, there is great 

interest in characterizing mechanisms of resistance to remdesivir. 

One possible resistance mechanism is presented by the presence of the proofreading nuclease 

nsp14. As nsp14 has previously been shown to reduce the effectiveness of nucleotide analogue 

antivirals in coronaviruses related to SARS-CoV-2 we hypothesized that this could also occur in 

SARS-CoV-2 and we devised biochemical assays to study this process (23,144). 

1.7 Research Project Aims 

 

1.7.1 Chapter 3: Human Cytomegalovirus Terminase 

 

The functions of the human cytomegalovirus terminase are understudied and as of writing, there 

are no established systems that would allow for the study of terminase function and inhibition. 

This is despite the recent FDA approval of the antiviral letermovir which targets the terminase. 

Furthermore, sufficient evidence does not exist to allow for the unambiguous assignment of 

nuclease and ATPase activities to each of the terminase components. To this end, we aimed to 

express full-length CMV terminase and develop biochemical systems for the characterization of 

the endonuclease, ATPase, and nucleic acid binding activities of the complex with the goal of 

providing a system for the elucidation of mechanisms of antiviral action and resistance.  
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By understanding mechanisms surrounding antiviral action and resistance we hope to both inform 

the development of novel antiviral compounds targeting this enzyme complex and provide a 

system to facilitate the discovery of these compounds in vitro.  

1.7.2 Chapter 4: Influenza B PA Endonuclease 

 

The influenza RNA-dependent RNA polymerase (RdRp) is a heterotrimer that consists of three 

subunits, PA, PB1, and PB2. As previously described, PA is the target of the recently approved 

antiviral drug baloxavir. Studies exploring the mechanism of action of baloxavir and its 

exceptionally high (low nM IC50) potency were lacking. Therefore, we expressed and purified the 

RdRp and developed a cap-snatching endonuclease assay to examine mechanisms of baloxavir 

function and resistance. Here we show that baloxavir functions as a tight slow binding competitive 

inhibitor and show that a commonly observed resistance mutation diminishes tight binding. 

Furthermore, our work has led to the establishment of a biochemical system for the identification 

of novel inhibitors of the influenza “cap snatching” endonuclease and provided a framework by 

which tight binding inhibitors can be analyzed. 

1.7.3 Chapter 5: SARS CoV-2 Exonuclease 

 

Coronaviruses encode a proofreading exonuclease that increases replication fidelity (24,93,95). 

However, a consequence of encoding an exonuclease is that the excision of nucleoside analogue 

antiviral drugs is possible (23). This has been demonstrated for related coronaviruses but not 

SARS-CoV-2 (23). 

Thus, there are several fundamental and applied reasons to study the SARS CoV-2 exonuclease 

including our need to better understand proofreading in the context of coronaviruses as well as the 
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potential to better understand mechanisms of resistance to approved nucleoside analogue inhibitors 

such as remdesivir. To this end we developed assays to examine the excision of incorporated 

nucleotide analogue inhibitors by nsp14. Furthermore, these assays are useful in that they allow 

for the identification of nucleoside analogues that are resistant to excision by nsp14. These 

analogues, provided they are incorporated efficiently by the viral RdRp, should be potent inhibitors 

of SARS-CoV-2 replication. 

Additionally, we established a system that can be used for the development and refinement of 

inhibitors of the SARS-CoV-2 ExoN. As the ExoN has been shown to be critical for the replication 

of SARS-CoV-2 it is possible that this system could be used for the identification of novel 

inhibitors of SARS-CoV-2 replication that target nsp14. Such inhibitors could also, in theory, 

improve the efficacy of nucleoside analogue inhibitors that are not effective because they are 

efficiently excised by nsp14. 

Chapter 2: Materials and Methods 
 

2.1 Methods utilized in chapter 3: Characterization of the CMV terminase complex 

UL51/Ul56/Ul89. 

2.1.1 Protein Expression and Purification 

The constructs for the expression of WT, Endonuclease mutant, and ATPase mutant HHV5 

terminase were generated by DNA synthesis and purchased from Genscript (Piscataway, NJ, 

USA). All other constructs were generated via polymerase chain reaction (PCR). Recombinant 

CMV Terminase proteins (UL89/UL56/UL51) and all variants were expressed using an insect 

baculovirus-based expression system according to established protocols (146). In short, the 

pFastBac-1 plasmid (Invitrogen, Burlington, Ontario, Canada) containing codon-optimized 



30 

 

synthetic DNA sequences encoding HCMV UL89, Ul56, and UL51 derived from HCMV strain 

AD169 were used for protein expression in insect cells. Purification was accomplished by NiNTA 

affinity chromatography making use of an N-Terminal 8-histidine tag on UL56. Specifically, the 

insect cell pellet containing the protein of interest was mixed with one volume of cell lysis buffer. 

To this, one Roche Ultra Complete EDTA Free Protease Inhibitor tablet was added. The resulting 

solution was then vortexed until the pellet was completely resuspended in lysis buffer. The 

resulting solution was then sonicated to ensure complete cell lysis. Following sonication, the 

resulting solution was centrifuged for 30 minutes at 30000 x g using a JA-25.5 rotor in a Beckman 

Avanti J-20 floor centrifuge. The resulting supernatant was transferred to a column containing 500 

μL of Thermofisher His-Pur™ NiNTA resin in equilibration buffer. The supernatant and resin were 

then allowed to incubate with rotation at 4 °C for one hour to allow time for the terminase complex 

to bind to the resin. The resin is then washed with 60 column volumes of wash buffer to remove 

nonspecifically bound proteins (Table 2.1). The terminase complex is then eluted in 500 µL 

fractions using elution buffer (Table 2.1). This is continued until eluted protein is no longer 

detected via Bradford (i.e., the Bradford reagent no longer changes color). The fractions are then 

pooled and concentrated using Amicon Ultra centrifugal filters. The composition of the finalized 

protein preparations was assessed by SDS PAGE followed by staining with Coomassie brilliant 

blue G-250. The identity of the purified proteins was confirmed using LC-MS/MS (appendices 1). 

2.1.2 Nucleic Acids 

 

All DNA oligos used in chapter 3 were purchased from Integrated DNA Technologies (Coralville, 

IA, USA). 
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Table 2.1 Buffers used in the NiNTA purification of the HCMV terminase complex 

UL51/UL56/UL89. 

 
 

 

Buffer Name 

 

Buffer Composition 

Cell Lysis Buffer 100mM Tris-HCl pH 7.5 

200mM NaCl 

0.2% Tween 20 

10% glycerol 

8mM TCEP 

 

Wash Buffer 50 mM Tris-HCl pH 7.5 

200 mM NaCl 

25 mM Imidazole 

10% Glycerol 

4mM TCEP 

 

Column Equilibration Buffer 50 mM Tris-HCl pH 7.5 

200mM NaCl 

4mM TCEP 

0.1% Tween-20 

10% glycerol 

Elution Buffer 50 mM Tris-HCl pH 7.5 

200 mM NaCl 

200 mM Imidazole 

10% Glycerol 

8 mM TCEP 

0.01 % Tween-20 
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2.1.3 Fluorescent Labeling of DNA oligos 

 

Oligos were ordered containing a 5’ amino group attached to a six-carbon linker. These oligos 

were then reacted with Cy5-NHS ester purchased from Fisher Scientific (Edmonton, AB, Canada) 

under standard conditions to generate 5’ Cy5 labeled oligos. Excess dye and remaining unlabeled 

oligo were removed via PAGE purification. 

2.1.4 5’ Radiolabeling of DNA oligonucleotides 

 

Radiolabeling was accomplished using T4-polynucleotide (T4-PNK) kinase according to standard 

protocols. T4-PNK was purchased from Thermofisher scientific (Edmonton, AB, Canada), and [α-

32-P] GTP was purchased from Perkin Elmer (Boston, MA, USA). 

2.1.5 Terminase endonuclease assay 

 

1 µM HHV5 terminase, 25 mM NaCl, 30 mM Tris-HLC pH 8, and 100 nM of fluorescent or 

radiolabeled oligo was mixed and allowed to equilibrate for 5 minutes at 37 °C. Reactions were 

then initiated with 1 mM of divalent metal ions (MgCl2 or MnCl2) and quenched at the specified 

timepoints with 1 volume of 0.5 M EDTA/formamide solution. 

 

The resulting products were then run on a 20% TBE-PAGE gel and visualized using a GE-

Typhoon® variable mode imager. 
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2.1.6 Terminase ATPase assay 

 

1 uM of HHV5 T3 30 mM tris pH 8.0, 25 mM NaCl, and 200 nM of [α-32-P] GTP were mixed 

and allowed to equilibrate for 5 minutes at 37 °C. The reactions were then initiated via the addition 

of 1 mM MnCl2. After the desired amount of time had elapsed the reactions were quenched via the 

addition of 1 volume of 0.5M EDTA. The resulting products were then spotted on polyethylene 

imine TLC plates and resolved. Specifically, 0.5 M LiCl, 0.5 M Formic Acid was used as running 

buffer and the buffer was allowed to run ¾ of the way up the plate. The migration patterns of the 

reaction products were then visualized by autoradiography. 

2.1.7 Terminase DNA binding Assay 

 

Various concentrations of WT or Variant HHV5 terminase complex were mixed with 30 mM tris 

HCL, 25 mM NaCl, and 100 nM of Cy5 labeled 24 nucleotide (nt) DNA substrate. The sequence 

of this DNA substrate is as follows: Forward strand: 5’ Cy5-

GCGACGGCGAATAAAAGCGACGTG3’. Reverse strand: 5’ Cy5-

GCGACGGCGAATAAAAGCGACGTG 3’. Following incubation at room temperature for 5 

minutes the fluorescence anisotropy of the substrate was measured using a Molecular Devices 

SpectraMax™ M5 fluorescent plate reader. 
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2.2 Methods utilized in chapter 4: Characterization and Inhibition of the 

Influenza PA endonuclease. 

2.2.1 Enzymes and nucleic acids 

 

Wild-Type (WT) and variant FluB-ht were expressed and purified as described previously (Strain: 

B/Memphis/13/03) (27,142). All FluB-ht variants were generated by DNA synthesis and 

purchased from Genscript (Piscataway, NJ, USA). The NCBI accession numbers of the source 

protein sequences are as follows: PA AAU94844, PB1 AAU94857, and PB2 AAU94870. The 5’-

triphosphorylated RNAs (5’-pppRNA) used to generate the 5’ m7G capped oligos were designed 

according to Reich et al., 2020 (27). 5’-pppRNAs of up to 20 nucleotides (nts) were used to 

generate capped oligos and purchased from Chemgenes (Wilmington, MA, USA) while a 39-nt 

RNA without triphosphorylation at the 5’ end corresponding to the influenza B promoter 

consensus sequence (vRNA) was purchased from Dharmacon (Lafayette, CO, USA) (27). The 

sequence of the RNA used to generate the longest (20nt) capped oligo is 5’ ppp-

AAUCUAUAAUAGCAUUAUCC 3’. The 14-nt, 12-nt and 10-nt oligos are shorter versions of 

this 20-nt oligo that have been truncated at the 3’ end. Their sequences are as follows: 14-nt oligo, 

5’ ppp-AAUCUAUAAUAGCA 3’, 12-nt oligo, 5’ ppp-AAUCUAUAAUAG 3’, 10-nt oligo 5’ 

ppp-AAUCUAUAAU 3’. The capped 20-nt oligo was used as a substrate for the endonuclease 

reactions, while an equimolar mix of capped 20-nt, 14-nt,12-nt, and 10-nt, oligos were used as 

molecular weight markers. The sequence of the vRNA is as follows: 

5’AGUAGUAACAAGAGGGUAUUGUAUACCUCUGCUUCUGCU 3’. Capping and 

radiolabeling of RNA oligos were performed using the New England Biolabs Vaccinia Capping 

System (Fisher Scientific, Edmonton, Alberta, Canada). Briefly, [α-32P] GTP (Perkin Elmer, 
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Boston, MA, USA), RNA markers, and vaccinia capping enzyme were mixed, and the reactions 

were allowed to proceed for 30 minutes at 37 °C. Reactions were then incubated for 10 minutes at 

95 °C to inactivate the capping enzyme. Capped, radiolabeled RNA oligos were then further 

purified using GE healthcare microspin G-25 columns (Chicago, IL, USA) followed by phenol-

chloroform extraction. 

2.2.2 Baloxavir acid (BXA) 

 

BXA was purchased from MedChemExpress (Monmouth Junction, NJ, USA) and resuspended at 

a concentration of 10 mM in 100% DMSO. 

2.2.3 FluB-ht PA endonuclease assay 

 

The influenza nuclease assay was performed as described previously by Reich et al., 2014 and the 

concentrations of WT and variant FluB-ht were modified (27). Briefly, 55 nM of WT or variant 

FluB-ht was incubated at 30 °C with 1.7 μM vRNA in 30 mM Tris-HCl pH 7.5, 25 mM NaCl, and 

5 mM MgCl2 (buffer A). 25 mM NaCl was chosen based on a NaCl optimization experiment (Fig. 

4.11). The reactions were then initiated with 100 nM of 20-nt substrate. At the indicated time 

points, aliquots of the reaction master mix were quenched with formamide and 25 mM EDTA. 

Reactions were heat-inactivated at 95 C° for 10 minutes and resolved on a 20% denaturing 

polyacrylamide gel. The reaction products were then visualized by phosphorimaging. Product 

fractions were determined using QuantityOne software (Biorad). Product fraction refers to the ratio 

of the signal produced by the 5’-capped 11- and 12-nt products to the sum of these products plus 

the remaining substrate. The 14-nt product was not quantified as its contribution to the overall 
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signal was negligible. The resulting data were plotted using GraphPad Prism 8 (Graphpad, San 

Diego, California). (44). 

2.2.4 IC50 determination for inhibition of the FluB-ht PA endonuclease by BXA 

 

For IC50 determinations, various concentrations of FluB-ht WT or FluB-ht PA I38T were incubated 

with 1.7 µM vRNA and increasing concentrations of BXA at 30 °C in buffer A and 5% DMSO 

for five minutes. Reactions were then initiated with the 20-nt capped RNA substrate. Reactions 

were quenched at 12 minutes post initiation and the products resolved and visualized as described 

above. The resulting data was quantified as described for the endonuclease assay, normalized 

based on activity in the absence of inhibitor, graphed using Prism 8 (Graphpad, San Diego, CA, 

USA), and IC50 values determined. Percent error was determined as follows: % error = (Standard 

Deviation / Mean IC50) *100% 

2.2.5 Time Dependent Inhibition Assay 

 

55 nM of FluB-ht WT or FluB-ht PA I38T was incubated with 75 nM BXA, 5% DMSO, and 1.7 

µM vRNA in buffer A at 30 °C for 3, 6, 9, 12, 15, 18, 21, 24, or 27 minutes. Following this, the 

reactions were initiated via the addition of 20-nt capped, radiolabeled, RNA substrate and allowed 

to proceed for 8 minutes. At this time, the reactions were quenched, resolved, and visualized as 

described above.  

2.2.6 Order of addition assays 

 

55 nM FluB-ht WT or FluB-ht PA I38T and 100 nM capped 20-nt substrate were mixed as 

specified with and without 75 nM BXA in buffer A with 5% DMSO and incubated at 30 °C for 
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one hour to allow for complex formation. The reactions were then initiated and allowed to proceed 

for 1, 2, 4, 8, 16, 32, or 120 minutes. The products were then separated via 20% polyacrylamide 

denaturing gel electrophoresis (PAGE) in 1x TBE buffer and visualized by phosphorimaging.  

2.2.7 Transcription Inhibition Assays 

 

In brief, a 20-nt capped radiolabeled substrate was incubated with FluB-ht and MgCl2 in the 

absence of nucleotides to generate a 12-nt capped primer. Or, lieu of this step , FluB-ht was 

incubated with synthetic 12-nt capped primer.  Following this, where specified, BXA was added 

to the reaction mixture and incubated for 10 minutes.  Nucleotides were then added, and the 

reaction quenched at various timepoints. The products of the reaction where then resolved via 20% 

PAGE and autoradiography. 

2.3 Methods utilized in chapter 5: characterization of the SARS-CoV-2  

proofreading Exonuclease complex nsp14/nsp10. 

 

2.3.1 Nucleic acids and chemicals 

 

All RNA oligos used in the study were 5’-phosphorylated and purchased from Horizon Discovery 

Group (Lafayette, CO, USA). RDV-TP was provided by Gilead Sciences (Foster City, CA). NTPs 

were purchased from Fisher Scientific (Edmonton, AB, Canada). Favipiravir TP was purchased 

from Toronto Research Chemicals (North York, Ontario, Canada).  

2.3.2 Protein Expression and Purification 

 

All protein expression constructs used in the study were generated by DNA synthesis and 

purchased from Genscript (Piscataway, NJ, USA). Recombinant SARS-CoV-2 RdRp 
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(nsp7/nsp8/nsp12) was expressed and purified as previously described (141). This work was 

carried out by Emma Woolner and Dana Kocincova. SARS-CoV-2 proofreading exonuclease 

complexes (nsp10/nsp14) were expressed using an insect baculovirus based expression system 

according to established protocols (146). In short, the pFastBac-1 plasmid (Invitrogen, Burlington, 

Ontario, Canada) containing codon-optimized synthetic DNA sequences encoding NSP-5, 10, and 

14 derived from the SARS-CoV-2 1ab sequence (NCBI: QHD43415.1) was used for protein 

expression in insect cells. Purification was accomplished by NiNTA affinity chromatography 

making use of a N-Terminal 8-histidine tag on NSP 14. NiNTA affinity chromatography was 

followed by gel filtration chromatography on a GE SuperdexTM 200 increase 10/300 GL column 

to yield final purified protein (Figure 1).  Composition of the finalized protein preparations was 

assessed by SDS PAGE followed by staining with Coomassie brilliant blue G-250. The identity of 

the purified proteins was confirmed using LC MS/MS (appendices 1). 

2.3.3 Sars-Cov-2 exonuclease assay 

 

 All assays except for the assay utilizing templated remdesivir were performed as follows: Model 

primer/template, 140 nM of sars-CoV-2 RdRp, 0.1 µM [α-32P] GTP, 0.1 µM of NTPs, 200 µM 

primer, 1 uM template, and 5mM MgCl2 were mixed and allowed to incubate for 30 minutes at 30 

°C to allow the RdRp complex to generate the desired dsRNA product. These products were then 

mixed with the SARS-CoV-2 ExoN complex nsp14/nsp10 and allowed to incubate for 15 minutes 

in the case of an enzyme titration or, in the case of a time course assay, varying lengths of time 

before being quenched with formamide and 25 mM EDTA. The resulting pattern(s) of ExoN 

activity were then resolved via TBE-PAGE electrophoresis and autoradiography. The results were 

quantified by taking the ratio of the product of interest which was either a 6-nt product or a 12-nt 



39 

 

product to the total signal in the lane and multiplying by 100%. The assay utilizing templated RDV 

required 1 μM of RNA template and 1 uM of Sars-CoV-2 RdRp. Lower concentrations failed to 

produce adequate signal, so these conditions were used. Templates containing RDV were 

generated and generously provided by Dr. E.P. Tchesnokov (145). 

 

Chapter 3: Characterization of the CMV Terminase 

Complex UL51/Ul56/Ul89 

3.1 Introduction 

 

Cytomegalovirus (CMV) is a double-stranded DNA (dsDNA) virus and a member of the 

Herpesviridae (147). Infection with CMV generally leads to an asymptomatic latent infection in 

immunocompetent individuals (147). However, when the immune status of the host is 

compromised or modified such as in pregnancy or as a result of immunosuppressive treatments, 

such as those given to solid organ transplant recipients, CMV infection can lead to significant 

pathology. Given that the seroprevalence of CMV generally ranges from 60-90% worldwide 

depending on the country sampled, this results is significant morbidity and mortality (147). For 

example, CMV infection is a leading cause of congenital hearing loss, neurodevelopmental 

abnormalities, and graft loss among solid organ transplant recipients (147-149). Currently 

available antivirals, including foscarnet, cidofovir, and ganciclovir, have limited clinical utility 

due to concerns about renal toxicity, teratogenicity, and the emergence of drug resistance 

(147,148,150,151). To address this problem, the development of antivirals with novel mechanisms 
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of action and targets is required. One such target is the CMV terminase complex (T3). This 

complex is a tripartite protein complex consisting of UL51, UL56, and UL89 (66,67). The 

terminase complex possesses both NTPase and endonuclease activities which are required for the 

packaging of the viral genome into the capsid (30). Thus, inhibiting its activity blocks an essential 

step in viral replication and there has been significant interest in targeting the complex (30). 

Furthermore, as the herpesvirus large terminase (UL56 in CMV) is highly conserved between all 

herpesviruses it is hypothesized that the emergence of resistance mutations in terminase will be 

unlikely (30). This is because, mutations in highly conserved proteins generally result in a loss of 

viral fitness. 

Recently, one such antiviral, letermovir, gained FDA approval (30,151). This was the first FDA 

approved anti-CVM compound that targets something other than the CMV DNA dependent DNA 

polymerase (DdDp) (30,151). Specifically, letermovir treatment leads to the production of empty 

capsids and southern blot analysis showed that it inhibited the endonucleolytic cleavage of 

concatemeric CMV genomes (30).  Serially passaging CVM in the presence of letermovir 

produced resistant virus with amino acid substitutions in UL56 (30).  This suggested that the CMV 

terminase complex may be the target of letermovir. However, mechanistic studies on the 

biochemistry and inhibition of the CMV terminase complex are lacking. To address this, in this 

chapter we expressed and purified the CMV terminase complex and developed assays to monitor 

its nuclease, ATPase, and double stranded DNA (dsDNA) binding activities. 
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3.2 Results 

3.2.1 Expression and Purification of the CMV Terminase complex 

 

To express the CMV terminase complex we made use of an insect cell (SF9 cell) based protein 

expression system that has been utilized by our group and others to produce large protein 

complexes (141,142,146,152-154). This allows one to bypass the solubility issues and size 

limitations encountered in other commonly used protein expression systems such as those utilizing 

E. coli (146). Furthermore, the use of a eukaryotic protein expression system allows for the 

maintenance of post-translational modifications, thus results obtained from proteins produced in 

this way are likely more physiologically relevant (146,155). 

 

We designed a construct that would express terminase as a polyprotein in conjunction with 

Tobacco Etch Virus (TEV) protease. The construct was designed such that UL51, UL56, UL89, 

and TEV protease would be expressed as a long polyprotein with a TEV site between each of the 

individual components (Figure 3.1 A). The idea being that this would facilitate auto-cleavage of 

the polyprotein into the individual components. These components would then associate with one 

another and we would pull down the complex using affinity chromatography (Figure 3.1A). To 

this end, an 8 x histidine tag was attached to the N-terminus of UL56 and the complex was purified 

using Ni-NTA affinity chromatography (Figure 3.1B). A streptavidin tag was also included but 

was not used as we were unable to successfully purify this complex using the tag. 

 

Following purification of the complex, we performed size exclusion chromatography to determine 

the relative size of the complex (Figure 3.1C). In the presence of 4 mM tris(2-carboxyethyl) 

phosphine TCEP (a reducing agent) we observed a single major peak corresponding to an ~240 
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KDA complex (Figure 3.1C). Conversely in absence of TCEP multiple higher order peaks were 

observed (Figure 3.1C). As TCEP reduces disulphide bonds these larger peaks likely represent 

aggregation due to cysteine crosslinking. This represents an approximately 1:1:1 complex of 

UL56:UL89 and Ul51 and suggested that we had successfully purified the terminase complex. 

 

 

Figure 3.1 Expression, NiNTA purification, and size exclusion chromatography (SEC) 

analysis of the human cytomegalovirus terminase complex UL51/UL56/UL89 (T3). (A) 

Schematic diagram of the T3 expression cassette. T3 is expressed as a polyprotein containing TEV 
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protease and cleavage sites between each of the constituents. The polyprotein then self-cleaves and 

can be purified via affinity chromatography. (B) 4-15% SDS page illustrating the results of a 

NiNTA affinity purification. (C) Size-Exclusion chromatography analysis of the purified T3 

complex. Dr. Hsiao-Wei Liu assisted in performing the SEC analysis. 

3.2.2 Expression Requirements of the Terminase Complex 

 

To examine the expression requirements of the terminase complex I used the polymerase chain 

reaction (PCR) to truncate the plasmid shown in figure 3.1A to generate constructs containing 

UL51+UL56, UL51 + UL89, and UL56 + UL89. For constructs lacking UL56 an 8x poly-histidine 

tag was attached to the C-terminus of UL51 for use in purification. UL56 was successfully 

expressed in the absence of UL89 and the presence of UL51. Conversely, constructs containing 

UL89 + UL51 or UL56 and UL89 but lacking UL51 failed to express. These data suggest that 

UL51 is necessary for the expression of the CMV terminase complex and that the presence of 

UL56 and UL51 is required for the expression of UL89 (Figure 3.2). This is in line with published 

data suggesting that UL51 is required for the optimal expression of the terminase complex and 

UL56 specifically (67). 

 

Furthermore, previous biochemical and structural studies of the CMV terminase have been limited 

by difficulties in producing adequate quantities of the proteins comprising the CMV terminase 

complex(84). Thus, by defining optimal expression conditions for terminase these studies may 

facilitate future biochemical and structural studies involving the CMV terminase complex. 
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Figure 3.2 CMV Terminase expression requirements. (A) 4-15% SDS page showing the results 

of the expression and NiNTA purification of several T3 variant constructs. (B) UL51 and UL56 

are required for the optimal expression of the T3 complex. 
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3.2.3 Nuclease Activity of the Terminase Complex (UL51/UL56/UL89) 

 

The terminase complex of CMV is known to possess a nuclease activity that is involved in DNA 

packaging (25). Previous studies have shown that a c-terminal fragment of UL89 contains an 

endonuclease active site that is active in the presence of divalent metal ions (25). To study the 

nuclease activity of the terminase complex we designed an assay that utilizes small labeled (either 

radiolabeled or fluorescently labeled as indicated) substrates and TBE page to monitor the nuclease 

activity of the complex. 

To do this, we chose to work with a system utilizing small fluorescently or radio-labeled substrates 

(Figure 3.3). Although, one could argue that it would be more biologically relevant to work with 

large substrates that resemble the packaging sequences found in a herpesviral concatemer, these 

substrates were chosen because they are inexpensive and easily amenable to the development of 

biochemical assays. Furthermore, previous work utilizing a truncated peptide containing the 

nuclease active site of ul89 cleaved plasmid DNA without any sequence specificity. Given that we 

observed what appeared to be a sequence specific endonucleolytic cleavage, we chose to continue 

working with this substrate and related variants throughout the work presented in this thesis 

(Figure 3.3 and Figure 3.5). 

In the presence of MnCl2 we observed that our 24 nucleotide (nt) substrate was cut 

endonucleolytically at a position 19-nt from the 5’ label (Figure 3.3). Analysis of the reaction 

kinetics revealed that this cut is produced early on, and therefore represents an initial 

endonucleolytic cut (Figure 3.3). Conversely, when the same substrate is labeled on the 3’ end a 

5-nt product is produced corresponding to cleavage at the same position (Figure 3.3).  
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Following this initial endonucleolytic cut, additional cuts are generated (Figure 3.3 A). These cuts 

are likely exonucleolytic in nature as the pattern of laddering on the gel suggests that this cutting 

is most likely occurring as a result of cleavage at the 3’ end of the nucleic acid strand. However, 

to unambiguously verify that these subsequence cuts are exonucleolytic it would be necessary to 

order a 19-nt substrate where the 3’ end is protected from degradation. For example, this could be 

via ordering a substrate lacking a 3’OH group or one with a bulky modification attached to the 3’ 

position. As many 3’-5’ exonucleases, have been shown to require the 3’OH group for activity, 

these substrates would likely remain uncut by the terminase (101). This would confirm that these 

subsequent cuts are exonucleolytic. Conversely, if these cuts were still observed these data would 

suggest that there are multiple endonucleolytic sites and the one at position 19 is favored. 
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Figure 3.3 Nuclease activity of the CMV terminase complex UL51/UL56/UL89. (A) PAGE 

showing migration patterns of the products of terminase nuclease activity. A 24 nucleotide (nt) 

substrate is cleaved to yield both a 19-nt and 5-nt product. Both are visible depending on whether 
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the 5’ (left) or 3’ (right) end of the substrate is labeled. (B) Graphical representation of the results 

presented in A. Linear portions of the reaction curve are shown to illustrate that the slope for these 

two reactions is similar suggesting that these two products are the result of the same cleavage 

event. 

3.2.4 Mutation or deletion of UL89 fails to eliminate the nuclease activity of the 

CMV terminase complex. 

To determine that the observed activity of the CMV terminase complex is due to the protein 

complex of interest and not a copurified contaminant we generated a construct where the three 

residues involved in metal ion co-ordination by UL89, D463, E534, and D651 were mutated to 

alanine (25) (Figure 3.4B). Following NiNTA purification, endonuclease activity similar to that 

observed for wt enzyme was observed suggesting that either the observed activity is not due to 

UL89 or the activity is due to a copurified contaminant (Figure 3.4B). Furthermore, cleavage of 

the substrate was observed for both wild-type and the endonuclease mutant enzyme in the presence 

of either MnCl2 or MgCl2. 

In line with this observation, constructs containing  UL51 and UL56 but lacking UL89 produced 

a cleavage pattern almost identical to those observed in the presence of UL89 suggesting that the 

observed endonuclease activities do not depend on UL89 (Figure 3.4). This was a highly puzzling 

observation as UL56 lacks any known ATPase or nuclease domains and structural studies to date 

have suggested that the nuclease domain is present in UL89 based on both homology to phage 

large terminase enzymes and biochemical data. Furthermore, the structure of the HSV-1 

homologue of UL56, UL28, lacks any folds that are known to be associated with nuclease or 

ATPase activities (76). 
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Figure 3.4 Nuclease activity of the wild type (wt) and endonuclease mutant CMV terminase 

complex UL51/UL56/UL89.  (A) Schematic detailing the reaction setup. (B) PAGE showing the 
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migration patterns of the products of the wt and UL89 endonuclease mutant terminase preparations 

in the presence of either 1 mM MnCl2 or MgCl2.  
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Figure 3.5. Nuclease activity of UL51/UL56/UL89 versus a binary complex of UL51 and 

UL56. A. Schematic detailing the reaction setup. B. TBE PAGE showing the migration pattern 

of the products of the endonuclease activity of both constructs. 

3.2.5 Varying substrate length does not modify endonucleolytic cut position 

suggesting that the observed cutting is sequence specific. 

To assay whether the observed endonucleolytic cut is sequence specific we varied the length of 

the substrate and examined the resulting cleavage pattern (Figure 3.6). In the presence of a 24-nt, 

26-nt, or 29-nt substrate an initial 19nt endonucleolytic cut is observed (Figure 3.6). This suggests 

that the observed endonucleolytic cut is likely sequence specific rather than length specific. To 

confirm this, it would be important to both mutate the nucleic acid residues surrounding the cut 

site as well as to order constructs where the distance of the cut site from the 5’ end of the substrate 

is increased. If modification of the cleavage site results in loss of the cut and increasing the distance 

of the cut site from the 5’ end of the construct has no effect, we could conclude that the observed 

cuts are indeed sequence specific. 
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Figure 3.6 T3 Produces a s endonucleolytic cleavage product that appears to be sequence 

specific. (A) Schematic diagram of the substrates used in the assay. (B) PAGE showing the 
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production of what appears to be a sequence specific endonucleolytic 19-nt cleavage product (red 

box) by T3. 

3.2.6 Titration of ATP abrogates the endonuclease activity of the CMV terminase 

complex. 

In addition to possessing a nuclease activity, the CMV terminase is known to possess an ATPase 

activity that provides the necessary energy for viral genome packaging (25,82). Therefore, I 

hypothesized that ATP might affect the ability of the terminase complex to cleave DNA. I observed 

that the titration of both ATP and ADP inhibited the nuclease activity of the complex (Figure 3.7). 

Titrating ATP or ADP resulted in a 50% reduction of DNA cleavage (IC50) at concentrations of 2 

mM and 4 mM, respectively. This is in line with observations that have been made in phage 

showing that the ATPase domains of the large terminase, i.e. the subunit homologous to UL89, 

are involved in DNA binding and required for nuclease activity (156). Specifically, these data 

suggest that saturating the ATPase domains of the CMV terminase complex may prevent the 

binding of DNA substrates to the terminase complex. Furthermore, these data lend support to a 

possible model, such as that proposed for phages, where ATP binding modulates the various 

conformational states of the CMV terminase complex (157). Additionally, the doubling of the IC50 

observed when ADP is titrated instead of ATP suggests that the negatively charged phosphate 

moiety of ATP may be important for the binding of this substrate to the terminase complex (Figure 

3.7). 
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Figure 3.7 Inhibition of T3 nuclease activity by ATP and ADP. (A) Schematic diagram 

detailing the reaction. (B) PAGE showing the effects of ATP titration on t3 nuclease activity. (C) 

graphical representation of the data presented in panel B. n=2 
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3.2.7 The purified terminase complex possesses ATPase activity. 

The terminase complex is expected to contain an ATPase activity that provides the required energy 

for genome packaging in herpesviruses such as CMV (158). To assay for this activity we made 

use of a polyethyleneimine (PEI) based thin layer chromatrography assay (TLC). In these assays 

terminase is mixed with ATP and reactions started via the addition of 1mM MnCl2.. The reactions 

are then quenched, spotted, and run on PEI-TLC plates. This allows for the reaction components 

to be separated on the basis of size and detected via autoradiography.   MnCl2 dependent ATPase 

activity was observed for the purified complex (Figure 3.8B). ATP was titrated and the Km and 

Vmax of the terminase was determined to be 123 μM and 0.03 μM sec-1 respectively. No activity 

was observed in the absence of protein suggesting that the activity observed is due to the protein 

preparation. 



56 

 

 

 

Figure 3.8 ATPase activity of the terminase complex UL51/UL56/UL89. (A) Schematic 

diagram of the ATPase reaction setup. (B) Polyethylene imine cellulose TLC assay showing the 
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conversion of ATP into ADP by T3. (C) Effects of ATP titration on the rate of ATP hydrolysis by 

T3 and determination of Km and Vmax. N=4. 

3.2.8 Both deletion of UL89 and mutation of the putative UL56 walker A box does 

not abrogate ATPase activity. 

Both UL89 and UL56 have been suggested to contain ATPase activity (82,86). However, to date 

only UL56 has been shown to have ATPase activity in invitro biochemical assays (83). Therefore, 

to study this activity, we deleted UL89, however this did not produce any difference in the ATPase 

activity observed (Figure 3.9A and B).  This suggested that the ATPase activity of the complex  

may reside in UL56 as has been proposed by others (82). However, this is highly unusual as 

structural studies on the HSV-1 homologue of UL56, UL28, revealed that this protein lacks folds 

that are associated with ATPase activity (76).  
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Figure 3.9 Comparison of the ATPase activity of the Tripartite CMV terminase coupled 

UL51:UL56: UL89 with a binary complex of UL51 and UL56. (A) Schematic diagram of the 

reaction setup. (B) PEI-TLC assay comparing the hydrolysis of ATP over time by either T3 or a 

binary complex consisting of UL56+UL51. (C) Graphical representation of the data in panel B. 
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Therefore, we suspected that the ATPase activity might reside in UL56 and  generated a terminase 

mutant containing two mutations in the proposed walker A box of UL56 that has been proposed 

by Scholz et al. (83).  Specifically, we generated a UL56 variant containing a G714I, K715N 

double amino acid substitution. Mutation of these residues resulted in a >75% loss of ATPase 

activity in other studies making use of truncated GST tagged UL56 (83). The conserved lysine, if 

it resembles those found in typical walker A boxes, is critical for phosphate binding and its 

mutation to isoleucine should result in a loss of activity.  However, in our hands this was not 

observed (Figure 3.10). This suggests that the observed ATPase activity of the terminase complex 

is likely due to either a copurified contaminant or a non-traditional ATPase motif that has yet to 

be identified. 
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Figure 3.10 Mutating the walker A motif of UL56 does not reduce ATPase activity. (A) 

Schematic diagram of the reaction setup. (B) PEI-TLC showing the hydrolysis of ATP by 
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UL89:UL56: UL51, UL56:UL51, and a terminase construct where the walker A motif of UL56 

has been mutated. 

3.2.9 Terminase and a binary complex of UL51 and UL56 possess DNA binding 

activity and titration of ATP abrogates DNA binding by terminase. 

In order to package DNA into a capsid the CMV terminase complex must bind DNA. Therefore, 

we developed fluorescence polarization (or anisotropy) based assays to measure the binding of the 

terminase complex to DNA substrates. In these assays binding of the DNA substrate by terminase 

reduces the tumbling of the substrate in solution increasing the production of polarized light. This 

is also referred to as fluorescence anisotropy (Figure 3.11). We titrated either a binary complex of 

UL51 and UL56 or the tripartite terminase complex (UL51/UL56/Ul89) and observed an increase 

in fluorescence anisotropy as a function of protein concentration until a plateau, representing 

binding saturation, was reached. Interestingly, titration of ATP or ADP resulted in a decrease in 

fluorescence anisotropy for the terminase complex. No such decrease was observed for a binary 

complex lacking UL89. This suggests that the ATP binding motif present in UL89 may be integral 

to the binding of DNA substrates by the terminase complex as has been suggested for highly related 

phage terminase proteins (156). Furthermore, this is supportive of a model akin to that described 

for phages where ATP binding may regulate DNA substrate binding by terminase(157). 
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Figure 3.11 DNA binding activity of the tripartite terminase complex (T3) UL51:UL56:Ul89 

and a binary complex of UL56 and UL51. (A) Schematic detailing the reaction setup. (B) Effect 

of titrating enzyme on the production of polarized light by the fluorescent 24nt substrate. (N=1) 

(C) ADP and ATP inhibit DNA binding by the terminase complex. (N=3) 
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3.3 Discussion 

In this chapter, we investigated the nuclease, ATPase, and DNA binding activities of the human 

cytomegalovirus terminase complex UL51/UL56/UL89. I, in collaboration with my colleagues Dr. 

Liu and Dr. E Tchesnokov, successfully expressed and purified the CMV terminase complex and 

developed assays to measure its nuclease, ATPase, and DNA binding activities. In addition to this, 

we were able to show that the presence of UL51 is required for the expression of the complex in 

insect cells. 

It is generally accepted that the nuclease activity of the complex resides in the c-terminal portion 

of Ul89 while the ATPase may reside in both UL56 and UL89 (25,82,83,86). However, ATPase 

activity has only been functionally demonstrated in UL56 (82,83). The ATPase and nuclease 

activities of the complex have never been investigated using full length CMV terminase complex 

and the lack of these assays poses a major obstacle to characterizing and developing novel anti-

CMV compounds that target this complex. To this end, we expressed and purified the CMV 

terminase complex and developed assays to measure its ATPase, nuclease, and DNA binding 

activities. 

The purified terminase complex was found to possess ATPase, Nuclease, and DNA binding 

activities. However, mutation or deletion of the requisite domains failed to abrogate the Nuclease 

or ATPase activities of the complex. Therefore, we were unable to exclude the possibility that the 

observed activities are due to a copurified contaminant. Alternatively, the observed activities could 

point to the presence of non-canonical ATPase and nuclease domains within the complex. Future 

work must address these issues. If this is done, the developed ATPase, nuclease, and NTPase 

assays could be of great use in the characterization and refinement of antiviral compounds such as 

letermovir that target the CMV terminase complex. 
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If future work can remove this contaminant or a novel motif conferring ATPase or nuclease 

activities is discovered within one or more of the proteins comprising the terminase complex then 

the assays developed here would be of significant use in the characterization of the mechanisms 

of action and mechanisms of resistance to antivirals, such as letermovir, which target the CMV 

terminase complex.  

One way to increase the purity of the terminase complex and remove contaminating activities 

would be to incorporate additional steps, such as ionic exchange chromatography, into the 

purification of the complex. Following these additional steps, the resulting fractions could be 

screened for nuclease or ATPase activity. If the mutants then lost activity it would be possible to 

draw conclusions with regards to which subunit(s) possess the nuclease and ATPase activities of 

the CMV terminase. 

An additional possibility is that the nuclease of the complex is not active on the substrate we tested 

and we therefore only pickup contaminating activities. To address this, we could work with 

substrates making use of both Pac motifs and an intervening sequence. This sequence would be 

more biologically relevant and it is possible these sequences may be required for the activity. 

Therefore, if upon further purification the detected nuclease activity is lost, it would make sense 

to switch to this larger substrate to see if an endonuclease activity is recovered. If this occurs, this 

would provide evidence that the pac sequences are required for the nuclease activity of the 

terminase. 

However, it is also possible that the nuclease and ATPase domains identified in UL89 and UL56 

respectively are not responsible for the activities of the complex. If these motifs are required for 

viral cleavage and packaging, they will be essential to viral replication. CMV reverse genetics 
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systems have been described (159). Constructs could be generated containing amino acid 

substitutions in the proposed ATPase and nuclease motifs of both UL89 and UL56. If infectious 

clones are recovered this would indicate that these amino acids are not required for CMV genome 

packaging and, as such, they can be ruled out. 

In addition to this approach, we could turn to structural biology for answers. Specifically, a 

structure of the HSV-1 terminase in complex was recently solved using a cryo-electron microscopy 

based approach (76). The purity of the protein preparations used in this publication appear to be 

similar to those which we obtained for the CMV terminase  (Figure 3.1). Therefore, it is highly 

likely that a similar approach could be used to obtain structures of the CMV terminase complex. 

Specifically, the purified complex could be soaked with either nucleic acid substrate, ATP, and 

metal ions and these structures solved. These structures would provide us with information on 

which amino acid residues and components of the complex are involved in binding either ATP or 

nucleic acid substrate or co-ordinating metal ions. This information would in turn, due to the fact 

that structure and function strongly correlated, provide us with information that would allow us to 

generate targeted amino acid substitutions and unambiguously assign the enzymatic activities of 

the complex. 

We also showed that the titration of ATP abrogates the nuclease and DNA binding activities of the 

terminase complex. Therefore, if we could exclude contaminating nuclease activities this 

biochemical data could provide insight into modes of DNA packaging by the terminase. 

Specifically, this data would allow for the refinement of models related to DNA packaging and 

terminase. For example, phage terminases that are highly related to the CMV terminase grip DNA 

using a walker A like motif (156). If such a motif exists in the CMV terminase this would explain 

why under high concentrations of ATP DNA binding and endonuclease activity are lost. This 
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would lend support to a model for CMV DNA packaging where ATP binding modulates the 

conformational state of the terminase complex (157). 

Furthermore, the systems we developed, particularly the endonuclease, ATPase, and DNA binding 

assays are easily adaptable to the screening of small molecule inhibitors. Thus, if contaminating 

activities were excluded these assays could be used for the discovery, characterization, and 

refinement of novel inhibitors of the CMV terminase complex. The major advantage of this 

system, over those previously described, is that this system makes use of full-length protein and 

therefore is more biologically relevant potentially allowing for the detection of inhibitors that 

would be missed by other approaches. 

Chapter 4: Characterization and Inhibition of the 

Influenza PA endonuclease. 

4.1 Introduction 

Influenza virus infection is a source of significant morbidity and mortality worldwide (111,160). 

Recent estimates suggest that Influenza infection is responsible for 300,000 - 650,000 deaths 

annually (160). Hence, there is a concern that the co-circulation of influenza, severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2), and other respiratory viruses could exceed 

healthcare capacity in several settings (161). Furthermore, the utility of anti-influenza therapies is 

often diminished due to the emergence of resistant strains (162). For example, amantadine, which 

antagonizes the influenza A proton channel is no longer recommended as a treatment due to 

widespread resistance (162). Alternatively,  neuraminidase inhibitors such as oseltamivir can be 

used for the treatment of influenza A and B (162); however, the potential clinical benefits are still 
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debated (162). Recently, baloxavir marboxil (BXM), a first-in-class antiviral targeting the viral 

polymerase gained FDA approval (91). Intracellular hydrolysis of the prodrug yields baloxavir 

acid (BXA), which is the active form. BXM treatment, much like oseltamivir, results in a ~20-

25% reduction in time until symptom resolution and the clinical utility of both drugs is 

compromised by the emergence of resistant viruses (163-165). However, BXM can be given as a 

single dose while oseltamivir is given twice daily over five days (163,164). A recent study also 

demonstrated that a single dose of BXM showed post-exposure prophylactic efficacy in reducing 

household transmissions from 13.6% in the placebo group to 1.9% in the BXM group (166). Based 

on this data, the FDA expanded the approval to post-exposure prevention.  

Progress has also been made in elucidating the mechanism of inhibition of viral replication by 

BXA. The viral replication complex is a heterotrimer (ht), possessing a 7-methylguanylate (m7G) 

cap binding domain (PB2) that allows binding of cellular mRNAs (90,167,168), an endonuclease 

domain (PA) that cleaves the bound mRNA to generate primers for viral transcription in a process 

referred to as “cap-snatching”(27,89,90,168-170), and the PB1 domain which contains the RNA 

dependent RNA polymerase (RdRp) active site that is required for RNA synthesis during 

replication and transcription (27,90,117,171). PA recruits two divalent metal ions to its active site 

(169,172) and BXA was designed to bind to these catalytic metal ions (172). A similar approach 

was utilized for the development of inhibitors of the human immunodeficiency virus type 1 (HIV-

1) integrase (173,174) and ribonuclease H (RNase H) inhibitors (26,175). While several HIV-1 

integrase inhibitors are approved for clinical use, HIV-1 RNase H inhibitors remain 

investigational. A common motif for these metal binders is three strategically positioned 

heteroatoms that form an “anchor domain” (176). Crystal structures of the truncated PA subunit 

with and without BXA have shown that the inhibitor binds to the two metal ions with three oxygen 
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atoms and a hydrophobic area contributing to this binding (172). This area is generally referred to 

as the “specificity domain”, which provides selectivity for a specific target (Fig. 4.1).  

 

 

Figure 4.1 Baloxavir Acid (BXA) chelates divalent metal ions at the active site of the 

Influenza B cap-snatching endonuclease subunit (PA). (A) Model depicting baloxavir acid 

(BXA, top) binding to the Influenza B PA active site (PDB:6FS8) (21). Selected residues are 

depicted as sticks. E81, D109, and E120 coordinate metal ions (purple balls) which bind to the 

anchor domain of baloxavir. I38 forms part of the hydrophobic interface that interacts with the 

specificity domain of BXA.  (B) Schematic diagram of baloxavir acid (BXA) highlighting anchor 

and specificity domains. Me2+ represents either Mg2+ or Mn2+. 
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Mutations conferring resistance to BXM have been observed clinically (163-166,172). In a recent trial, 

I38T/M/F substitutions appeared in 9.7% of patients receiving BXM (163). The impact of these 

substitutions on BXM susceptibility has been explored using cell culture systems. Mutant viruses are 

associated with up to 50-fold increases in EC50 values with I38T showing the most significant effect (172).  

The I38T mutation reduces Van Der Waals interactions between the hydrophobic area of BXA and its 

binding pocket (172,177). Here we studied BXA-mediated inhibition of recombinant influenza B (FluB) 

heterotrimeric PA/PB1/PB2 RNA dependent RNA polymerase (RdRp), referred to hereafter as FluB-ht. 

The biochemical data demonstrate that BXA can be classified as a tight binding inhibitor and that the I38T 

mutation diminishes these properties. 

4.2 Results 

4.2.1 Cap-snatching endonuclease activity of FluB-ht wild-type (WT) and FluB-

ht PA I38T 

The baculovirus expression system has been successfully used to express the RdRp complex of 

several segmented negative-sense RNA viruses including human influenza B (27,117,142,154). 

Here we used this approach to generate WT FluB-ht, a variant associated with BXM resistance 

(FluB-ht PA I38T), and a variant containing a catalytically inactive endonuclease (FluB-ht PA 

QNQ) where metal co-ordinating residues were mutated (E81Q, D109N, E120Q) (29,172). The 

three complexes were purified to near homogeneity (Fig. 2A). Due to the similar molecular weight 

of the three domains comprising FluB-ht (PA, PB1, and PB2), the complex is seen as a single band 

on SDS PAGE (Figure 4.2A). Diluting the sample helps to visualize three individual bands  (142). 

In this study, the presence of all three peptides was confirmed using LC-MS/MS (appendices 1). 
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To evaluate the PA mediated endonuclease activity of FluB-ht, we used an experimental design 

similar to that which has been previously described (27,117,178). The substrate for the 

endonuclease reaction is a radiolabeled capped 20-nt long RNA. It has been shown that efficient 

cleavage of the substrate requires the presence of a second RNA molecule, referred to as vRNA, 

which resembles the bound viral RNA (27,178-182). Time-course experiments with each of the 

three enzymes are shown in Fig. 4.2 C. The cap-snatching reaction is initiated in the presence of 

Mg2+ which yields a 12-nt major product with cleavage after 5’G. Minor products represent a 

shorter 11-nt and a longer 14-nt RNA both with cleavage after 5’A. The three products are distinct 

from RNA background hydrolysis seen in absence of enzyme. These control reactions show a faint 

hydrolysis product that migrates slightly faster than the major 12-nt product of the nuclease 

reaction. Differences in migration patterns are expected as nuclease products contain a 3’-hydroxyl 

group, while hydrolysis yields a negatively charged 3’-phosphate group. The FluB-ht PA I38T 

shows a very similar pattern as seen with the WT FluB-ht (Fig. 4.2C); however, a quantitative 

comparison of WT and PA I38T FluB-ht reveals a reduction of the overall activity of the PA I38T 

FluB-ht as has been noted by others (Fig 4.2D) (172). Finally, the active site mutant, FluB-ht PA 

QNQ, shows a complete loss of endonuclease activity (Fig. 4.2 C, D). This data rules out the 

presence of contaminating endonucleases, while the hot spots for hydrolysis are seen with all three 

enzyme preparations and controls in the absence of enzyme.  
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Figure 4.2 Purification and biochemical characterization of the Influenza B polymerase 

heterotrimer (FluB-ht). (A) SDS-PAGE migration patterns of the purified WT FluB-ht, baloxavir 

resistance mutant (PA I38T), or endonuclease-deficient mutant (PA E81Q/D109N/E120Q). 

Enzyme preparations were stained with Coomassie brilliant blue R-250. The size of the molecular 

weight markers (m) is indicated in kDa to the left of the gel. The band above the 75 kDa marker 
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corresponds to full length FluB-ht containing PA, PB1, and PB2 subunits. The identity of each of 

the subunits was confirmed via LC-MS/MS (appendices 1). (B) Schematic representation of the 

nuclease reaction with the position of the radiolabel highlighted in red. The sequences of the 20, 

14, 12, and 10-nt markers are highlighted (Lane M4). (C) Endonuclease activity of WT, PA I38T, 

or endonuclease-deficient (PA E81Q/D109N/E120Q) FluB-ht on PAGE. M4 indicates the 

migration patterns of an equimolar mixture of 5’- m7G capped 20-nt, 14-nt, 12-nt, and 10-nt oligos 

here utilized as molecular weight markers (-) E indicates the migration pattern of 5’capped 20-nt 

substrate in the absence of enzyme. (-) MgCl2 indicates the results of the reaction after 16 min in 

the absence of Mg2+. Blue arrows indicate hydrolysis products while red arrows indicate the 

position of bona fide endonucleolytic cleavages.  (D) Graphical representation of data shown in 

A. Data points are connected using a dotted line to illustrate the progress of the reaction. Product 

fraction refers to the ratio of the signal produced by the 5’ capped 11- and 12-nt products to the 

sum of these products plus the remaining substrate. The 14-nt product was not quantified as its 

contribution to the overall signal was negligible. Error bars represent the standard deviation of at 

least three independent experiments. All experiments were performed under the following final 

conditions: 55 nM FluB-ht, 100 nM 20-nt substrate, 30 mM Tris-pH 7.5, 25 mM NaCl, 1.7 µM 

vRNA, and 5 mM MgCl2. 

4.2.2 Inhibition of FluB-ht WT and FluB-ht PA I38T endonuclease by BXA 

To quantify inhibition of WT and PA I38T FluB-ht by BXA we initially determined IC50 values 

of 112 nM and 374 nM for the WT and I38T variants, respectively (Fig. 4.3A). This represents a 

~3-fold decrease in inhibition with the mutant enzyme. However, this IC50 value for WT FluB-ht 

is an order of magnitude higher than previously reported (91).  The concentrations of enzyme used 

in this earlier study was not indicated, which makes it difficult to compare the data (91). The IC50 
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value of 112 nM measured in our experiments is similar to the enzyme concentration of 165 nM 

used in our assay. IC50 values for tight binding inhibitors are expected to increase with enzyme 

concentration (183). Specifically, plots of IC50 as a function of enzyme concentration correspond 

to the linear function IC50 = ½ [E] + Ki
app

 (183). 

To test this hypothesis, IC50 values were determined for both WT and PA I38T FluB-ht at various 

concentrations of enzyme (Fig. 3B). Plots of IC50 as a function of enzyme concentration for both 

WT and PA I38T FluB-ht yielded linear plots with slopes of ~0.5 (Fig. 4.3B), suggesting tight 

binding in both cases. However, the Ki
app of BXA for PA I38T of 217 nM is ~18 fold increased 

with respect to WT FluB-ht (12 nM) (Fig. 4.3C). The lower this value, the higher the probability 

that tight binding is occurring. The ideal tight-binding inhibitor would have an extrapolated Ki
app 

of zero resulting in the IC50 being equal to exactly half the enzyme concentration. Furthermore, 

this 18-fold difference in Ki
app is significantly larger than the initially observed 3-fold difference 

in IC50 that we obtained utilizing a single FluB-ht concentration (165 nM) illustrating the utility of 

this approach for the biochemical characterization of BXA and tight binding inhibitors in general. 

The observed IC50 values were independent within a narrow range of substrate concentrations (Fig. 

4.4), which shows that the enzyme concentration is the only relevant variable that affects the 

determination of IC50 values. 
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Figure 4.3 Differential inhibition of WT and PA I38T FluB-ht by BXA. (A) 165 nM of WT 

or PA I38T was mixed with increasing concentrations of BXA and inhibition quantified. The 

dotted line represents the half maximal inhibitory concentration (IC50) of BXA. Error bars 

represent the standard deviation of at least three independent experiments.  (B) Dependence of the 

IC50 value on FluB-ht concentration. Plots of IC50 vs enzyme concentration for both WT and PA 

I38T yield a linear relationship with a slope of approximately 0.5 (WT = 0.56, PA I38T = 0.58.)  
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(C) Close up of the Y-axis from panel B emphasizing the apparent inhibition constant (Kiapp) of 

BXA for WT and PA I38T FluB-ht. The dotted line indicates the threshold below which robust 

IC50 determination was not possible due to insufficient endonuclease activity. The percent error 

for WT IC50 measurements was 27% while percent error for PA I38T was 36%. All experiments 

were performed under the following final conditions: 100 nM 20-nt substrate, 30 mM Tris-pH 7.5, 

5% DMSO, 25 mM NaCl, BXA as specified, FluB-ht as indicated, 1.7 µM vRNA, and 5 mM 

MgCl2. 

 

 

Figure 4.4 IC50 of baloxavir acid (BXA) as a function of substrate concentration. The IC50 of 

baloxavir acid was measured in the presence of 100, 300, and 500 nM 20-nt radiolabeled capped 
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substrate, 55 nM FluB-ht WT, 30 mM Tris-HCL pH 7.5, 25 mM NaCl, 5 mM MgCl2, and 1.7 µM 

vRNA. 

4.2.3 Effects of order-of-addition on inhibition of FluB-ht WT and FluB-ht PA 

I38T by BXA. 

Previous structural studies have shown that BXA binds to the active site of the isolated PA 

endonuclease domain (172). However, these complexes lack the RNA substrate. Structures of 

FluB-ht with bound inhibitor and RNA are also not available. For cleavage to occur, the RNA 

must traverse the active site in close proximity to bound metal ions. Hence, RNA binding can 

prevent or reduce inhibitor binding. To test this hypothesis, we performed time-course assays 

where the order of addition of inhibitor and substrate was varied. The endonuclease reaction in the 

absence of inhibitor for both WT and PA I38T FluB-ht was largely unaffected by the order of 

addition of FluB-ht (E), capped 20-nt Substrate (S), and Mg2+ (Fig. 4.5A). In the presence of 75 

nM BXA (I), inhibition was only observed under conditions where an E: I:Mg2+ complex was pre-

formed (Fig. 4.5B). Conversely, under the same conditions, no inhibition of the PA I38T FluB-ht 

variant was observed (Fig. 4.5B). Taken together, these data suggest that BXA binds to the PA 

endonuclease active site and prevents, at least locally, binding of RNA substrate. Nuclease activity 

was negligible over longer periods of time, suggesting slow dissociation of the inhibitor. 
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Figure 4.5 Effects of the order-of-addition of FluB-ht (E), substrate (S), BXA (I), and MgCl2 

on the endonuclease activity of WT and PA I38T FluB-ht. (A) Order of addition of reaction 
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components in the absence of BXA has negligible effects on reaction progress for both WT (top) 

and PA I38T (bottom) FluB-ht. (B) Preincubation of  E, I, and MgCl2 is required for inhibition of 

WT (top, ) endonuclease activity. Inhibition of PA I38T (bottom) is not observed regardless of 

the order of addition of the reaction components. Data represent at least three independent 

experiments. Error bars were omitted for clarity. All experiments were performed under the 

following final conditions: 100 nM 20-nt substrate, 30 mM Tris-pH 7.5, 5% DMSO, 25 mM NaCl, 

75 nM BXA, 55 nM FluB-ht, 1.7 µM vRNA, and 5 mM MgCl2. 

4.2.4 Effect of BXA preincubation on inhibition of FluB-ht WT and FluB-ht PA 

I38T. 

To this end, WT or PA I38T FluB-ht, and BXA were preincubated for a fixed period of time with 

75 nM BXA to allow formation of an E:I:Mg2+ complex before initiating the reaction with 

substrate. To assess the association kinetics of the inhibitor, we added the capped RNA substrate 

at different times of E:I:Mg2+ pre-incubation (Fig. 4.6A).   For WT FluB-ht increasing inhibition 

was observed as a function of preincubation length with maximal inhibition being observed after 

~ 30 minutes of preincubation (Fig. 4.6B). These data suggest that the association of BXA with 

PA is slow as is often the case for inhibitors that exhibit tight binding properties (183). Conversely, 

preincubation length had only negligible effects on the activity of the PA I38T FluB-ht (Fig. 4.6C). 

Furthermore, an effect is only observed when 600 nM BXA (8 fold more than for WT) is used 

(Fig. 4.7). The difference observed between WT and PA I38T FluB-ht provides additional 

evidence to show that the association of BXA with FluB-ht is impaired by the PA I38T 

substitution.    
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Figure 4.6 Time-dependent inhibition of the PA endonuclease activity of FluB-ht by BXA (I). 

(A) Schematic representation of the experimental setup. (B) Inhibition of WT FluB-ht by BXA 

increases with the duration of BXA preincubation (C) Inhibition of PA I38T FluB-ht by BXA is 

time-independent. Error bars represent the standard deviation of at least three independent 

experiments. All experiments were performed under the following final conditions: 100 nM 20-nt 
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substrate, 30 mM Tris-pH 7.5, 5% DMSO, 25 mM NaCl, BXA as specified, 55 nM FluB-ht, 1.7 

µM vRNA, and 5 mM MgCl2.  

 

Figure 4.7 Time-dependent inhibition of FluB-ht I38T variant under increasing 

concentrations of baloxavir acid (BXA). Error bars represent the standard deviation of three 

independent experiments. Final conditions: 30 mM Tris-HCL pH 7.5, 25 mM NaCl, 5 mM MgCl2, 

55 nM FluB-ht PA I38T, 1.7 µM vRNA, 5% DMSO, BXA as indicated and 100 nM 20-nt 

radiolabeled capped substrate. 

 

 



81 

 

4.2.5 Effect of mutations used in the study on the transcriptional activity of FluB-

ht. 

We assessed the transcriptional activity of FluB-ht WT, PA I38T, and PA E81Q, D109N, E120Q 

and found that all three preparations were able to elongate a 12-nt capped radiolabeled primer 

using the 39-nt synthetic vRNA as a template (Figure 4.8). All constructs displayed a similar level 

of activity suggesting that these mutations in the endonuclease domain do not compromise the 

ability of the enzyme to perform transcriptional elongation (Figure 4.8 and 4.9). 
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Figure 4.8 RNA synthesis activity of the FluB-ht constructs. The RNA elongation activity of 

the protein is not abrogated by the PA I38T or E81Q D109N E120Q mutations. (A) Schematic 

diagram of the assay setup. Red denotes the presence of a radiolabel. (B) PAGE showing the 
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migration pattern of the products of RNA synthesis by FluB-ht WT, PA I38T, and PA E81Q 

D109N E120Q. 

 

 

Figure 4.9 RNA elongation activity of FluB-ht WT and FluB-ht PA I38T for a capped 12-nt 

RNA primer. (A) Schematic diagram of the reaction setup. (B) PAGE showing the migration 
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pattern of the products of RNA synthesis by WT and PA I38T FluB-ht. (C) Quantification of the 

results presented in B. The line indicates the linear portion of the reaction. Rates of 12-nt primer 

extension are as follows: FluB-ht WT = 31 nMol/min, FluB-ht PA I38T = 22 nMol/min. Data 

represent the average of three independent experiments. (n=3) 

4.2.6 Effect of BXA on transcriptional elongation by FluB-ht. 

At a concentration of 3 uM BXA does not appreciably inhibit the transcriptional elongation activity 

of FluB-ht. In contrast, the IC50 observed for the endonuclease at this concentration of protein is 

(~25 nM) (Figure 4.3). This provides strong evidence to show that BXA is a selective inhibitor of 

the PA endonuclease and that the inhibition of influenza transcription observed in other studies is 

due to inhibition of cap snatching rather than inhibition of the RdRp activity residing in PB1 (91). 
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Figure 4.10 Effect of BXA on the RNA elongation activity of FluB-ht WT. (A) Schematic 

diagram detailing the reaction setup. In brief, a 20-nt capped radiolabeled substrate was 
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incubated with FluB-ht in the absence of nucleotides to generate a 12-nt capped primer (Shown as 

(-) BXA Lane) Following this BXA was added to the reaction mixture and incubated for 10 

minutes (Shon as (+) BXA lane). Following this, nucleotides were added, and the reaction 

quenched at 3-, 9-, and 27-minutes post nucleotide addition. (B) PAGE showing the migration 

pattern of the products of the endonuclease and RNA elongation activities of FluB-ht. 

4.2.7 Effect of NaCl Titration on the endonuclease activity of FluB-ht. 

To ensure that the salt conditions used in the studies was appropriate we titrated both NaCl and 

KCl and looked for any effects on endonuclease activity (Figure 4.11). We observed that the 

activity was optimal between ~25- 50 mM NaCl or KCl (Figure 4.11). Therefore, we concluded 

that the NaCl concentration used in our assays of 25 mM was appropriate. 
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Figure 4.11 Effects of NaCl and KCl titration on FluB-ht endonuclease activity. 55 nM FluB-

ht, 1.7 µM vRNA, 5 mM MgCl2, and either NaCl or KCl at the indicated concentrations were 
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incubated for 5 minutes at 30 °C before the initiation of the reactions with 100 nM of substrate. 

(A) Schematic detailing the reaction setup. (B) PAGE migration pattern of the reaction products. 

(C) graphical representation of the data in B. 

4.3 Discussion 

 

BXM is a first-in-class inhibitor of the influenza cap-snatching endonuclease subunit of the RdRp 

complex. Clinical trials revealed reductions in viral load, a faster time of recovery as compared to 

the placebo group, and utility as post-exposure prophylaxis (163-166,172). BXM is now approved 

in several countries for the treatment of uncomplicated influenza A and B infection. The drug is 

highly potent with EC50 values in the low nanomolar range with subtle increases for influenza B 

as compared to influenza A (91,172,184). Mutations at position I38, predominantly I38T, were 

shown to confer resistance to BXM in vitro and in vivo (165,172). In this context, EC50 values can 

increase up to 50-fold for influenza A and up to 10-fold for influenza B (172). Structural studies 

with the isolated PA endonuclease domain bound to the active form of the drug, i.e., BXA, 

provided important insight on inhibitor binding (172).  

Here we employed a biochemical approach to study mechanisms associated with the high potency 

of the drug and its reduction in the presence of I38T. The endonuclease reaction was monitored 

with purified FluB-ht WT and FluB-ht PA I38T in the presence of Mg2+ and a 20mer, capped 

model RNA.  In contrast to the reported structural studies, this approach may help to better 

understand the role of the RNA substrate in drug binding and inhibition. We identified a 12-nt 

major cleavage product, which is consistent with previous reports (27). The FluB-ht PA I38T 

mutant shows the same pattern, albeit with reduced intensity when compared with WT. The 

reduction in enzyme activity can translate into diminished replication capacity, which is not 
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unusual for resistant mutant viruses (172). Indeed, mutant strains with amino acid substitutions at 

position 38 display fitness deficits in the absence of drug (91,172).  

Kinetic parameters for BXA-mediated inhibition of the nuclease activity have not been determined 

previously. Instead, Noshi and colleagues reported IC50 values of ~2nM (91). The low IC50 value 

points to tight binding. For tight binding inhibitors, IC50 values increase with increasing enzyme 

concentration. Changes in IC50 values as a function of enzyme concentration correspond to the 

equation:  IC50 = ½ [E] + Ki
app

. where Ki
app represents an approximation of the true inhibitor 

constant Ki (183). The determination of Ki
app values allows one to compare the efficacy of 

inhibitors against WT and mutant enzymes. We observed an 18-fold difference in Ki
app  between 

WT and I38T FluB-ht, while plots of IC50 as a function of enzyme concentration yielded in both 

cases linear plots with slopes of ~0.5.  

Measurements of IC50 and Ki
app values do not reveal the mechanism of inhibition and Michaelis-

Menten kinetics may also not distinguish between noncompetitive, competitive, and uncompetitive 

inhibition, because the steady-state assumption is not valid for tight binders as this analysis will 

show patterns consistent with non-competitive inhibition regardless of the true mode of action 

(Fig.4.3.1) (183).  
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Figure 4.3.1 Michaelis-Menten kinetics show pattern of non-competitive inhibition of BXA. 

(A) Scheme detailing the experimental setup and representative data showing the effect of BXA 

on substrate utilization by FluB-ht. (B) Graphic representation and analysis of the data presented 

in panel A are shown on the left-hand side graph. The effects of increasing concentrations of 
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baloxavir acid on kcat and Km are illustrated on the right-hand side graph. Data represents the 

average of two independent experiments. The final reaction conditions were as follows: 30 mM 

Tris-HCL pH 7.5, 25 mM NaCl, 5 mM MgCl2, 25 nM FluB-ht, 1.7 µM vRNA, 5% DMSO, BXA 

as indicated and 20-nt capped substrate as indicated. The indicated substrate concentrations were 

achieved by mixing 0.1 µM 20-nt radiolabeled capped substrate with unlabeled substrate.  

To address this problem, we designed order-of-addition experiments and show that a pre-formed 

complex of enzyme and RNA substrate prevents inhibition of nuclease activity. Inhibition requires 

a pre-formed complex of enzyme and inhibitor in the presence of divalent, catalytic metal ions. 

Based on this data we conclude that the bound inhibitor prevents simultaneous binding of the RNA 

substrate. Our data further indicate that inhibitor dissociation and association are both slow 

processes, which are often seen with tight binding inhibitors. The described circumstances are 

reminiscent of the mechanism of action of HIV-1 RNase H inhibitors (26,44,185). The HIV-1 

RNase H active site of reverse transcriptase (RT) also contains two divalent metal ions (37,186). 

Several RNase H inhibitors that bind the two metal ions have been described (37,187,188). 

Overlaying structures of HIV-1 RT in complex with a representative RNase H inhibitor and its 

nucleic acid substrate, respectively, revealed that the RNA would clash with the bound inhibitor 

(189). Structures of the N-terminal domain of the FluA PA subunit with a bound RNA 

oligonucleotide and BXA, respectively, also revealed a significant overlap of the two binding sites 

(190). Thus, BXA or potent RNase H inhibitors prevent RNA binding, at least locally at the 

nuclease active sites. However, the nucleic acid binding groove is in both cases large enough to 

allow partial binding of the RNA even in the presence of an inhibitor. Structures of FluB-ht with 

bound RNA substrate in the groove between PB2 and PA are necessary to address this problem 
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directly. Overall, the proposed competitive mechanism is in stark contrast to HIV-1 integrase 

inhibitors that use the DNA substrate for binding (43). 

In conclusion, our data provide strong evidence to show that BXA is a tight binding inhibitor that 

competes with the RNA substrate at the active site of the influenza cap-snatching endonuclease.  

There are also several study limitations. Tight binding of small molecule inhibitors can involve 

two steps that comprise the initial complex formation and a subsequent conformational change 

that stabilizes the complex. The current data do not distinguish between one-step and two-step 

binding modes. Moreover, inhibitor dissociation and association were here measured only 

indirectly, which precluded the determination of rate constants. It will be interesting to see how 

the I38T mutation affects these parameters. Despite these limitations, the measurements of Ki
app 

values enable a quantitative assessment of both cap-snatching endonuclease inhibitors and mutant 

enzymes with resistance-conferring amino acid substitutions. The proposed mechanism of action 

of BXA guides future studies aimed at the development of inhibitors with improved properties.   

Furthermore, our data show that BXA is selective for the PA endonuclease as 3 μM BXA failed 

to appreciably inhibit the transcriptional activity of FluB-ht. This concentration is ~ 120-fold 

greater than the IC50 (~25 nM) for the PA endonuclease at this FluB-ht concentration. Therefore, 

our data show that inhibiting the PA endonuclease (cap-snatching), and not PB1 (The RdRp), is 

likely the most significant mechanism through which BXA inhibits influenza transcription. 
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Chapter 5: Characterization of the SARS-CoV-2 

proofreading exonuclease nsp14. 

5.1 Introduction 

In December of 2019, a novel respiratory virus appeared in Wuhan, China (137). Soon after, the 

virus, which is now named severe acute respiratory virus coronavirus two (SARS-CoV-2), spread 

worldwide leading the WHO to declare a global pandemic (140). At the time of writing, SARS-

CoV-2 has infected 160 million people leading to approximately 3.3 million deaths worldwide. 

Therefore, there is an urgent need to develop new therapies against SARS-CoV-2. The viral RNA-

dependent RNA polymerase or RdRp is a validated drug target as evidenced by the recent approval 

of the polymerase inhibitor remdesivir by both the FDA and Health Canada for the treatment of 

severe SARS-CoV-2 disease (138,145,191). Here, we aimed to develop assays to understand the 

role of the SARS-CoV-2 proofreading exonuclease in resistance to nucleoside analogue antivirals. 

We envision that these data will further our understanding of the mechanisms underlying the action 

of and development of resistance to nucleoside analogue antivirals such as remdesivir. This 

increased understanding would then serve to inform the development of more effective antivirals. 

The SARS-CoV-2 viral polymerase complex performs RNA synthesis and is required for viral 

genome replication and transcription (141). Remdesivir inhibits these processes through a 

multifaceted mechanism. Firstly, remdesivir functions as an ATP analogue and outcompetes 

natural ATP for incorporation by the polymerase (141). After incorporation into the growing RNA 

strand, owing to a steric clash, RNA synthesis is terminated at a site 3 base pairs downstream of 

remdesivir incorporation (141). However, under high (uM) nucleoside triphosphate concentrations 
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synthesis can continue until full length product is generated (145). However, once incorporated in 

the template strand remdesivir provides a barrier to RNA extension by the polymerase. 

Specifically, RNA synthesis is terminated upon encountering template incorporated remdesivir 

(145). Thus, it is through a combination of these mechanisms that remdesivir inhibits RNA 

synthesis by the SARS-CoV-2 RdRp.  

However, as nucleotide analogues are, by definition, modified nucleosides it is possible that they 

could be removed by RNA proofreading mechanisms that are responsible for the removal of 

misincorporated nucleotides. As coronaviruses encode a proofreading exonuclease complex 

(nsp10/nsp14), this can potentially represent an avenue by which resistance to antivirals may 

emerge (28). This is especially likely as the excision of nucleoside analogues has been 

demonstrated biochemically for the highly related SARS coronavirus (23). The exonuclease allows 

for the excision and repair of RNA/RNA mismatches increasing the fidelity of RNA genome 

replication allowing coronaviruses to have larger genomes than most other RNA viruses (24,95). 

However, a consequence of this is the possibility that nucleoside analogue RdRp inhibitors could 

be excised limiting their effectiveness as a therapy. To examine this possibility, we expressed and 

purified the SARS-COV-2 nsp10/nsp14 proofreading exonuclease complex using an insect 

baculovirus-based protein expression system. Our data suggest that the excision of nucleotide 

analogues is possible, and that nucleoside analogues with altered base-pairing are preferentially 

excised. Thus, our results represent the first demonstration of nucleoside analogue excision by 

NSP-14 and the first demonstration of “proofreading” in SARS-CoV-2. Thus, our results have 

implications for both our understanding of coronavirus RNA mismatch repair and the utility of 

nucleoside analogue therapies for the management of infection by SARS-CoV-2. 
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5.2 Results 

5.2.1 Expression and purification of wt and active site mutant SARS-CoV-2 nsp 

14/nsp10 exonuclease Complex (ExoN). 

We expressed the SARS-CoV-2 RdRp complex (nsp7/nsp8/nsp12) using an insect baculovirus-

based expression system as described previously (192-194). In our hands, this system has been 

highly suitable for the expression of protein complexes. Therefore, we used this system to express 

the SARS-CoV-2 Exonuclease complex nsp14/nsp10 (ExoN). To purify the ExoN complex, we 

made use of NiNTA affinity chromatography followed by gel filtration (Figure 5.1). This approach 

yielded binary complexes of nsp10/nsp14. We also expressed mutant enzymes with amino acid 

substitutions in the ExoN active site of nsp14 (D90N, E92Q, E191Q, D273N). These residues are 

responsible for coordinating magnesium ions in the exonuclease active site of  nsp14 from SARS 

CoV (28).  As nsp14 is highly conserved between SARS CoV and SARS-CoV-2 we hypothesized 

that mutations of these residues would also result in the loss of exonuclease activity in SARS-

CoV-2 nsp14. In line with this hypothesis, we observed a complete loss of activity for the mutant 

(Fig. 5.2 and 5.3). This is strong evidence that the observed exonuclease activity is due to NSP-14 

and not a co-purified contaminant.  

Furthermore, by size exclusion chromatography we obtained complexes of approximately ~80 

KDA. These complexes correspond to a 1:1 complex of nsp 10 and nsp 14 and are analogous to 

those which have been described by others for the highly related SARS coronavirus proofreading 

exonuclease complex (Figure 5.1 and 5.2) (23,28). As the amino-acid sequences are highly 

conserved between SARS-CoV-2 nsp 10/nsp14 and their homologues from SARS-Cov-1 it is 

likely that the complex we observed represents a 1:1 complex and this is supported by our gel 
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filtration chromatography data (Figure 5.2). However, structural studies involving nsp14 from 

SARS-CoV-2 are currently lacking and will be required to confirm this finding.  

 

 

 

 

Figure 5.1. Expression, purification, and characterization of the SARS-CoV-2 nsp10/nsp14 

exonuclease complex (ExoN). (A) Schematic representation of the expression constructs used to 

produce SARS-CoV-2 RdRp polymerase and ExoN complexes. Genes coding for non-structural 
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proteins, molecular weight in kDa, and affinity tags are indicated. Red rectangles indicate nsp5 

cleavage sites. His8 and Strep indicate the location of the histidine or strep tags, respectively. (B) 

A snapshot of the crystal structure of the ExoN nsp14 protein (PDB: 5c8u) showing active site 

residues that were mutated to generate an ExoN active site mutant. (C) SDS-PAGE migration 

pattern of the Ni-NTA/SEC-purified ExoN wild type (wt) and D90N/E92Q/D273N/E191Q nsp14 

active site mutant (mut) enzyme preparations stained with Coomassie Brilliant Blue G-250 dye. 

Based on mass spectroscopy data the proteins migrating at ~ 60 and 16 kDa correspond to nsp14 

and nsp10, respectively (Appendices 1). The identity of these proteins was confirmed by LC-

MS/MS (appendices 1). Emma Woolner assisted in the purification of the nsp14/nsp10 protein 

complexes by size exclusion chromatography. Dr. Egor Tchesnokov assisted in the preparation of 

the figure. 
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Figure 5.2. Size exclusion chromatography (SEC) analysis of the SARS-CoV-2 nsp10/nsp14 

exonuclease complex. A. SEC chromatogram for wt nsp14/nsp10. B. SEC chromatogram for 

molecular weight standards of known size. The position at which nsp10/nsp14 eluted is indicated 

by the intersection of two broken lines and its relative size, 60 KDa, indicated on the X-axis. SEC 

chromatography was performed in collaboration with Emma Woolner. 
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5.2.2 Excision of adenosine triphosphate (ATP), remdesivir triphosphate (RDV), 

or favipiravir triphosphate  incorporated at position 6 by the SARS CoV-2 nsp 

10/nsp14 exonuclease complex. 

To assay for the excision of NTPs and NTP analogues we first made use of a primer-template 

system that utilizes radiolabeled GTP as a signal generator. In short, this system allows for the 

insertion of ATP, RDV, or favipiravir immediately after the incorporation of radiolabeled GTP 

(Fig 5.4A). This leads to a 6 nucleotide (nt) product terminating with either ATP, RDV, or 

Favipiravir. The reasons why we chose to utilize this system are two-fold. Firstly, we chose to 

utilize this system as we had recently established this system for the study of RDV incorporation 

by the SARS-CoV-2 RdRp (141). Secondly, we chose this system as it would allow us to study 

the excision of incorporated nucleotides by the exonuclease while the polymerase is in the 

initiation phase of RNA synthesis. Structures of RdRp(s) in the initiation phase have been solved 

with 6-nt transcripts (195). Therefore, using conditions that halt the RNA-polymerase at 6-nt 

allows us to study the excision of nucleotides under conditions resembling the initiation phase of 

RNA synthesis (Figure 5.4). This is in contrast to later experiments where we produced complexes 

containing 12-nt of newly synthesized RNA, resembling the elongation phase. 

 The analogues used in this thesis were chosen to examine the effect of mismatched base pairs on 

the excision of nucleotides by nsp14. This was necessary because we were unable to optimize a 

system that allows for the misincorporation of a natural nucleotide.  Specifically, RDV was chosen 

because it is structurally similar to the natural nucleotide ATP while favipiravir was selected 

because it base pairs in such a way that it represents a mismatch (Figure 5.3) (196). Specifically, 

favipiravir basepairs ambiguously allowing it to function as either an A or G analogue and because 

of this has been hypothesized to exert its antiviral action through a mechanism known as lethal 
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metagenesis (196). That is to say that incorporation of favipiravir into template RNA strand leads 

to catastrophic mutagenesis over successive rounds of replication. Therefore, incorporated 

favipiravir can be said to be functionally similar to a misincorporated base pair. Due to this, we 

hypothesized that the excision of favipiravir by the nsp14 proofreading exonuclease would be more 

efficient than ATP or RDV and this is what was observed (Figure 5.4 and 5.5). Specifically, after 

generating this product we added varying concentrations of the nsp10/nsp14 complex to the 

reaction mixture. Under increasing concentrations of nsp10/nsp14, we observed increased excision 

of ATP, RDV, and favipiravir. However, we observed that favipiravir was more readily excised 

than either ATP or RDV (Figure 5.4B, D). When we utilized an exonuclease deficient mutant 

where acidic residues known to coordinate divalent metal ions were mutated to asparagine or 

glutamine no excision was observed (Figure 5.4C). This suggests that the excision we observed is 

due to the addition of the nsp10/nsp14 complex and not a contaminating ribonuclease. 

Furthermore, as favipiravir and remdesivir are excised these data demonstrate that the excision of 

nucleoside analogues by nsp14 is chemically possible. A question that is highly relevant given the 

fact that some authors have suggested that RDV should be resistance to excision based on in silico 

analysis (197). 
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Figure 5.3 Structures of the nucleoside analogues used in the study. (A) Structure of Adenosine 

triphosphate (ATP). (B) Structure of Remdesivir Triphosphate (RDV-TP). (C) Structure of 

Favipiravir Triphosphate (Favipiravir-TP).  
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Figure 5.4 Excision of ATP or Nucleoside Analogue Inhibitors by wt and active site mutant 

ExoN complexes using a model primer/template system. (A) Schematic representation of the 

exonuclease assay. Both RNA template and primer are 5’-phosphorylated (p). RNA 

primer/template is incubated at 30 °C with SARS-CoV-2 RdRp complex in the presence of MgCl2, 

[α-32P]-GTP, UTP and one of either ATP, Remdesivir-TP (RDV-TP), or Favipiravir-TP for 30 
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minutes to allow the RdRp complex to the extent the RNA primer up to position 6. Various 

concentrations of ExoN complex are then added to the mixture and the reaction is allowed to 

proceed for 15 minutes. (B) Migration pattern of the products of the Exonuclease assay with 

wildtype (wt) ExoN complex. Lane m illustrates the migration pattern of the radiolabeled 4 

nucleotide primer. Lanes (-) ExoN contain reaction products of RNA synthesis by RdRp before 

the addition of the ExoN complex (C) Migration pattern of the products of the exonuclease assay 

utilizing the ExoN complex active site mutant. (D) Graphic representation of product 6 (Panels B 

and C) as a function of ExoN complex concentration 15 minutes after the addition of ExoN 

complex. . Dr. Egor Tchesnokov assisted in the preparation of the figure. 

5.2.3 Excision of adenosine monophosphate (AMP) or nucleoside analogues 

incorporated at position 12 by the SARS CoV-2 nsp10/nsp14 exonuclease 

complex. 

We had previously demonstrated that nsp14 can act on small primers to excise incorporated 

nucleoside analogues (Figure 5.4). However, while favipiravir, which represents a mismatch, was 

the most readily excised the difference was small and we also saw the excision of correctly paired 

natural nucleotides (Figure 5.4). When we generated longer primers terminating with either AMP, 

RDV, or favipiravir this is no longer the case. Under these conditions, we observed efficient 

excision of favipiravir but not AMP or RDV (Figure 5.5 and 5.6). Thus, it is likely that our results 

mimic a biologically relevant scenario where mismatched base pairs, i.e.,favipiravir, are readily 

excised while natural nucleotides or nucleoside analogues that base pair similarly to a natural 

nucleotide (i.e., RDV) are not excised. Thus our results here support a proofreading function for 

nsp14 in SARS-CoV-2 as has been suggested elsewhere (95). 
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Interestingly, however, when RDV is incorporated followed by three additional base pairs, a 

situation mimicking the results of delayed chain termination, excision occurs (Figure 5.6) Thus, I 

hypothesize that the products of delayed chain termination may produce a structure similar to that 

which occurs in the presence of a misincorporated base pair and that this structure may drive 

excision by nsp14.  

It has also been suggested by others that the nitrile group present in remdesivir may reduce the 

efficiency at which it is excised relative to natural nucleotide (197). Our data suggest that this 

hypothesis is incorrect as RDV and ATP are both resistant to excision at position 12 and excised 

with relatively equivalent efficiency at position six (Figures 5.4, 5.5, and 5.6). Thus, it does not 

appear that the nitrile group of RDV prevents any significant chemical barrier to excision. This is 

also supported by the fact that the generation of a delayed chain termination product containing 

RDV at position 9 and terminally at position 12 was also readily excised by nsp14.  

When RDV is incorporated and the subsequent nucleotides are provided at low enough 

concentrations the polymerase will stall at a position three nucleotides downstream of the site of 

RDV incorporation (141). This is referred to as delayed chain termination and in the case of 

remdeisvir is thought to result from a steric clash between Serine 861 of the polymerase and the 

1’ nitrile group of remdesivir leading to stalling (141,198). We observed that a product containing 

RDV at position 9 followed by 3 additional nucleotides was readily cleaved by the nsp10/nsp14 

exonuclease complex. 

Thus, given that the excision of RDV is chemically possible, we hypothesized that the differences 

in excision that we have seen with 12-nt products representing chain terminated products (RDV), 

terminally incorporated RDV (inefficient excision), favipiravir (excised), or a 12-nt product 
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containing only natural nucleotides (inefficient excision) is due to either differences in the 

translocation state of the polymerase complex or to dissociation of the polymerase complex.  

 

 

 

Figure 5.5 Exonuclease activity of wt and active site mutant ExoN complexes. (A) Schematic 

representation of the exonuclease assay. Both RNA template and primer are 5’-phosphorylated 

(p). RNA primer/template is incubated at 30˚C with SARS-CoV-2 RdRp complex in the presence 

of MgCl2, [α-32P]-GTP, UTP, and ATP or RDV-TP for 30 minutes to allow the RdRp complex to 
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extend RNA primer up to position 12 (i). ExoN complex is then added to the reaction mixture and 

the reaction is allowed to proceed for up to 15 minutes. (B) The migration pattern of products of 

exonuclease assay schematically depicted in panel A. Lanes m illustrates the migration pattern of 

the radiolabeled 4-nucleotide-long primer. Lanes (-) ExoN contains the reaction products of RNA 

synthesis by the RdRp complex before the addition of the ExoN complex. RNA synthesis was 

conducted for 30 minutes in the presence of indicated concentrations of GTP and UTP 

supplemented with ATP or Favipiravir-TP followed by the addition of various concentrations of 

ExoN wt and mutant complexes for another 15 minutes. (C), (D) Graphic representation of product 

12 (panel B) as a function of ExoN complex concentration and as a function of time after the 

addition of ExoN complex, respectively. .Dr. Egor Tchesnokov assisted in the preparation of the 

figure. 
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Figure 5.6 Excision of incorporated remdesivir as a function of its position in the template. 

(A) RNA primer/templates supporting incorporation of remdesivir (i) at position 9 (i = 9), position 

12 (i = 12), and at positions 9 (i1) and 12 (i2) (i = 9 and 12). i+3 illustrates a delayed chain 

termination at position 12 when remdesivir is incorporated at position 9. (B) Incorporation of 

remdesivir based on the indicated primer/templates was catalyzed by CoV-SARS-2 RdRp complex 

in the presence of MgCl2 and indicated concentrations of NTP and RDV-TP for 30 minutes (lane 

0). ExoN complex was then added to the reaction mixture and aliquots withdrawn at indicated time 

points. 4 indicates the migration pattern of 5’-32P-labeled 4-nt primer used here as a marker. G5 

indicates the incorporation of [α-32P]-GTP opposite template position 5. (C) Graphic 

representation of the product 12 fraction as a function of incubation time with ExoN complex. 
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Error bars represent the standard deviation of the data within three independent experiments 

involving two independent enzymes (RdRp and ExoN complexes) preparations. (D) Graphic 

representation of the various product fractions as a function of incubation time with ExoN 

complex. These experiments were done in collaboration with Dr. Egor Tchesnokov and Dr. 

Tchesnokov also assisted in the preparation of the figure. 

 

 

5.2.4 Effect of Templated RDV on the excision by nsp14. 

We previously observed correctly paired nucleotides or nucleoside analogues that are structurally 

similar to natural nucleotides (RDV) appeared to be resistant to excision compared to those that 

represent a mismatch (favipiravir). That is to say that, under the conditions we tested, it appeared 

that a mismatched nucleotide (such as favipiravir), can function as the switch that initiates excision 

by nsp14. Thus, we were interested in what would occur if instead of assaying for the excision of 

a nucleoside analogue from the primer strand, we instead looked at the excision of a natural 

nucleotide (U) incorporated across from templated RDV. We hypothesized that UTP would not be 

readily excised as RDV in the primer strand at this position is not excised. This is what we 

observed, suggesting that RDV: Uracil base pairs represent a natural base pair and do not lead to 

significant activation of the exonuclease (Figure 5.7). The notable exception being in the case of 

delayed chain termination where rapid excision is observed. 
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Figure 5.7 Incorporated UTP across from Templated RDV is not efficiently excised. Primers 

terminating with UTP across from RDV in the template, or the traditional products of delayed 

chain termination which served as the positive control, were generated, and exposed to 48 nM nsp 

14/nsp10. Primer/template combinations used along with the nucleotide concentrations used for 

RNA synthesis are provided above the gel image. Inefficient excision of U paired across from 

RDV was observed. This is in stark contrast to the products of delayed chain termination which 

are readily excised. 

 

5.3 Discussion 

The excision of misincorporated nucleotides allows for increased viral replication fidelity and may 

have allowed coronaviruses to have larger genomes than many other RNA viruses (24,95).  Most 
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FDA-approved antiviral medications are nucleoside analogues. Therefore, the presence of a 

proofreading exonuclease enzyme provides a potential pathway for resistance to these medications 

by SARS-CoV-2. Specifically, if nucleoside analogues can be readily excised by nsp14 at a rate 

that is higher than the rate at which they are incorporated into the genome these therapies will be 

ineffective. Therefore, there is an interest in examining the ability of nsp14 to excise existing 

nucleoside analogues such as RDV as a characterization of the mechanism of excision of these 

molecules will potentially allow for the development of more effective antivirals by elucidating 

the characteristics of nucleoside analogues which lead to inefficient excision. 

Here, we have shown that the excision of natural nucleotides and nucleoside analogues such as 

RDV and favipiravir by nsp14 is chemically possible. This contradicts previous modeling studies 

which suggested that RDV, due to the presence of its nitrile group, would be highly resistant to 

excision by nsp14 (197). Our data have also shown that nsp 14 favors the excision of products that 

represent mismatched bases. Specifically, we have shown under all conditions tested that 

favipiravir, a nucleoside analog that represents a mismatched base pair is excised more readily 

than either RDV (an analogue that base pairs very similarly to ATP) or natural ATP. 

Thus, our data support a model by which NSP-14 is activated by RNA structures corresponding to 

misincorporated bases (i.e., favipiravir) (196) , or by a kinked RNA strand as occurs in the case of 

delayed chain termination caused by remdesivir (141,145) (Figure 5.8). Specifically, in the case 

of delayed chain termination by RDV the RNA strand becomes kinked such that the  1’ nitrile 

group of remdesivir clashes with Serine 861 in the interior of the viral polymerase resulting in 

stalling (141,145,198). This stalling is hypothesized to lock the polymerase into the pre-

translocation state (145). Stalling in the pre-translocation state is also known to occur after base 

misincorporation (199). As, the pre-translocation state is known to facilitate strand transfer to the 
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exonuclease in DNA polymerases, we hypothesized that RDV I+3 and favipiravir are rapidly 

excised because they may shift the viral polymerase into the pre-translocation state facilitating 

strand transfer to the exonuclease (99). However, in order to verify that this is the case further 

experiments will be required to ensure that the nsp10/nsp14 complex and the viral polymerase 

interact. This could be accomplished by making use of experiments utilizing high concentrations 

of heparin. 

Specifically, by incubating the reaction components in the presence of heparin prior to the 

initiation of the reaction any enzymes that dissociate from the RNA template will be bound by the 

highly charged heparin molecules and inactivated (42). This approach has been previously used 

by our group in the study of HIV-1 reverse transcriptase and could be used here to ensure that 

patterns of exonuclease activity that we observe here are due to strand transfer between the SARS-

CoV-2 RdRp and nsp10/nsp14 exonuclease complex and not simply due to the dissociation of the 

polymerase and interaction of the newly liberated substrate with free nsp0/nsp14.  

 

Nevertheless, these data, the resulting models, and the assays developed here provide insight into 

the mechanisms of RNA proofreading and nucleoside analogue drug resistance in SARS-CoV-2. 

Specifically, these data suggest that the excision of nucleosides is chemically possible and that this 

is a viable mechanism by which resistance to nucleoside analogues may emerge within SARS-

CoV-2. 
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Figure 5.8 Model detailing nucleotide excision by nsp14. Favipiravir, mismatched nucleotides, 

or the RNA structure produced by RDV I+3 activate the nsp14 proofreading exonuclease and lead 

to the excision of incorporated nucleotides and nucleotide analogues. 
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Chapter 6: Summary and Future Directions 

6.1 Summary 

Viral nucleases are essential to the lifecycles of many medically relevant viruses including CMV, 

HIV, Influenza, and SARS-CoV-2 (25,26,36,90,197). Furthermore, nucleases are validated targets 

for the development of antivirals as evidenced by the fact that the study of these enzymes has led 

to the FDA approval of several antiviral agents including Letermovir (CMV), Baloxavir 

(Influenza), and several Integrase inhibitors (i.e., raltegravir, HIV) (30,40,91). However, 

biochemical assays to study the action of and resistance to viral nuclease inhibitors were lacking 

at the time that I began work on this thesis. To address this, we worked to both express viral 

nucleases using recombinant protein expression systems and develop biochemical assays to study 

the enzymology of these proteins and the mechanism of action of inhibitors. 

To this end, in chapter 3 I successfully purified the CMV terminase complex and developed assays 

to measure its nuclease, ATPase, and DNA binding activities. These assays are amenable to the 

characterization and refinement of CMV, and herpesviral, terminase inhibitors in general and may 

allow for the identification of novel inhibitors in vitro.  

In chapter 4 I successfully purified the Influenza B RdRp heterotrimer and developed assays to 

study cap snatching and transcription. These assays revealed that the active form of the influenza 

endonuclease inhibitor baloxavir marboxil, baloxavir acid, is a slow-tight binding competitive 

inhibitor of the influenza PA endonuclease. Furthermore, these assays revealed that baloxavir 

selectively inhibits the PA endonuclease rather than the PB1 RdRp active site. Additionally, the 

methodologies developed here provide a framework by which novel tight binding inhibitors can 
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be identified and characterized. Such novel inhibitors are urgently required given the threat posed 

by the emergence of influenza strains resistant to currently available antivirals. 

In chapter 5 I successfully purified the SARS-CoV-2 proofreading exoribonuclease complex 

nsp14/nsp10. I discovered that this complex could excise incorporated nucleotide analogue 

inhibitors, including remdesivir which, at the time of writing, is the only FDA approved small 

molecule inhibitor for the treatment of SARS-CoV-2 infection. Furthermore, I was able to show 

that inhibitors that resemble base pair mismatches are more readily excised by the complex 

providing biochemical evidence for the proofreading function that has been hypothesized to be 

encoded by the nsp14 exonuclease. This provides a biochemical basis for the increase in mutation 

frequency observed by others when this protein is mutated, in related viruses, to render it 

nonfunctional (93). Furthermore, the assays developed here provide a platform by which both 

inhibitors of nsp14 and nucleoside analogue polymerase inhibitors resistant to excision can be 

characterized and refined. 

6.2 Future Directions 

There are several potentially interesting future directions to pursue with regards to the research 

presented in this thesis. These directions are especially exciting given the importance of 

developing better antivirals in the context of being able to combat future viral pandemics. 

Firstly, much remains to be done with regards to characterizing the CMV terminase complex and 

understanding the mechanism of action of letermovir. Specifically, we were unable to generate 

constructs where the NTPase or nuclease activities of the terminase were knocked out. Thus, it is 

possible that the activities observed in chapter 3 are due to copurified contaminants. Thus, it will 

be necessary to refine the expression and purification processes. This could perhaps be 

accomplished by adding additional purification steps, such as ionic exchange chromatography or 
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ammonium sulfate precipitation. If the addition of these steps allows the purification of terminase 

variants that are inactive with respect to the NTPase or exonuclease activities one would then be 

able to use the assays presented in this thesis to finalize a biochemical characterization of full 

length CMV terminase. Once this is completed, mechanisms of letermovir action and resistance 

could then be explored. Furthermore, the assays developed in this chapter are, at the time of 

writing, the only biochemical assays available for the in-vitro study of the CMV terminase. For 

this reason, the assays described in this chapter represent a significant advancement in that they 

provide a platform by which novel anti-CMV inhibitors can be identified in vitro and mechanisms 

of drug action and resistance characterized. 

Additionally, the ATPase and nuclease activities of the CMV terminase complex have yet to be 

unambiguously assigned to terminase subunits. One major reason surrounding this is the fact that 

to date, no structure of the full length CMV terminase complex has been solved. However, the 

structure of the homologous HSV-1 terminase complex was recently solved using cryo-electron 

microscopy (cryo-EM) (76). Given that our CMV terminase preparations are similar in purity to 

the HSV-1 terminase preparations showcased in this publication it is likely that the expression 

protocols that we developed for the CMV terminase complex are suitable for structure 

determination via cryo-EM. Given this, it would be useful to work towards the generation of 

structures of the CMV terminase complex in complex with metal ions, nucleic acid, and ATP. 

These structures would indicate the residues involved in the ATPase, nuclease, and DNA binding 

activities of the complex and would provide us with the necessary information to make mutants to 

eliminate these activities. Additionally, depending on these results, this structural approach would 

allow us to detect the presence of non-canonical ATPase and nuclease domains that cannot yet be 
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predicted via bioinformatic approaches. Therefore, this work is of paramount importance if we 

aim to unambiguously assign the enzymatic activities of the CMV terminase to individual subunits. 

This approach could also be supplemented with reverse genetic approaches making use of CMV 

bacmid systems which have previously been developed (159). Specifically, we could generate 

constructs containing the various mutations in the ATPase and nuclease domains that have been 

proposed to be present in both Ul89 and UL56. As cleavage and packaging are essential to the vial 

lifecycle the recovery of infectious progeny would suggest that these domains are not required for 

viral concatemer resolution and packaging. 

Secondly, with regards to our characterization of the biochemical mechanism of action of 

baloxavir acid we measured binding only indirectly precluding the determination of rate constants. 

Future work could address this using either surface plasmon resonance or isothermal calorimetry 

titration to determine constants for BXA binding. These data would serve to strengthen our 

conclusion that BXA binding prevents substrate binding by binding to the active site, and 

therefore, BXA, acts as a competitive inhibitor of the influenza PA endonuclease. Furthermore, 

this work represents the first system developed for the study of tight binding inhibitors of the 

influenza PA “cap-snatching” endonuclease.  It is highly probable that this system could be 

expanded to identify other tight binding inhibitors that function by a similar mechanism. This is 

especially important given that resistance to baloxavir marboxil has been described in the clinic 

and novel antivirals targeting PA could, potentially, address this problem. 

 

Finally, with regards to our study of the SARS-CoV-2 nsp10/nsp14, we were able to demonstrate 

that the SARS-CoV-2 proofreading exonuclease nsp14 can excise incorporated nucleotide 

analogue inhibitors and that those resembling basepair mismatches appear to be more readily 
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excised. However, a model addressing the biochemical mechanism of action underlying these 

observations is currently lacking. Specifically, it is not clear whether our observations are a result 

of changes in the translocation state of the polymerase which pass the 3’ end of the substrate to the 

exonuclease, or simply due to dissociation of the polymerase from newly synthesized RNA. To 

address these questions, it will be necessary to perform heparin trap experiments. High-

concentrations of heparin will inactivate DNA binding proteins that are not actively engaged with 

substrate (200). This would allow us to determine whether the observed results are due to 

dissociation of the polymerase. 

Additionally, it would be interesting to optimize conditions such that the switch from excision 

back to extension can be captured. If this can be done this would, in essence, represent the first 

biochemical demonstration of “proof-reading” and error correction in SARS-CoV-2. 

 Finally, the systems described in chapter 5 provide a platform by which both nucleoside analogue 

inhibitors resistant to excision by nsp14 and the inhibition of the nsp14 proofreading exonuclease 

can be studied. The existence of these assays opens two related avenues for the development of 

antivirals against SARS-CoV-2 which may be vital in combating the ongoing pandemic. Firstly, 

modifying nucleoside analogues so that they are resistant to excision by nsp14 may increase their 

efficacy provided that these analogues are still incorporated efficiently by the viral RNA dependent 

RNA polymerase. Secondly, the exonuclease activity of nsp14 is essential to viral replication (24). 

Therefore, the identification of inhibitors of this process may lead to new small molecule antivirals 

for the treatment of SARS-CoV-2 infection. 
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Appendices 1. 

 

Figure A1. LC-MS/MS results for the protein complexes used in this thesis. 


